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THERMOPLASTIC HOLOGRAPHIC MEDIA 

BACKGROUND 

[0001] 
[0002] The present invention relates to optical articles 
including holographic recording media, in particular media 
useful either With holographic storage systems or as compo 
nents such as optical ?lters or beam steerers. 

[0003] 2. RelatedArt 

[0004] Developers of information storage devices and 
methods continue to seek increased storage capacity. As part 
of this development, so-called page-Wise memory systems, in 
particular holographic systems, have been suggested as alter 
natives to conventional memory devices. Page-Wise systems 
involve the storage and readout of an entire tWo -dimensional 
representation, e.g., a page, of data. Typically, recording light 
passes through a tWo-dimensional array of dark and transpar 
ent areas representing data, and the holographic system 
stores, in three dimensions, holographic representations of 
the pages as patterns of varying refractive index imprinted 
into a storage medium. Holographic systems are discussed 
generally in D. Psaltis et al., “Holographic Memories,” Sci 
enti?c American, November 1995, the disclosure of Which is 
hereby incorporated by reference. One method of holo 
graphic storage is phase correlation multiplex holography, 
Which is described in Us. Pat. No. 5,71 9,691, issued Feb. 17, 
1998, the disclosure of Which is hereby incorporated by ref 
erence. In one embodiment of phase correlation multiplex 
holography, a reference light beam is passed through a phase 
mask, and intersected in the recording medium With a signal 
beam that has passed through an array representing data, 
thereby forming a hologram in the medium. The spatial rela 
tion of the phase mask and the reference beam is adjusted for 
each successive page of data, thereby modulating the phase of 
the reference beam and alloWing the data to be stored at 
overlapping areas in the medium. The data is later recon 
structed by passing a reference beam through the original 
storage location With the same phase modulation used during 
data storage. It is also possible to use volume holograms as 
passive optical components to control or modify light 
directed at the medium, e.g., ?lters or beam steerers. Writing 
processes that provide refractive index changes are also 
capable of forming articles such as Waveguides. 

1. Field of the Invention 

[0005] The capabilities of typical holographic storage sys 
tems are limited in part by the storage media. Iron-doped 
lithium niobate has been used as a storage medium for 
research purposes for many years. HoWever, lithium niobate 
is expensive, exhibits poor sensitivity (1 J/cm2), has loW index 
contrast (An of about 10’4), and exhibits destructive read-out 
(i.e., images are destroyed upon reading). Alternatives have 
therefore been sought, particularly in the area of photosensi 
tive polymer ?lms. See, e.g., W. K. Smothers et al., “Photo 
polymers for Holography,” SPIE OE/Laser Conference, 
1212-03, Los Angeles, Calif., 1990, the disclosure ofWhich is 
hereby incorporated by reference. The material described in 
this article contains a photoimageable system containing a 
liquid monomer material (the photoactive monomer) and a 
photoinitiator (Which promotes the polymeriZation of the 
monomer upon exposure to light), Where the photoimageable 
system is in an organic polymer host matrix that is substan 
tially inert to the exposure light. During Writing of informa 
tion into the material (by passing recording light through an 
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array representing data), the monomer polymeriZes in the 
exposed regions. Due to the loWering of the monomer con 
centration caused by the polymerization, monomer from the 
dark, unexposed regions of the material diffuses to the 
exposed regions. The polymerization and resulting concen 
tration gradient create a refractive index change, forming the 
hologram representing the data. Unfortunately, deposition 
onto a substrate of the pre-formed matrix material containing 
the photoimageable system requires use of solvent and the 
necessity of using a solvent deposition process for forming 
the holographic storage medium. For example, it is dif?cult to 
use a solvent-based deposition method to form a data storage 
media having thicknesses greater than 150 um, or to form a 
holographic recording medium that does not include a sub 
strate onto Which the holographic recording medium is 
deposited. Also, only a limited number of types of plastic may 
be used in an article formed using a solvent-based deposition 
method, and only a limited amount of post-proces sing may be 
performed on an article formed using a solvent-based depo 
sition method. 

SUMMARY 

[0006] According to a ?rst broad aspect of the present 
invention, there is provided an article comprising: a binder 
component comprising at least one thermoplastic; a polymer 
iZable component comprising at least one photoactive mono 
mer that is soluble in the binder component; and a photoini 
tiator component comprising at least one photoinitiator that 
causes the polymerizable component to form a polymer or 
co-polymer When a portion of the polymeriZable component 
is exposed to a light source, Wherein the article is capable of 
recording spatial light distribution via a spatial refractive 
index change. 

[0007] According to a second broad aspect of the invention, 
there is provided a method for making a solid article com 
prising the folloWing steps: (a) mixing together a binder com 
ponent, a polymeriZable component and a photoinitiator 
component to form a mixture; (b) heating the mixture to form 
a substantially homogeneous liquid; and (c) cooling the liquid 
to form the solid article, Wherein the binder component com 
prises at least one thermoplastic, Wherein the polymeriZable 
component comprises at least one photoactive monomer that 
is soluble in the binder component, Wherein the photoinitiator 
component comprises at least one photoinitiator that causes 
the polymeriZable component to form a polymer or co-poly 
mer When a portion of the polymeriZable component is 
exposed to a light source, and Wherein the article is capable of 
recording spatial light distribution via a spatial refractive 
index change. 

[0008] According to a third broad aspect of the invention, 
there is provided a method for holographically recording a 
spatial light distribution via a spatial refractive index change 
to a holographic recording medium comprising: providing 
the holographic recording medium; and forming holographic 
gratings in the holographic recording medium by holographi 
cally recording the spatial light distribution via the spatial 
refractive index change to the holographic recording 
medium, Wherein the holographic recording medium com 
prises: a binder component comprising at least one thermo 
plastic; a polymeriZable component comprising at least one 
photoactive monomer that is soluble in the binder component; 
and a photoinitiator component comprising at least one pho 
toinitiator that causes the polymeriZable component to form a 
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polymer or co-polymer When a portion of the polymeriZable 
component is exposed to a light source. 

[0009] According to a fourth broad aspect of the invention, 
there is provided a system for holographically recording a 
spatial light distribution via a spatial refractive index change 
to a holographic recording medium comprising: the holo 
graphic recording medium; and means for forming holo 
graphic gratings in the holographic recording medium by 
recording the spatial light distribution via the spatial refrac 
tive index change to the holographic recording medium, 
Wherein the holographic recording medium comprises: a 
binder component comprising at least one thermoplastic; a 
polymeriZable component comprising at least one photoac 
tive monomer that is soluble in the binder component; and a 
photoinitiator component comprising at least one photoini 
tiator that causes the polymeriZable component to form a 
polymer or co-polymer When a portion of the polymeriZable 
component is exposed to a light source. 

[0010] According to a ?fth broad aspect of the invention, 
there is provided a solid article comprising: a binder compo 
nent comprising at least one thermoplastic; and a photoactive 
component comprising at least one photoactive molecule, 
Wherein the article is capable of recording spatial light distri 
bution via a spatial refractive index. 

[0011] According to a sixth broad aspect of the invention, 
there is provided a method for making a solid article com 
prising the folloWing steps: (a) mixing a binder component 
With a photoactive component; (b) heating the mixture to 
form a substantially homogeneous liquid; and (c) cooling the 
liquid to form the solid article, Wherein the binder component 
comprises at least one thermoplastic, Wherein the photoactive 
component comprises at least one photoactive molecule, and 
Wherein the solid article is capable of recording spatial light 
distribution via a spatial refractive index change. 

[0012] According to a seventh broad aspect of the inven 
tion, there is provided a method for holo graphically recording 
a spatial light distribution via a spatial refractive index change 
to a holographic recording medium comprising the folloWing 
steps: (a) providing the holographic recording medium; and 
(b) forming holographic gratings in the holographic record 
ing medium by holographically recording the spatial light 
distribution via the spatial refractive index change to the 
holographic recording medium, Wherein the holographic 
recording medium comprises: a binder component compris 
ing at least one thermoplastic; and a photoactive component 
comprising at least one photoactive molecule. 

[0013] According to an eighth broad aspect of the inven 
tion, there is provided a system for holographically recording 
a spatial light distribution via a spatial refractive index change 
to a holographic recording medium comprising: (a) the holo 
graphic recording medium; and (b) means for forming holo 
graphic gratings in the holographic recording medium by 
recording the spatial light distribution via the spatial refrac 
tive index change to the holographic recording medium, 
Wherein the holographic recording medium comprises: a 
binder component comprising at least one thermoplastic; and 
a photoactive component comprising at least one photoactive 
molecule. 

BRIEF DESCRIPTION OF THE DRAWING 

[0014] The invention Will be described in conjunction With 
the accompanying draWings, in Which: 
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[0015] The sole draWing FIGURE shoWs a basic holo 
graphic storage system according to an embodiment of the 
present invention. 

DETAILED DESCRIPTION 

[0016] It is advantageous to de?ne several terms before 
describing the invention. It should be appreciated that the 
folloWing de?nitions are used throughout this application. 

DEFINITIONS 

[0017] Where the de?nition of terms departs from the com 
monly used meaning of the term, applicant intends to utiliZe 
the de?nitions provided beloW, unless speci?cally indicated. 

[0018] For the purposes of the present invention, the term 
“light source” refers to any source of electromagnetic radia 
tion of any Wavelength. In one embodiment, the light source 
of the present invention is a laser of a particular Wavelength. 

[0019] For the purposes of the present invention, the term 
“capable of being used as a holographic storage medium” 
refers to an article that is capable of storing, in three dimen 
sions, holographic representations of one or more pages as 
patterns of varying refractive index imprinted into an article 
of the present invention. 

[0020] For the purposes of the present invention, the term 
“data page” or “page” refers to the conventional meaning of 
data page as used With respect to holography. For example, a 
data page may be a page of data, one or more pictures, etc. to 
be recorded to a holographic storage medium, such as an 
article of the present invention. 

[0021] For the purposes of the present invention, the term 
“recording data” refers to storing holographic representations 
of one or more pages as patterns of varying refractive index in 
an article of the present invention. 

[0022] For the purposes of the present invention, the term 
“reading data” refers to retrieving data stored as holographic 
representations from an article of the present invention. 

[0023] For the purposes of the present invention, the term 
“binder component” refers to one or more thermoplastic 
materials of the present invention. Generally there is a su?i 
cient amount of thermoplastic material in the binder compo 
nent of an article of the present invention to alloW an article of 
the present invention to be solid at room temperature and 
behave as a thermoplastic. Although the amount of thermo 
plastic material in an article of the present invention may vary, 
in one embodiment of the present invention, the amount of 
thermoplastic material may be as loW as 5 Wt % of an article 
of the present invention. 

[0024] For the purposes of the present invention, the term 
“different form” refers to an article of the present invention 
being processed to form a product having a different form 
such as processing an article comprising a block of material, 
poWder of material, chips of material, etc. into a molded 
product, a sheet, a free ?exible ?lm, a stiff card, a ?exible 
card, an extruded product, a ?lm deposited on a substrate, etc. 

[0025] For the purposes of the present invention, the term 
“particle material” refers to a material that is made by grind 
ing, shredding, fragmenting or otherWise subdividing an 
article into smaller components or to a material that is com 
prised of small components such as a poWder. 
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[0026] For the purposes of the present invention, the term 
“free ?exible ?lm” refers to a thin sheet of ?exible material 
that maintains its form Without being supported on a sub 
strate. Examples of free ?exible ?lms include the various 
types of plastic Wraps used in food storage. 

[0027] For the purposes of the present invention, the term 
“stiff article” refers to an article that may crack or crease When 
bent. An example of a stiff article is a plastic credit card, a 
DVD, a transparency, Wrapping paper, a shipping box, etc. 

[0028] For the purposes of the present invention, the term 
“volatile compound” refers to any chemical With a high vapor 
pressure and/or a boiling point beloW 150° C. Examples of 
volatile compounds include: acetone, methylene chloride, 
toluene, etc. An article, mixture or component is “volatile 
compound free” if the article, mixture or component does not 
include a volatile compound. 

[0029] For the purposes of the present invention, the term 
“oligomer” refers to a polymer having approximately 30 
repeat units or less or any large molecule able to diffuse at 
least 100 nm in approximately 2 minutes at room temperature 
When dissolved in the article of the present invention. Such 
oligomers may contain one or more polymeriZable groups 
Whereby the polymeriZable groups may be the same or dif 
ferent from other possible monomers in the polymeriZable 
component. Furthermore, When more than one polymeriZable 
group is present on the oligomer, they may be the same or 
different. Additionally, oligomers may be dendritic. 

[0030] For the purpose of the present invention, the term 
“photoinitiator” refers to the conventional meaning of the 
term photoinitiator and also refers to sensitiZers and dyes. In 
general, a photoinitiator causes the curing of a material, such 
as a photoactive monomer, When the material containing the 
photoinitiator is exposed to light of a Wavelength that acti 
vates the photoinitiator. The photoinitiator may refer to a 
combination of components, some of Which individually are 
not light sensitive, yet in combination are capable of curing 
the photoactive monomer; examples are dye/amine, sensi 
tiZer/iodonium salt, dye/borate salt, etc. 

[0031] For the purposes of the present invention, the term 
“photoinitiator component” refers to a single photoinitiator or 
a combination of tWo or more photoinitiators. For example, 
tWo or more photoinitiators may be used in the photoinitiator 
component of the present invention to alloW recording at tWo 
or more different Wavelengths of light. 

[0032] For the purposes of the present invention the term 
“polymeriZable component” refers to a mixture of one or 
more photoactive monomers, and possibly one or more addi 
tional monomers or oligomers that are capable of forming a 
polymer. 

[0033] For the purposes of the present invention, the term 
“photobinding” refers to the forming of a covalent or nonco 
valent bond betWeen an activated photoactive molecule and a 
photobinding receptor upon irradiation With an appropriate 
light source. 

[0034] For the purposes of the present invention, the term 
“photoactive molecule” refers to any molecule that upon irra 
diation With an appropriate light source becomes active 
toWard bonding With a photobinding receptor. A given pho 
toactive molecule may be as large as an oligomer as de?ned 
previously; additionally, it may include more than one func 
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tional group, and each functional group may be the same or 
different. A given photoactive molecule may also contain 
photobinding receptors. 

[0035] For the purposes of the present invention, the term 
“photobinding receptor” refers to a functional group that 
reacts With an activated photoactive molecule. The photobin 
ding receptor may either be the same or different functionality 
from the photoactive molecule. In one embodiment of the 
present invention, the photobinding receptor is present on one 
or more binders and/or one or more oligomers of a composi 
tion used to make an article of the present invention. 

[0036] For the purposes of the present invention, the term 
“photoactive component” refers to a single photoactive mol 
ecule or a mixture of photoactive molecules. 

[0037] For the purposes of the present invention, the term 
“photoactive monomer” refers to the general meaning of the 
term “photoactive monomer,” i.e., a monomer that polymer 
iZes in the presence of a photoinitiator that has been activated 
by being exposed to a light source. In reference to the func 
tional group that undergoes curing, the photoactive monomer 
comprises at least one such functional group. It is also under 
stood that there exist photoactive monomers that are also 
photoinitiators, such as N-methylmaleimide, derivatiZed 
acetophenones, etc. In such a case, it is understood that the 
photoactive monomer of the present invention may also be a 
photoinitiator. 

[0038] For purposes of the present invention, the term 
“photopolymer” refers to a polymer formed by one or more 
photoactive monomers, and possibly one or more additional 
monomers or oligomers. 

[0039] For the purposes of the present invention, the term 
“plasticiZer” refers to the conventional meaning of the term 
plasticiZer. In general, a plasticiZer is a compound added to a 
polymer both to facilitate processing and to increase the ?ex 
ibility and/or toughness of a product by internal modi?cation 
(salvation) of a polymer molecule. 

[0040] For the purposes of the present invention, the term 
“thermoplastic” refers to the conventional meaning of ther 
moplastic, i.e., a compound substance that exhibits the prop 
er‘ty of a material, such as a high polymer, that softens When 
exposed to heat and generally returns to its original condition 
When cooled to room temperature. Examples of thermoplas 
tics include, but are not limited to: poly(methyl vinyl ether 
alt-maleic anhydride), poly(vinyl acetate), poly(styrene), 
poly(propylene), poly(ethylene oxide), linear nylons, linear 
polyesters, linear polycarbonates, linear polyurethanes, etc. 

[0041] For the purposes of the present invention, the term 
“room temperature thermoplastic” refers to a thermoplastic 
that is solid at room temperature, i.e., Will not cold ?oW at 
room temperature. 

[0042] For the purposes of the present invention, the term 
“room temperature” refers to the commonly accepted mean 
ing of room temperature. 

[0043] For the purposes of the present invention, the term 
“sloW thermosetting agent” refers to a compound added to an 
article of the present invention that Will cause one or more 
thermoplastics in the binder component of the article to even 
tually thermoset, but Which does not cause any of the ther 
moplastics in the binder component to become thermoset in 
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fewer than 10 minutes When the article is cooled back to room 
temperature after the article has been heated to be in a How 
able state. 

[0044] For the purpose of this invention, the term “photor 
eversible” refers to materials such as photoactive molecules 
that are photoreversible, such as photochromics, photorefrac 
tives, and photodimeriZations (2 +2 or 4 +4). However, in 
many embodiments of the present invention, mass diffusion 
may be the main cause of grating formation. For instance, 
When using an aZo compound in a photoreversible isomeriZa 
tion, it is knoWn that the tWo different possible isomers have 
different solubilities. Thus, in the mass diffusion scenario, 
light may be used to change the solubility of a freely diffusing 
component, thus creating regions Where the solubility of the 
freely diffusing component is based on the spatial light dis 
tribution. Additionally, photodimeriZation can naturally 
incorporate mass diffusion, as one of the photoactive mol 
ecules in the photoactive component may be freely diffusing 
until it dimeriZes With a photobinding receptor that is attached 
to the binder component. 

DESCRIPTION 

[0045] Previous holographic recording media have been a 
crosslinked matrix, a liquid, or solvent cast before recording 
of a hologram in the media. In contrast, the medium of the 
present invention is a meltable-solid article at room tempera 
ture. The medium of the present invention behaves as a ther 
moplastic material With a melting temperature above room 
temperature. 

[0046] The draWing FIGURE illustrates the basic compo 
nents of a holographic system 10. System 10 contains a 
modulating device 12, a photorecording medium 14, and a 
sensor 16. Modulating device 12 is any device capable of 
optically representing data in tWo-dimensions. Device 12 is 
typically a spatial light modulator that is attached to an encod 
ing unit that encodes data onto the modulator. Based on the 
encoding, device 12 selectively passes or blocks portions of a 
signal beam 20 passing through device 12. In this manner, 
beam 20 is encoded With a data image. The image is stored by 
interfering the encoded signal beam 20 With a reference beam 
22 at a location on or Within photorecording medium 14. The 
interference creates an interference pattern (or hologram) that 
is captured Within medium 14 as a pattern of, for example, 
varying refractive index. It is possible for more than one 
holographic image to be stored at a single location, or for 
holograms to be stored in overlapping positions, by, for 
example, varying the angle, the Wavelength, or the phase of 
the reference beam 22, depending on the particular reference 
beam employed. Signal beam 20 typically passes through 
lens 30 before being intersected With reference beam 22 in 
medium 14. It is possible for reference beam 22 to pass 
through lens 32 before this intersection. Once data is stored in 
medium 14, it is possible to retrieve the data by intersecting 
reference beam 22 With medium 14 at the same location and 
at the same angle, Wavelength, or phase at Which reference 
beam 22 Was directed during storage of the data. The recon 
structed data passes through lens 34 and is detected by sensor 
16. Sensor 16 is, for example, a charge coupled device or an 
active pixel sensor. Sensor 16 typically is attached to a unit 
that decodes the data. 

[0047] In one embodiment of the present invention, the 
article of the present invention is formed by steps including: 
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mixing a binder component, a polymeriZable component, and 
photoinitiator component to form a mixture; heating the mix 
ture to form a homogeneous liquid mixture; and cooling the 
liquid mixture in such a manner as to form an optically ?at 
article. In one embodiment the difference in surface topogra 
phy is no more than )\/2. The thermoplastics in the binder 
component and monomers and oligomers in the polymeriZ 
able component are selected such that (a) the process of 
heating the mixture of components to make the resulting 
article homogeneous does not trigger the reaction by Which 
the photoactive monomer Will be polymeriZed during Writing 
of a pattern, e. g., data, and (b) the thermoplastics in the binder 
component and the photopolymer resulting from polymeriZa 
tion of the photoactive monomer, mixture of monomers, or 
the mixture of one or more monomers and one or more oli 

gomers in the polymeriZable component, are compatible With 
each other. 

[0048] In one embodiment of the present invention, the 
article of the present invention exhibits an elastic modulus of 
at least about 105 Pa, generally about 105 Pa to about 109 Pa, 
and advantageously about 106 Pa to about 108 Pa. 

[0049] The compatibility of the binder component and the 
photopolymer of the present invention tend to prevent large 
scale (preferably not >100 nm) phase separation of the 
binder component and the photopolymer, such large-scale 
phase separation typically leading to undesirable haZiness or 
opacity. In one embodiment, the photoactive monomer and 
thermoplastics in the binder component are substantially free 
of cross-reaction during the process of article formation, and 
the photoactive monomer remains substantially inert. In addi 
tion, due to the photoactive monomer remaining inert during 
the process of making the article optically ?at, there is no 
interference of the subsequent polymerization of the photo 
active monomer. 

[0050] In one embodiment of the present invention, at least 
one photoactive monomer in the polymeriZable component 
contains one or more moieties, excluding the monomer func 
tional groups, that are substantially absent from the binder 
component. Substantially absent means that less than 20 mole 
percent (based on the repeat unit of the thermoplastics in the 
binders) of the binder component Would contain the particu 
lar moiety. The resulting optical article is capable of exhibit 
ing desirable refractive index contrast due to the indepen 
dence of the binder component from the photoactive 
monomer. 

[0051] As discussed above, formation of a hologram, 
Waveguide, or other optical article relies on a refractive index 
contrast (An) betWeen exposed and unexposed regions of a 
medium, this contrast being at least partly due to monomer 
diffusion to exposed regions. High index contrast is generally 
desired because it provides improved signal strength When 
reading a hologram, and provides e?icient con?nement of an 
optical Wave in a Waveguide. One Way to provide high index 
contrast in the invention is to use a photoactive monomer 
having moieties (referred to as index-contrasting moieties) 
that are substantially ab sent from the binder component, and 
that exhibit a refractive index substantially different from the 
index exhibited by the bulk of the binder component. For 
example, high contrast may be obtained by using a binder 
component that contains primarily aliphatic or saturated ali 
cyclic moieties With a loW concentration of heavy atoms and 
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conjugated double bonds (providing loW index) and a photo 
active monomer made up primarily of aromatic or similar 
high-index moieties. 

[0052] In applications of the present invention needing loW 
scatter such as high density data storage, polymers are con 
sidered to be compatible if a blend of the polymers is char 
acteriZed, in 90° light scattering, by a Rayleigh ratio (R90°) 
less than 7 X 1073 cmTl. The Rayleigh ratio, R0, is a conven 
tionally knoWn property, and is de?ned as the energy scat 
tered by a unit volume in the direction 0, per steradian, When 
a medium is illuminated With a unit intensity of unpolariZed 
light, as discussed in M. Kerker, The Scattering of Light and 
Other Electromagnetic Radiation, Academic Press, San 
Diego, 1969, the disclosure of Which is hereby incorporated 
by reference. The light source used for the measurement is 
generally a laser having a Wavelength in the visible part of the 
spectrum. Normally, the Wavelength intended for use in Writ 
ing holograms is used. The scattering measurements are made 
upon a photorecording material that has been ?ood exposed. 
The scattered light is collected at an angle of 900 from the 
incident light, typically by a photodetector. It is possible to 
place a narroWband ?lter, centered at the laser Wavelength, in 
front of such a photodetector to block ?uorescent light, 
although such a step is not required. The Rayleigh ratio is 
typically obtained by comparison to the energy scatter of a 
reference material having a knoWn Rayleigh ratio. 

[0053] Polymer blends Which are considered to be mis 
cible, e. g., according to conventional tests such as exhibition 
of a single glass transition temperature, Will typically be 
compatible as Well, i.e., miscibility is a subset of compatibil 
ity. Standard miscibility guidelines and tables are therefore 
useful in selecting a compatible blend. HoWever, it is possible 
for polymer blends that are immiscible to be compatible 
according to the light scattering test above. 

[0054] A polymer blend is generally considered to be mis 
cible if the blend exhibits a single glass transition tempera 
ture, Tg, as measured by conventional methods. An immis 
cible blend Will typically exhibit tWo glass transition 
temperatures corresponding to the Tg values of the individual 
polymers. Tg testing is most commonly performed by differ 
ential scanning calorimetry (DSC), Which shoWs the Tg as a 
step change in the heat ?oW (typically the ordinate). The 
reported Tg is typically the temperature at Which the ordinate 
reaches the mid-point betWeen extrapolated baselines before 
and after the transition. It is also possible to use Dynamic 
Mechanical Analysis (DMA) to measure Tg. DMA measures 
the storage modulus of a material, Which drops several orders 
of magnitude in the glass transition region. It is possible in 
certain cases for the polymers of a blend to have individual Tg 
values that are close to each other. In such cases, conventional 
methods for resolving such overlapping Tg should be used, 
such as discussed in Brinke et al., “The thermal characteriza 
tion of multi-component systems by enthalpy relaxation,” 
Thermochimica Acta., 238 (1994), at 75, the disclosure of 
Which is hereby incorporated by reference. 

[0055] Binder polymer and photopolymer that exhibit mis 
cibility are capable of being selected in several Ways. For 
example, several published compilations of miscible poly 
mers are available, such as O. Olabisi et al., Polymer-Polymer 
Miscibility, Academic Press, NeW York, 1979; L. M. Robe 
son, MMl. Press Symp. Ser., 2, 177, 1982; L. A. Utracki, 
PolymerAlloys and Blends: Thermodynamics and Rheology, 
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Hanser Publishers, Munich, 1989; and S. Krause in Polymer 
Handbook, J. Brandrup and E. H. lmmergut, Eds.; 3rd Ed., 
Wiley Interscience, NeW York, 1989, pp. VI 347-370, the 
disclosures of Which are hereby incorporated by reference. 
Even if a particular polymer of interest is not found in such 
references, the approach speci?ed alloWs determination of a 
compatible photorecording material by employing a control 
sample. 
[0056] Determination of miscible or compatible blends is 
further aided by intermolecular interaction considerations 
that typically drive miscibility. For example, it is Well knoWn 
that polystyrene and poly(methylvinylether) are miscible 
because of an attractive interaction betWeen the methyl ether 
group and the phenyl ring. It is therefore possible to promote 
miscibility, or at least compatibility, of tWo polymers by using 
a methyl ether group in one polymer and a phenyl group in the 
other polymer. It has also been demonstrated that immiscible 
polymers are capable of being made miscible by the incorpo 
ration of appropriate functional groups that can provide ionic 
interactions. (See Z. L. Zhou andA. Eisenberg, J. Polym. Sci., 
Polym. Phys. Ed., 21 (4), 595, 1983; R. Murali andA. Eisen 
berg, J. Polym. Sci., Part B: Polym. Phys., 26 (7), 1385, 1988; 
and A. Natansohn et al., Makromol. Chem., Macromol. 
Symp., 16, 175, 1988, the disclosures of Which are hereby 
incorporated by reference.) For example, polyisoprene and 
polystyrene are immiscible. HoWever, When polyisoprene is 
partially sulfonated (5%), and 4-vinyl pyridine is copolymer 
iZed With the polystyrene, the blend of these tWo functional 
iZed polymers is miscible. It is contemplated that the ionic 
interaction betWeen the sulfonated groups and the pyridine 
group (proton transfer) is the driving force that makes this 
blend miscible. Similarly, polystyrene and poly(ethyl acry 
late), Which are normally immiscible, have been made mis 
cible by lightly sulfonating the polystyrene. (See R. E. Taylor 
Smith and R. A. Register, Macromolecules, 26, 2802, 1993, 
the disclosure of Which is hereby incorporated by reference.) 
Charge-transfer has also been used to make miscible poly 
mers that are otherWise immiscible. For example it has been 
demonstrated that, although poly(methyl acrylate) and poly 
(methyl methacrylate) are immiscible, blends in Which the 
former is copolymeriZed With (N -ethylcarbaZol-3-yl)methyl 
acrylate (electron donor) and the latter is copolymeriZed With 
2-[(3,5-dinitrobenZoyl)oxy]ethyl methacrylate (electron 
acceptor) are miscible, provided the right amounts of donor 
and acceptor are used. (See M. C. Piton and A. Natansohn, 
Macromolecules, 28, 15, 1995, the disclosure of Which is 
hereby incorporated by reference.) Poly(methyl methacry 
late) and polystyrene are also capable of being made miscible 
using the corresponding donor-acceptor co-monomers (See 
M. C. Piton and A. Natansohn, Macromolecules, 28, 1605, 
1995, the disclosure of Which is hereby incorporated by ref 
erence). 
[0057] A variety of test methods exist for evaluating the 
miscibility or compatibility of polymers, as re?ected in the 
recent overvieW published in A. Hale and H. Bair, Ch. 
4-“Polymer Blends and Block Copolymers,” Thermal Char 
acteriZation of Polymeric Materials, 2nd Ed., Academic 
Press, 1997, the disclosure of Which is hereby incorporated by 
reference. For example, in the realm of optical methods, 
opacity typically indicates a tWo-phase material, Whereas 
clarity generally indicates a compatible system. Other meth 
ods for evaluating miscibility include neutron scattering, 
infrared spectroscopy (IR), nuclear magnetic resonance 
(NMR), x-ray scattering and diffraction, ?uorescence, Bril 
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louin scattering, melt titration, calorimetry, and chemillumi 
nescence. See, for example, L. Robeson, supra; S. Krause, 
Chemtracts-Macromol. Chem., 2, 367, 1991a; D. Vesely in 
Polymer Blends andAlloys, M. J. Folkes and P. S. Hope, Eds., 
Blackie Academic and Professional, Glasgow, pp. 103-125; 
M. M. Coleman et al., Speci?c Interactions and the Miscibil 
ity of Polymer Blends, Technomic Publishing, Lancaster, Pa., 
1991; A. Garton, Infrared Spectroscopy of Polymer Blends 
Composites and Surfaces, Hanser, NeW York, 1992; L. W. 
Kelts et al., Macromolecules, 26, 2941, 1993; and J. L. White 
and PA. Mirau, Macromolecules, 26, 3049, 1993; J. L. White 
and P. A. Mirau, Macromolecules, 27, 1648, 1994; and C. A. 
CruZ et al., Macromolecules, 12, 726, 1979; and C. J. Landry 
et al., Macromolecules, 26, 35, 1993, the disclosures of Which 
are hereby incorporated by reference. 

[0058] Compatibility has also been promoted in otherWise 
incompatible polymers by incorporating reactive groups into 
the polymer matrix, Where such groups are capable of react 
ing With the photoactive monomer during the holographic 
recording step. Some of the photoactive monomer Will 
thereby be grafted onto the matrix during recording. If there 
are enough of these grafts, it is possible to prevent or reduce 
phase separation during recording. 
[0059] A holographic recording medium of the present 
invention is formed such that holographic Writing and reading 
to the medium are possible. Typically, fabrication of the 
medium involves depositing binder component/polymeriz 
able component/photoinitiator component mixture betWeen 
tWo plates using, for example, a gasket to contain the mixture. 
The plates are typically glass, but it is also possible to use 
other materials transparent to the radiation used to Write data, 
e.g., a plastic such as polycarbonate or poly(methyl meth 
acrylate). It is possible to use spacers betWeen the plates to 
maintain a desired thickness for the recording medium. In 
applications requiring optical ?atness, the melted mixture 
may shrink during cooling and thus distort the optical ?atness 
of the article. To reduce such effects, it is useful to place the 
article betWeen plates in an apparatus containing mounts, 
e.g., vacuum chucks, capable of being adjusted in response to 
changes in parallelism and/ or spacing. In such an apparatus, it 
is possible to monitor the parallelism in real-time by use of 
conventional interferometric methods, and to make any nec 
essary adjustments to the heating/cooling process. Addition 
ally, an article or substrate of the present invention may have 
an antire?ective coating and/or be edge sealed to exclude 
Water or oxygen. An antire?ective coating may be deposited 
on an article or substrate by various processes such as chemi 
cal vapor deposition and an article or substrate may be edge 
sealed using knoWn methods. The photorecording material of 
the present invention is also capable of being supported in 
other Ways. More conventional polymer processing is also 
envisioned, e.g., closed mold formation or sheet extrusion. A 
strati?ed medium is also contemplated, i.e., a medium con 
taining multiple substrates, e.g., glass, With layers of photo 
recording material disposed betWeen the substrates. 

[0060] Because the article of the present invention exhibits 
thermoplastic properties, an article of the present invention 
may also be heated above its melting temperature and pro 
ces sed in the Ways described above for the binder component/ 
polymeriZable component/photoinitiator component mix 
ture. 

[0061] A holographic recording medium of the present 
invention is then capable of being used in a holographic 
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system such as discussed previously. The amount of informa 
tion capable of being stored in a holographic medium is 
proportional to the product of: the refractive index contrast, 
An, of the photorecording material, and the thickness, d, of 
the photorecording material. (The refractive index contrast, 
An, is conventionally knoWn, and is de?ned as the amplitude 
of the sinusoidal variations in the refractive index of a mate 
rial in Which a plane-Wave, volume hologram has been Writ 
ten. The refractive index varies as: n(x):nO+An cos(IQ(), 
Where n(x) is the spatially varying refractive index, x is the 
position vector, K is the grating Wave vector, and n0 is the 
baseline refractive index of the medium. See, e. g., P. Hariha 
ran, Optical Holography: Principles, Techniques and Appli 
cations, Cambridge University Press, Cambridge, 1991, at 
44, the disclosure of Which is hereby incorporated by refer 
ence.) The An of a material is typically calculated from the 
diffraction e?iciency or e?iciencies of a single volume holo 
gram or a multiplexed set of volume holograms recorded in a 
medium. The An is associated With a medium before Writing, 
but is observed by measurement performed after recording. 
Advantageously, the photorecording material of the invention 
exhibits a An of3 X 1073 or higher. 

[0062] Examples of other optical articles include beam ?l 
ters, beam steerers or de?ectors, and optical couplers. (See, 
e.g., L. Solymar and D. Cooke, Volume Holography and 
Volume Gratings, Academic Press, 315-327 (1981), the dis 
closure of Which is hereby incorporated by reference.) A 
beam ?lter separates part of an incident laser beam that is 
traveling along a particular angle from the rest of the beam. 
Speci?cally, the Bragg selectivity of a thick transmission 
hologram is able to selectively diffract light along a particular 
angle of incidence, While light along other angles travels 
unde?ected through the hologram. (See, e. g., J. E. Ludman et 
al., “Very thick holographic nonspatial ?ltering of laser 
beams,” Optical Engineering, Vol. 36, No. 6, 1700 (1997), the 
disclosure of Which is hereby incorporated by reference.) A 
beam steerer is a hologram that de?ects light incident at the 
Bragg angle. An optical coupler is typically a combination of 
beam de?ectors that steer light from a source to a target. 
These articles, typically referred to as holographic optical 
elements, are fabricated by imaging a particular optical inter 
ference pattern Within a recording medium, as discussed pre 
viously With respect to data storage. Media for these holo 
graphic optical elements are capable of being formed by the 
techniques discussed herein for recording media or 
Waveguides. 
[0063] As mentioned previously, the materials principles 
discussed herein are applicable not only to hologram forma 
tion, but also to formation of optical transmission devices 
such as Waveguides. Polymeric optical Waveguides are dis 
cussed for example in B. L. Booth, “Optical Interconnection 
Polymers,” in Polymers for LightWave and Integrated Optics, 
Technology andApplications, L. A. Homak, ed., Marcel Dek 
ker, Inc. (1992); US. Pat. No. 5,292,620; and US. Pat. No. 
5,219,710, the disclosures of Which are hereby incorporated 
by reference. Essentially, the recording material of the 
present invention is irradiated in a desired Waveguide pattern 
to provide refractive index contrast betWeen the Waveguide 
pattern and the surrounding (cladding) material. It is possible 
for exposure to be performed, for example, by a focused laser 
light or by use of a mask With a non-focused light source. 
Generally, a single layer is exposed in this manner to provide 
the Waveguide pattern, and additional layers are added to 
complete the cladding, thereby completing the Waveguide. 
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This process is discussed for example at pages 235-36 of 
Booth, supra, and Cols. 5 and 6 ofU.S. Pat. No. 5,292,620, the 
disclosure of Which is hereby incorporated by reference. A 
bene?t of the present invention is that by using conventional 
molding techniques, it is possible to mold the binder mixture 
into a variety of shapes prior to formation of the article by 
cooling to room temperature. For example, the binder mixture 
can be molded into ridge Waveguides, Wherein refractive 
index patterns are then Written into the molded structures. It is 
thereby possible to easily form structures such as Bragg grat 
ings. This feature of the present invention increases the 
breadth of applications in Which such polymeric Waveguides 
Would be useful. An article of the present invention may be 
used as a holographic recording medium that departs from 
prior data storage media by employing a binder made of one 
or more thermoplastic polymers in Which the monomers and 
oligomers that form the grating are dissolved. The article of 
the present invention includes a binder component including 
one or more thermoplastics, a polymeriZable component 
including one or more photoactive monomers and possibly 
one or more oligomers, and a photoinitiator component 
including one or more photoinitiators. 

[0064] The binder component alloWs an article of the 
present invention to behave as if the entire article Was a 
thermoplastic. That is, the binder component alloWs the 
article to be processed similar to the Way that a thermoplastic 
is processed, i.e., molded into a shaped article, bloWn into a 
?lm, deposited in liquid form on a substrate, extruded, rolled, 
pressed, made into a sheet of material, etc. and then alloWed 
to harden at room temperature to take on a stable shape or 
form. The binder component may comprise one or more 
thermoplastics. Suitable thermoplastics include poly(methyl 
vinyl ether-alt-maleic anhydride), poly(vinyl acetate), poly 
(styrene), poly(propylene), poly(ethylene oxide), linear 
nylons, linear polyesters, linear polycarbonates, linear poly 
urethanes, poly(vinyl chloride), poly(vinyl alcohol-co-vinyl 
acetate). The amount of thermoplastic used in the holographic 
recording medium of the present invention is preferably 
enough that the entire holographic recording medium effec 
tively acts as a thermoplastic for most processing purposes. 
The binder component of the holographic recording medium 
may make up as much as 5%, preferably as much as 50%, and 
more preferably as much as 90% of the holographic recording 
medium by Weight. The amount of any given binder in the 
holographic recording medium may vary based on clarity, 
refractive index, melting temperature, Tg, color, birefrin 
gence, solubility, etc. of the thermoplastic or thermoplastics 
that make up the binder component. Additionally, the amount 
of binder component in the holographic recording medium 
may vary based on the article’s ?nal form, Whether it is a 
solid, a ?exible ?lm, or an adhesive. 

[0065] In one embodiment, the binder may include a telech 
elic thermoplastic resinimeaning that the thermoplastic 
polymer may be functionaliZed With reactive groups that 
covalently crosslink the thermoplastic in the binder With the 
polymer formed from the polymeriZable component during 
grating formation. Such crosslinking makes the gratings 
stored in the holographic recording medium very stable, even 
to elevated temperatures for extended periods of time. 

[0066] In another embodiment of the present invention, the 
thermoplastic or thermoplastics in the binder become 
crosslinked noncovalently With the polymer formed upon 
grating formation by using a functionaliZed thermoplastic 
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polymer in the binder component. Examples of such non 
covalent bonding include ionic bonding, hydrogen bonding, 
dipole-dipole bonding, aromatic pi stacking, etc. 

[0067] According to an embodiment of the present inven 
tion, the polymeriZable component of an article of the present 
invention includes one or more monomers, at least one of 

Which is a photoactive monomer, that form gratings made of 
a polymer or co-polymer When exposed to a light source, such 
as a laser beam that is recording data pages to the holographic 
recording medium. The photoactive monomer may be any 
monomer or monomers capable of undergoing photoinitiated 
polymeriZation, and Which, in combination With a binder 
component, meets the compatibility requirements of the 
present invention. Suitable photoactive monomers include 
those Which polymerize by a free-radical reaction, e.g., mol 
ecules containing ethylenic unsaturation such as acrylates, 
methacrylates, acrylamides, methacrylamides, styrene, sub 
stituted styrenes, vinyl naphthalene, substituted vinyl naph 
thalenes, and other vinyl derivatives. Free-radical copolymer 
iZable pair systems such as vinyl ether mixed With maleate 
and thiol, vinyl ether functionalities, mixed With ole?n are 
also suitable. It is also possible to use cationically polymer 
iZable systems; a feW examples are vinyl ethers, alkenyl 
ethers, allene ethers, ketene acetals, epoxides, etc. Further 
more, anionic polymeriZable systems are suitable. It is also 
possible for a single photoactive monomer molecule to con 
tain more than one polymeriZable functional group. Other 
suitable photoactive monomers include cyclic disul?des and 
cyclic esters. Oligomers that may be included in the polymer 
iZable component to form a grating upon exposure to a light 
source include oligomers such as oligomeric (ethylene sul 
?de) dithiol, oligomeric (phenylene sul?de) dithiol, oligo 
meric (bisphenol A), oligomeric (bisphenol A) diacrylate, 
oligomeric polyethylene With pendent vinyl ether groups, etc. 

[0068] In addition to the photoactive monomer, an article of 
the present invention may contain a photoinitiator. The pho 
toinitiator, upon exposure to relatively loW levels of the 
recording light, chemically initiates the polymeriZation of the 
monomer, avoiding the need for direct light-induced poly 
meriZation of the monomer. The photoinitiator generally 
should offer a source of species that initiate polymerization of 
the particular photoactive monomer. Typically, 0.1 to 20 vol 
% photoinitiator provides desirable results. 

[0069] The monomers and/or oligomers of the polymeriZ 
able component of an article of the present invention may be 
monofunctional, difunctional, and/or multifunctional. 

[0070] A variety of photoinitiators knoWn to those skilled 
in the art and available commercially are suitable for use in 
the invention. It is advantageous to use a photoinitiator that is 
sensitive to light at Wavelengths available from conventional 
laser sources, e.g., the blue and green lines ofAr+ (458, 488, 
514 nm) and He4Cd lasers (442 nm), the green line of 
frequency doubled YAG lasers (532 nm), and the red lines of 
HeiNe (633 nm), Kr+ lasers (647 and 676 nm), and various 
diode lasers (290 nm to 900 nm). One advantageous free 
radical photoinitiator is bis(1]-5-2,4-cyclopentadien- l -yl)bis 
[2,6-di?uoro-3-(l H-pyrrol- l -yl)phenyl]titanium, available 
commercially from Ciba as Irgacure 784TM. Another visible 
free-radical photoinitiator (Which requires a co-initiator) is 
5,7,diiodo-3-butoxy-6-?uorone, commercially available 
from Spectra Group Limited as H-Nu 470. Free-radical pho 
toinitiators of dye-hydrogen donor systems are also possible. 
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Examples of suitable dyes include eosin, rose bengal, eryth 
rosine, and methylene blue, and suitable hydrogen donors 
include tertiary amines such as n-methyl diethanol amine. In 
the case of cationically polymeriZable monomers, a cationic 
photoinitiator is used, such as a sulfonium salt or an iodonium 
salt. These cationic photoinitiator salts absorb predominantly 
in the UV portion of the spectrum, and are therefore typically 
sensitiZed With a sensitiZer or dye to alloW use of the visible 
portion of the spectrum. An example of an alternative visible 
cationic photoinitiator is (n5-2,4-cyclopentadien-l -yl) (116 
isopropylbenZene)-iron(II) hexa?uorophosphate, available 
commercially from Ciba as Irgacure 261. 

[0071] In most embodiments, photoinitiators of the present 
invention are sensitive to ultraviolet and visible radiation 
from 200 nm to 800 nm. 

[0072] An article of the present invention may also include 
additives such as plasticiZers for altering the properties of the 
article of the present invention including the melting point, 
?exibility, toughness, diffusibility of the monomers, and ease 
of processibililty. Examples of suitable plasticiZers include 
dibutyl phthalate, dichlorohexane, N,N-dimethylformamide, 
etc. PlasticiZers differ from solvents in that solvents are typi 
cally evaporated Whereas plasticiZers are meant to remain in 
the article. 

[0073] Some articles of the present invention may include 
plasticiZers that act as sloW thermosetting agents that thermo 
set a thermoplastic in the holographic recording medium by 
becoming crosslinked With the thermoplastic over a period of 
time once the holographic recording medium has been pro 
cessed in a liquid state and alloWed to cool. For example, 
When poly(methyl vinyl ether-alt-anhydride) is used as a ther 
moplastic in the binder component, glycerol ethoxylate may 
be used as a sloW thermosetting agent, because the anhydride 
units in the thermoplastic may eventually react With the 
hydroxyl moieties in the sloW thermosetting agent, but this 
reaction may not be signi?cant during the process of forming 
the article, alloWing the article to behave primarily as a ther 
moplastic With respect to melting, ?oWing and then solidify 
ing over a short time scale. Any pair of functionalities that are 
sloW to thermally react may be used to devise a suitable sloW 
thermosetting system. For example, alcohols and epoxides 
are typically very sloW to react (Without a catalyst or With a 
poor catalyst) and thus, one may use a polyol binder With a 
multifunctional epoxide as the sloW thermosetting agent. 
Other such pairings include, sloW Diels-Alder reactions, hin 
dered alcohols With hindered isocyanates, epoxides With 
cyclic anhydrides, etc. 

[0074] Other types of additives that may be used in the 
liquid mixture and article of the present invention are inert 
diffusing agents having relatively high or loW refractive indi 
ces. Other additives that may be used in the liquid mixture and 
article of the present invention include: pigments, ?llers, non 
photoinitiating dyes, antioxidants, inhibitors, bleaching 
agents, mold releasing agents, antifoaming agents, infrared/ 
microWave absorbers, surfactants, etc. 

[0075] It has been determined that use of a thermoplastic 
binder and less than 20 volume % photoactive monomer/ 
oligomer gives a medium capable of holographic recording; 
hoWever, other formulations of thermoplastic binders and 
photoactive monomers/oligomers may also be used in the 
present invention. Such a medium has a melting temperature 
above room temperature (preferably at least 10° C. above 
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room temperature), and thus is a solid at room temperature. 
Fabrication of optically ?at articles typically requires heating 
of the mixture used to make an optically ?at medium above 
the softening or melting temperature of the medium. Once 
?atness is obtained, the medium is alloWed to cool and thus 
return to solid thereby keeping the ?atness of the medium. 
Upon exposure to light of appropriate Wavelength for the 
photoactive monomer/oligomers (Which includes multiple 
types of monomers as Well as possibly mono, di, and multi 
functional monomers/oligomers), the article may record the 
spatial light pattern, thus forming a hologram. 

[0076] Although in one embodiment, the polymeriZable 
component, consisting of one or more photoactive monomers 
and possibly one or more oligomers, of an article of the 
present invention is less than 20 volume %, in other embodi 
ments, the polymeriZable component of an article of the 
present invention may be less than 10 volume %, or even less 
than 5 volume %. 

[0077] An article of the present invention may be any thick 
ness needed. For example the article may be thin for display 
holography or thick for data storage. The article may be a ?lm 
deposited on a substrate, a free ?exible ?lm (similar to food 
Wraps) or a hard article requiring no substrate (similar to a 
credit card). 

[0078] An article of the present invention may be heated to 
form a liquid mixture that is infused into a porous substrate 
such as glass (V ycorTM), cloth and paper, Wood or plastic; 
then alloWed to cool. Such articles Would be able to record 
holograms of a display and/ or data nature. 

[0079] An article of the present invention may be made 
optically ?at via the appropriate processes, such as the pro 
cess described in Us. Pat. No. 5,932,045, the entire contents 
and disclosure of Which is hereby incorporated by reference. 

[0080] Also, the ability to use a Wider variety of thermo 
plastics in an article of the present invention alloWs for the 
possible reduction or elimination of problems such as Water 
or humidity that affect current holographic storage media. In 
one embodiment, the article of the present invention may be 
used to store volatile holograms. Due to the thermoplastic 
nature of the present invention, a particular mixture may be 
tuned to have a very general lifetime for the recorded holo 
grams. Thus, after hologram recording, the holograms may be 
readable for a de?ned time period such as a Week, a feW 
months, or years. Over time, the article may be alloWed to 
sloWly creep, and thus destroy the readability of the holo 
grams. Heating the article may also increase such a process of 
hologram destruction. Examples of applications for using 
volatile holograms include: rental movies, security informa 
tion, tickets (or season passes), thermal history detector, time 
stamp, and/or temporary personal records, etc. 

[0081] In one embodiment, an article of the present inven 
tion may be used to record permanent holograms. In such an 
embodiment, the Tg of the article either increases or the mix 
ture crosslinks during hologram formation. In the former 
case, the dissolved polymeriZable component (behaving as a 
plasticiZer) substantially loWers the melting temperature of 
the binder component, yet When a hologram is Written, the 
monomer is essentially depleted and thus the plasticiZation 
effect is eliminated, thereby increasing the melting tempera 
ture of the post-recorded material. In the latter case, the binder 
may be telechelic or multifunctional With a polymeriZable 
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functionality capable of reacting With the monomer that 
allows for crosslinking during hologram formation. Alterna 
tively, the binder component may have a sloW thermosetting 
agent as described previously. 

[0082] In one embodiment of the present invention, photo 
binding of photoactive molecules to the binder occurs. Suit 
able photoactive molecules for this application include: thi 
ols, selenols, tellenols, disul?des, diselenides, ditellurides, 
and various photoiniferters. Additionally, molecules that are 
knoWn to be both monomers and photoinitiators such as male 
imides and maleic anhydrides are suitable photoactive mol 
ecules. Also suitable as photoactive molecules for photobin 
ding are free radical photoinitiators (Whether they be 
cleavage, hydrogen abstraction, electron transfer-proton 
transfer, or a combination of the three). These photobinding 
reactions typically Would use a binder With unsaturated 
double bonds as the photobinding receptor. HoWever, if a 
photobase or a photoacid generator Were the photoactive mol 
ecule, then a binder With acid functionality or base function 
ality as photobinding receptors, respectively, may be used. In 
such an embodiment, it is understood that one could have an 
oligomer With photobinding receptors as Well as functionality 
that alloWs for either covalent or noncovalent bonding to the 
binder or several other very similarly related con?gurations. 

[0083] In one embodiment of the present invention, an 
article of the present invention may be used to store reversible 
holograms. Suitable photoactive molecules of the photoac 
tive component include molecules containing C4C double 
bonds that undergo any of the various types of reversible 
photocycloaddition reactions. These may include 
anthracenes, acenaphthylenes, phenanthrenes, and related 
polyaromatic hydrocarbons, photodiene formation/Diels 
Alder reactions, and concerted and nonconcerted ene-ene 
reactions (2+2, 4+4, 4+2, 3+2, etc.). Also, metal and 
organic salts may be attached to photochelating groups, such 
as spiro compounds, chromenes, and the like. Nucleotides, 
such as DNA and RNA, may also be attached to such com 
pounds via strong hydrogen bonding interactions. Polymer 
bound metal complexes may be used as attachment sites for 
photoinser‘tion of various ligands. This list is exemplary and 
modi?cations or additions to the list may be determined by 
one of ordinary skill in the art in light of the teachings of the 
present invention. 

[0084] Preferably, the photoactive molecules of the photo 
active component react during hologram formation by a 
cycloaddition reaction. There are a variety of cycloaddition 
reactions that yield rings of different siZes, and that may be 
reversed using light of shorter Wavelength than the Wave 
length ?rst used to react the components, or using heat. Four 
member rings (cyclobutanes) may be formed by (2 +2) 
cycloadditions, and 8-membered rings may be formed by 
(4+4) cycloadditions. Acenaphthylenes, Which are an 
example of species that undergo (2+2) cycloaddition reac 
tions, are a more preferred type of Write component. 
Acenaphthylenes typically posses a high refractive index and 
undergo forWard and reverse reactions With a high quantum 
ef?ciency and minimal side reactions. Further, the forWard 
and reverse photoreactions are at Wavelengths that are easily 
accessible With current laser and light sources. Preferably, the 
binding of the photoactive molecules of the photoactive com 
ponent to the binder may be reversed by exposing the optical 
article to light of a different Wavelength than Was used to bind 
the photoactive molecules of the photoactive component to 
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the binder. Preferable binders for use With acenaphtylene 
derived photoactive molecules are thermoplastic resins With 
pendent photobinding receptors of vinyl ether functionality. 
Suitable materials, including photoreversible photoactive 
molecules, for use in such articles are described in US. patent 
application Ser. No. 10/411,380, ?led Apr. 11, 2003, the 
entire contents and disclosure of Which is hereby incorpo 
rated by reference. 

[0085] An article of the present invention may be ground, 
shredded, fragmented, etc. to form a particle material of poW 
der, chips, etc. The particle material may be heated at a later 
time to form a ?oWable liquid used to make a molded product, 
a coating to apply to a substrate, etc. 

[0086] When the particle material is a poWder, the poWder 
may be electrostatically applied to a substrate such as metal 
and other conductive materials (typical poWder coating), 
Which Would then be heated to form a coating. The poWder 
may also be infused into ?brous materials to form holo 
graphic paper, cardboard, ribbons, etc. for decorative appli 
cations. Additionally, the poWder may be melt extruded into a 
?ber for thread, yarn, and fabric applications. 

[0087] An article of the present invention may be used in a 
variety of products to provide tracking information. For 
example, the article may be part of a cardboard shipping box, 
a sheet of material from Which the shipping box is made, or 
the paper in Which a box is Wrapped for shipping, package 
labeling, etc. The article may also be used for security pur 
poses such as: a security label, part of a security label, a 
security tag, a piece of clothing, etc. The article may be used 
in indoor or outdoor advertising. For example, the article may 
be used in making billboards, park benches, as an advertising 
Wrap for a vehicle, as a sign for mounting in or on a bus or 
subWay, as a sign in a subWay station, etc. 

[0088] An article of the present invention may also be used 
for decorative purposes. For example, the article may be used 
in gift Wrap or in WindoW treatments to provide special artistic 
tinting or 3D designs. The article may be ground-up and used 
in coatings such as paint for houses, automobiles, fumiture, 
etc. The article may be used in molded parts of automobiles, 
toys, furniture, appliances, etc. to provide decorative effects. 

[0089] An article of the present invention may also be used 
to make data storage devices of various siZes and shapes, as a 
block of material or as part of a coating that is coated on a 
substrate. 

EXAMPLES 

Example 1 

[0090] A mixture Was formed having the folloWing com 
position: 

[0091] 3.0 giPoly(methyl vinyl ether-alt-maleic anhy 
dride)iMn aprox 80,000 

[0092] 0.0103 giThionin Perchlorate 

[0093] 0.077 giTetraphenyl Borate salt (tetrabutyl 
amine cation) 

[0094] 0.1123 giTribromophenyl Acrylate 

[0095] 0.587 g4Glycerol EthoxylateiMn 1000 

[0096] 10 ml acetone 
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[0097] The mixture Was mixed until homogenous and then 
acetone Was evaporated off under reduced pres sure and then 
heated to 60° C. for 5 minutes to let bubbles escape. The 
remaining liquid mixture Was then placed betWeen heated 
glass substrates (glass temp Was 800 C.) containing a Te?onTM 
spacer of 250 microns. The mixture Was then alloWed to cool 
to form an article of the present invention. 

[0098] Using a 635 nm diode laser to record data pages to 
this article, this article produced a 4% diffraction grating. The 
grating Was destroyed by heating to 600 C. for 20 minutes and 
upon heating to 100° C., the medium Was able to How, dem 
onstrating that the medium Was still a thermoplastic. 

Example 2 

[0099] A mixture Was formed having the folloWing com 
position: 

[0100] 2.086 giPoly(Vinyl Acetate)iMW 83,000 

[0101] 0.189 giBisphenol A Glycerolate (1 glycerol/ 
phenol) diacrylate 

[0102] 0.127 giHydroxypropyl Acrylate 

[0103] 0.101 g4Glycerol PropoxylateiMn 1500 

[0104] 0.01 giDarocureTM TPO (obtained from Ciba 
Geigy) 

[0105] The mixture Was heated to 600 C. for 8 hours, then, 
While still hot, placed betWeen 2 heated glass substrates. A 
thickness of 200 microns Was obtained and the mixture Was 
alloWed to cool to room temperature, Whereupon a homog 
enous, clear, bubble free article of the present invention Was 
produced. Using a 407 nm diode laser to holographically 
record pages of data to this article, this article gave a shrink 
age under 0.5% and a M/# for a 200 micron thick material of 
2.75. 

Example 3 

[0106] An article using a telechelic binder is formed having 
the folloWing composition: 

[0107] 90 Wt % Poly(vinyl acetate-co-alcohol) With pen 
dant vinyl ether 

[0108] 5 Wt % Writing monomer such as a difunctional 
acrylate of Bisphenol A 

[0109] 0.2 Wt % DarocureTM TPO (blue light sensitive 
initiator) 

[0110] 0.1 Wt % lrganoxTM Brand Antioxidant 

[0111] 4.7 Wt % Inert plasticiZer such as poly(ethylene 
oxide) Mn:2000 

[0112] This article may be formed using a process similar 
to that described above in Example 1 or 2. Alternatively, the 
composition may be processed in a standard thermoplastic 
manner such as placing all components into a hopper for 
grinding and mixing, and then extruding the resultant ther 
moplastic into a desired shape. This formulation is a thermo 
plastic until recording of the hologram, then the acrylate 
copolymeriZes With the binder (via the vinyl ether linkages) to 
ultimately thermoset the mixture. 
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Example 4 

[0113] An article providing an elevated Tg and melting 
temperature is formed having the folloWing composition: 

[0114] 95 Wt % Poly(vinyl acetate-co-alcohol) With pen 
dant vinyl ether (attached by reaction to the alcohol) 

[0115] 4.6 Wt % Writing monomer such as a difunctional 
acrylate of Bisphenol A ethoxylate 

[0116] 0.2 Wt % DarocureTM TPO (blue light sensitive 
initiator) 

[0117] 0.1 Wt % lrganoxTM Brand Antioxidant 

[0118] This article may be formed using a process similar 
to that described above in Example 1 or 2. Alternatively, the 
composition may be processed in a standard thermoplastic 
manner such as placing all components into a hopper for 
grinding and mixing, and then extruding the resultant ther 
moplastic into a desired shape. During recording, this article 
increases in both Tg and melting temperature since the pres 
ence of the Writing component effectively behaves as a plas 
ticiZer until it is polymerized during the recording of a holo 
gram. 

Example 5 

[0119] An article employing non-covalent crosslinking is 
formed having the folloWing composition: 

[0120] 95 Wt % Poly(maleic anhydride-co-butyl vinyl 
ether) With some of the anhydride groups ’ ring opened to 
form an alkyl ester and a carboxylic acid 

[0121] 0.1 Wt % Tertiary Amine Acrylate (such as 2-(di 
ethylamino) ethyl acrylate) 

[0122] 4.1 Wt % A polymeriZable component such as a 
monofunctional acrylate (tribromophenyl acrylate) 

[0123] 0.1 Wt % A surfactant additive (the surfactant Will 
ensure that the ionic centers do not phase separate into 
domains large enough to scatter light). 

[0124] 0.2 Wt % A photoinitiator component 

[0125] This article may be formed using a process similar 
to that described above in Example 1 or 2. Alternatively, the 
composition may be processed in a standard thermoplastic 
manner such as placing all components into a hopper for 
grinding and mixing, and then extruding the resultant ther 
moplastic into a desired shape or betWeen tWo transparent 
substrates. An important part of this formulation is using the 
same mole percent aminoacrylate as carboxylic acid. These 
tWo components form a salt complex. The salt complex forms 
ionic centers that have a Weaker interaction (intramolecular 
association) than the carboxylic acids Would have had by 
themselves (intermolecular association), thus the amino acry 
late breaks up the hydrogen bonding alloWing for easier pro 
cessing of the thermoplastic. 

[0126] Recording holograms in this formulation causes the 
aminoacrylate and the polymeriZable component to copoly 
meriZe. Even though a linear polymer is formed, the linear 
polymer likely contains several amino acrylate groups, each 
of Which is ionically linked to the thermoplastic, thus creating 
a series of ionic crosslinks, Which raises the melting tempera 
ture and Tg of the mixture. 
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Example 6 

[0127] An article having reversible chemistry is formed 
having the following composition: 

[0128] 95 Wt % Poly(vinyl acetate-co-alcohol) With pen 
dant vinyl ether (attached by reaction to the alcohol) 

[0129] 0.5 Wt % Writing monomer such as a difunctional 
acrylate of Bisphenol A ethoxylate 

[0130] 0.025 Wt % lrgacure 819TM (blue light sensitive 
initiator) 

[0131] 0.225 Wt %Additive (plasticiZer or inert diffusing 
agent) 

[0132] 0.25 Wt % l-Cyanoacenaphthylene 

[0133] This article may be formed using a process similar 
to that described above in Example 1 or 2. Upon exposure to 
blue Wavelengths of 440 nm, the mixture is crosslinked. This 
?rst exposure may be used to Write a hologram of the display 
or data type. Upon further exposure to 405 nm, a second 
hologram that is erasable may be formed. This hologram may 
be erased by irradiating the article at Deep UV Wavelengths. 
After the erase step, the article is capable of recording a neW 
hologram using 405 nm light. 

Example 7 

[0134] An article having reversible chemistry is formed 
having the folloWing composition: 

[0135] 95 Wt % Poly(vinyl acetate-co-alcohol) With pen 
dant vinyl ether (attached by reaction to the alcohol) 

[0136] 4.75 Wt % Additive (plasticiZer or inert diffusing 
agent) 

[0137] 0.25 Wt % l-Cyanoacenaphthylene 

[0138] This article may be melt processed using extrusion 
into a solid article of various thicknesses. The solid article is 
capable of reWriteable data storage. 

Example 8 

[0139] An article using Write-once chemistry for hologram 
formation is formed using the folloWing composition: 

[0140] 90 Wt % Poly(vinyl acetate-co-alcohol) With pen 
dant vinyl ether (attached by reaction to the alcohol) 

[0141] 5 Wt % Additive (plasticiZer or inert diffusing 
agent) 

[0142] 5 Wt % Photoinitiator (ex. DarocureTM TPO from 
Ciba-Geigy) 

[0143] This article may be melt processed using extrusion 
into a solid article of various thicknesses. The solid article is 
capable of display holography With applications as a decora 
tive coating. 

Example 9 

[0144] An article using only 5 Wt % thermoplastic binder is 
formed using the folloWing composition: 

[0145] 5 Wt % Poly(ethylene oxide) With 5% pendant 
vinyl ether (attached by reaction to the alcohol) 
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[0146] 80 Wt % Additive (nanoparticulate fumed silica 
With dye absorbed to the surface to impart both solubility 
and color) 

[0147] 
[0148] 5 Wt % Photoinitiator (ex. lrgacure 784TM) 

[0149] This formulation may be heated and injected 
betWeen tWo substrates. The dye color may be any color that 
does not absorb green light appreciably. The solid article 
Would be capable of display holography and Would represent 
a temporary hologram since heating of the article after record 
ing of the hologram Will result in the destruction of the holo 
gram. 

10 Wt % PlasticiZer 

[0150] All documents, patents, journal articles and other 
materials cited in the present application are hereby incorpo 
rated by reference. 

[0151] Although the present invention has been fully 
described in conjunction With several embodiments thereof 
With reference to the accompanying draWings, it is to be 
understood that various changes and modi?cations may be 
apparent to those skilled in the art. Such changes and modi 
?cations are to be understood as included Within the scope of 
the present invention as de?ned by the appended claims, 
unless they depart therefrom. 

1.-66. (canceled) 
67. A method for making a solid article comprising the 

folloWing steps: 

(a) mixing together a binder component, a polymeriZable 
component and a photoinitiator component to form a 
mixture; 

(b) heating said mixture to form a substantially homoge 
neous liquid; and 

(c) cooling said liquid to form said solid article, Wherein 
said binder component comprises at least one thermo 
plastic, Wherein said polymeriZable component com 
prises at least one photoactive monomer that is soluble in 
said binder component, Wherein said photoinitiator 
component comprises at least one photoinitiator that 
causes said polymeriZable component to form a polymer 
or co-polymer When a portion of said polymeriZable 
component is exposed to a light source, and Wherein said 
article is capable of recording spatial light distribution 
via a spatial refractive index change. 

68. The method of claim 67, Wherein said article is volatile 
compound free. 

69. The method of claim 67, Wherein said article has a 
melting point at least 100 C. greater than room temperature. 

70. The method of claim 67, further comprising the folloW 
ing steps: 

(d) heating said article to form a ?oWable material; and 

(e) forming said ?oWable material into a product having a 
different form than said article. 

71. The method of claim 70, Wherein step (e) comprises 
molding said ?oWable material to form a molded product. 

72. The method of claim 70, Wherein step (e) comprises 
forming said ?oWable material into a free ?exible ?lm. 

73. The method of claim 70, Wherein step (e) comprises 
depositing said ?oWable material as a ?lm on a substrate. 

74. The method of claim 70, Wherein step (e) comprises 
extruding said ?oWable material as an extruded product. 
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75. The method of claim 70, wherein step (e) comprises 
forming said ?oWable material into a sheet of material. 

76. The method of claim 70, Wherein step (e) comprises 
forming said ?oWable material into a stiff sheet. 

77. The method of claim 70, Wherein step (e) comprises 
infusing said ?oWable material into a porous substrate to form 
a composite product. 

78. The method of claim 77, Wherein said porous substrate 
comprises glass. 

79. The method of claim 77, Wherein said porous substrate 
comprises paper. 

80. The method of claim 77, Wherein said porous substrate 
comprises plastic. 

81. The method of claim 77, Wherein said porous substrate 
comprises cloth. 

82. The method of claim 67, further comprising the folloW 
ing steps: 

(d) sub-dividing said article to form a particle material. 
83. The method of claim 82, further comprising the folloW 

ing steps: 

(e) heating said particle material to form a ?oWable mate 
rial; and 

(f) forming said ?oWable material into a product. 
84. The method of claim 82, Wherein said particle material 

comprises a poWder. 
85. The method of claim 82, Wherein said particle material 

comprises a plurality of chips. 
86. The method of claim 82, further comprising coating a 

substrate With said particle material to form a coated product. 
87. The method of claim 67, further comprising molding 

said liquid mixture to form a molded product comprising said 
article. 

88. The method of claim 67, further comprising forming 
said liquid mixture into a free ?exible ?lm comprising said 
article. 

89. The method of claim 67, further comprising depositing 
said liquid mixture as a ?lm on a substrate, Wherein said ?lm 
comprises said article. 

90. The method of claim 67, further comprising extruding 
said liquid mixture to form an extruded product, Wherein said 
extruded product comprises said article. 

91. The method of claim 67, further comprising forming 
said liquid mixture into a sheet of material comprising said 
article. 

92. The method of claim 67, further comprising forming 
said liquid material into a stiff sheet comprising said article. 

93. The method of claim 67, further comprising infusing 
said liquid mixture into a porous substrate to form a compos 
ite product comprising said article. 

94. The method of claim 93, Wherein said porous substrate 
comprises glass. 

95. The method of claim 93, Wherein said porous substrate 
comprises paper. 

96. The method of claim 93, Wherein said porous substrate 
comprises plastic. 

97. The method of claim 93, Wherein said porous substrate 
comprises cloth. 

98. The method of claim 67, Wherein said article is sub 
stantially optically ?at. 

99. The method of claim 67, Wherein said liquid is depos 
ited betWeen tWo substrates. 
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100. The method of claim 99, Wherein said substrates have 
antire?ective coatings coated thereon and Wherein said article 
is substantially optically ?at. 

101. A method for holographically recording a spatial light 
distribution via a spatial refractive index change to a holo 
graphic recording medium comprising: 

providing said holographic recording medium; and 

forming holographic gratings in said holographic record 
ing medium by holographically recording said spatial 
light distribution via said spatial refractive index change 
to said holographic recording medium, Wherein said 
holographic recording medium comprises: 

a binder component comprising at least one thermoplastic; 

a polymeriZable component comprising at least one pho 
toactive monomer that is soluble in said binder compo 
nent; and 

a photoinitiator component comprising at least one photo 
initiator that causes said polymeriZable component to 
form a polymer or co-polymer When a portion of said 
polymeriZable component is exposed to a light source. 

102. A system for holographically recording a spatial light 
distribution via a spatial refractive index change to a holo 
graphic recording medium comprising: 

said holographic recording medium; and 

means for forming holographic gratings in said holo 
graphic recording medium by recording said spatial 
light distribution via said spatial refractive index change 
to said holographic recording medium, Wherein said 
holographic recording medium comprises: 

a binder component comprising at least one thermoplastic; 

a polymeriZable component comprising at least one pho 
toactive monomer that is soluble in said binder compo 
nent; and 

a photoinitiator component comprising at least one photo 
initiator that causes said polymeriZable component to 
form a polymer or co-polymer When a portion of said 
polymeriZable component is exposed to a light source. 

103.-106. (canceled) 
107. A method for making a solid article comprising the 

folloWing steps: 

(a) mixing a binder component With a photoactive compo 
nent; 

(b) heating said mixture to form a substantially homoge 
neous liquid; and 

(c) cooling said liquid to form said solid article, Wherein 
said binder component comprises at least one thermo 
plastic, Wherein said photoactive component comprises 
at least one photoactive molecule, and Wherein said solid 
article is capable of recording spatial light distribution 
via a spatial refractive index change. 

108. The method of claim 107, Wherein said spatial refrac 
tive index change is caused primarily by mass diffusion and 
Wherein said article has a melting point at least 10° C. greater 
than room temperature. 

109. The method of claim 107, Wherein said photoactive 
component is photoreversible and Wherein said binder com 
ponent contains photobinding receptors. 
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11 0. A method for holo graphically recording a spatial light 
distribution via a spatial refractive index change to a holo 
graphic recording medium comprising the following steps: 

(a) providing said holographic recording medium; and 

(b) forming holographic gratings in the holographic 
recording medium by holographically recording said 
spatial light distribution via said spatial refractive index 
change to said holographic recording medium, Wherein 
said holographic recording medium comprises: a binder 
component comprising at least one thermoplastic; and a 
photoactive component comprising at least one photo 
active molecule. 

111. The method of claim 110, Wherein said spatial refrac 
tive index change is caused primarily by mass diffusion, and 
Wherein said article has a melting point at least 10° C. greater 
than room temperature. 
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112. A system for holographically recording a spatial light 
distribution via a spatial refractive index change to a holo 
graphic recording medium comprising: 

(a) said holographic recording medium; and 
(b) means for forming holographic gratings in said holo 

graphic recording medium by recording the spatial light 
distribution via said spatial refractive index change to 
said holographic recording medium, Wherein said holo 
graphic recording medium comprises: a binder compo 
nent comprising at least one thermoplastic; and a pho 
toactive component comprising at least one photoactive 
molecule. 

113. The system of claim 112, Wherein said spatial refrac 
tive index change is caused primarily by mass diffusion and, 
Wherein said article has a melting point at least 100 C. greater 
than room temperature. 


