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MULTI-PHOTON REACTIVE COMPOSITIONS 
WITH INORGANIC PARTICLES AND METHOD 

FOR FABRICATING STRUCTURES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of US. Ser. No. 
10/262,927, ?led Oct. 2, 2002, noW allowed, the disclosure 
of Which is incorporated by reference in its entirety herein. 

TECHNICAL FIELD 

[0002] This invention relates to multi-photon reactive 
compositions and methods for fabricating structures that 
include inorganic particles With a multi-photon curing pro 
cess. 

BACKGROUND 

[0003] Multi-photon induced photo-polymerization pro 
vides a means to fabricate three-dimensional devices With 
exquisite sub-micron resolution in a single processing step. 
Multi-photon processes involve the simultaneous absorption 
of tWo or more photons by an absorbing chromophore. The 
total energy of the absorbed photons equals the energy of a 
multi-photon absorption peak, even though each photon 
individually has insufficient energy to excite the chro 
mophore. Whereas single-photon absorption scales linearly 
With the intensity of the incident radiation, tWo-photon 
absorption scales quadratically. Higher-order absorptions 
scale With a related higher poWer of incident intensity. As a 
result, it is possible to perform multi-photon curing pro 
cesses With three-dimensional spatial resolution. Further 
more, the excitation radiation is not attenuated by single 
photon absorption Within a reactive matrix or material, so it 
is possible to selectively excite molecules at a greater depth 
Within a material than Would be possible via single-photon 
excitation. 

[0004] Multi-photon fabrication can be used to manufac 
ture mechanical and optical devices, such as cantilevers, 
gears, shafts, and microlenses. Thus far, hoWever, the tech 
nique has been limited to organic polymers. There are many 
applications Where the mechanical, electrical, thermal, and/ 
or optical properties of conventional polymer systems can be 
inappropriate for the end device use. In other cases, suitable 
polymer systems can be available, but not easily amenable 
to photoimaging. In certain applications, there is a need to 
enhance the physical properties of the completed structures 
Without signi?cantly changing the imaging mechanism. 

SUMMARY 

[0005] Addition of inorganic nanoparticles to the reactive 
composition alloWs tailoring of the optical, thermal, 
mechanical, and dielectric properties of the nanocomposite, 
While maintaining the speed, easy processing, and ?exible 
chemistry provided by the organic components of the com 
position. FolloWing exposure and development, the com 
pleted structure can be left as is or can be pyrolyZed to 
remove the organic components and leave a substantially 
inorganic structure. The long Wavelength infrared light used 
for multi-photon imaging undergoes minimal scattering, and 
therefore, little loss of imaging resolution. 

[0006] Resins With uniformly dispersed, non-aggregated 
particles can be photopatterned in accordance With the 
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method of the invention to achieve high resolution features 
With little resolution loss due to scattering. The invention 
provides a method to manufacture three dimensional inor 
ganic structures Without requiring any molding or emboss 
ing steps, circumventing the dif?culties associated With the 
de-molding process of structures With micron siZe dimen 
s1ons. 

[0007] In one aspect, the invention relates to a multi 
photon reactive composition including at least one reactive 
species, a multi-photon photoinitiator system, and a plurality 
of substantially inorganic particles, Wherein the particles 
have an average particle siZe of less than about 10 microns 
in diameter. As used herein, the “diameter” refers not only 
to the diameter of substantially spherical particles but also to 
the longest dimension of non-spherical particles. 

[0008] In a second aspect, the invention relates to an 
article including an at least partially reacted species, a 
multi-photon photoinitiator system, and a plurality of sub 
stantially inorganic particles, Wherein the particles have an 
average particle siZe of less than about 10 microns in 
diameter, and the particles are present in the composition at 
up to about 65% by volume. 

[0009] In a third aspect, the invention provides a method 
for making an organic-inorganic composite including: 

[0010] (a) providing a multi-photon reactive composition 
including: 

[0011] (l) a reactive species, 

[0012] (2) a multi-photon photoinitiator system, 

[0013] (3) and a plurality of substantially inorganic 
particles, 

Wherein the particles have an average particle siZe of less 
than about 10 microns in diameter; and 

[0014] (b) irradiating the multi-photon reactive composi 
tion With sufficient light to at least partially react the 
composition; and (c) removing a soluble portion of the 
multi-photon reactive composition from the resulting com 
posite. As used herein, the term “suf?cient light” means light 
of suf?cient intensity and appropriate Wavelength to effect 
multiphoton absorption. 

DESCRIPTION OF DRAWINGS 

[0015] FIG. 1 is a schematic representation of a multi 
photon curing apparatus. 

[0016] FIGS. 2A and 2B are a schematic representation of 
a method of preparing a three dimensional lattice structure 
having undercuts. 

[0017] FIG. 3A shoWs a top vieW of a magnetic actuator 
that can be made using the composition of the invention. 

[0018] FIG. 3B shoWs a side vieW of a magnetic actuator 
that can be made using the composition of the invention. 

[0019] FIG. 3C shoWs a side vieW of the magnetic actuator 
of FIG. 4B under the in?uence of a magnetic ?eld. 

[0020] Like reference symbols in the various draWings 
indicate like elements. 
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DETAILED DESCRIPTION 

Exposure System and Conditions 

[0021] Referring to FIG. 1, an optical system 10 for use in 
the invention includes a light source 12, an optical element 
14, and a moveable stage 16. The stage 16 is preferably 
moveable in three dimensions. A partially completed article 
18 mounted on the stage 16 includes a surface 20 and an 
optional surface feature 22. A multi-photon-reactive com 
position 24 is applied on the surface 20 or in the feature 22. 
The light 26 originating from the light source 12 is then 
focused to a point P Within the volume of the reactive 
composition 24 to control the three-dimensional spatial 
distribution of light intensity Within the composition to at 
least partially react the composition 24. 

[0022] Generally, light from a pulsed laser can be passed 
through a focusing optical train to focus the beam Within the 
volume of the reactive composition 24. Using the stage 16, 
or by moving the light source 12 (for example, moving a 
laser beam using galvo-mirrors), the focal point P can be 
scanned or translated in a three-dimensional pattern that 
corresponds to a desired shape. The reacted or partially 
reacted portion of the reactive composition 24 then creates 
a three-dimensional structure of a desired shape. 

[0023] The light source 12 in the system 10 can be any 
light source that produces suf?cient intensity to effect multi 
photon absorption. Suitable sources include, for example, 
femtosecond near-infrared titanium sapphire oscillators (for 
example, those available from Coherent under the trade 
designation MIRA OPTIMA 900-F) pumped by an argon ion 
laser (for example, those available from Coherent under the 
trade designation INNOVA). This laser, operating at 76 
MHZ, has a pulse Width of less than 200 femtoseconds, is 
tunable betWeen 700 and 980 nm, and has average poWer up 
to 1.4 Watts (for example, a Spectra-Physics, Inc., (1335 
Terra Bella Avenue, Mountain VieW, Calif. 94043 USA) 
“Mai Tai” model, operated at a Wavelength 7t=800 nm, a 
repetition frequency of 80 MHZ, and a pulse Width of about 
100 femtoseconds (1><10_l3 sec), With a poWer level up to 1 
Watt). 
[0024] HoWever, in practice, any light source that provides 
su?icient intensity (to effect multi-photon absorption) at a 
Wavelength appropriate for the photosensitiZer (used in the 
photoreactive composition) can be utiliZed. Such Wave 
lengths can generally be in the range of about 300 to about 
1500 nm; preferably, from about 600 to about 1100 nm; 
more preferably, from about 750 to about 850 nm. Peak 
intensities can generally be from about 106 W/cm2. The 
upper limit on pulse ?uence is generally dictated by the 
ablation threshold of the photoreactive composition. For 
example, Q-sWitched NdzYAG lasers (for example, those 
available from Spectra-Physics under the trade designation 
QUANTA-RAY PRO), visible Wavelength dye lasers (for 
example, those available from Spectra-Physics under the 
trade designation SIRAH pumped by a Spectra-Physics 
Quanta-Ray PRO), and Q-sWitched diode pumped lasers 
(for example, those available from Spectra-Physics under 
the trade designation FCBAR) can also be utiliZed. Preferred 
light sources are near infrared pulsed lasers having a pulse 
length less than about 10-8 second (more preferably, less 
than about 10'9 second; most preferably, less than about 
10 second). Other pulse lengths can be used as long as the 
peak intensity and ablation threshold criteria above are met. 
Continuous Wave lasers can also be utiliZed. 
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[0025] Optical elements 14 useful in the system 10 
include, for example, refractive optical elements (for 
example, lenses), re?ective optical elements (for example, 
retrore?ectors or focusing mirrors), dilfractive optical ele 
ments (for example, gratings, phase masks, and holograms), 
polariZing optical elements (for example, linear polariZers 
and Waveplates), diffusers, Pockels cells, Waveguides, and 
the like. Such optical elements are useful for focusing, beam 
delivery, beam/mode shaping, pulse shaping, and pulse 
timing. Generally, combinations of optical elements can be 
utiliZed, and other appropriate combinations Will be recog 
niZed by those skilled in the art. It is often desirable to use 
optics With large numerical aperture (NA) to provide highly 
focused light. HoWever, any combination of optical ele 
ments that provides a desired intensity pro?le (and spatial 
placement thereof) can be utiliZed. For example, the expo 
sure system can include a scanning confocal microscope (for 
example, those available from BioRad under the trade 
designation MRC600) equipped With a 0.75 NA objective 
(such as, for example, those available from Zeiss under the 
trade designation 20X FLUAR). 

[0026] Exposure times generally depend upon the type of 
exposure system used to cause image formation (and its 
accompanying variables such as numerical aperture, geom 
etry of light intensity spatial distribution, the peak light 
intensity during the laser pulse (higher intensity and shorter 
pulse duration roughly correspond to peak light intensity)), 
as Well as upon the nature of the multi-photon reactive 
composition exposed. Generally, higher peak light intensity 
in the regions of focus alloWs shorter exposure times, 
everything else being equal. Linear imaging or “Writing” 
speeds generally can be about 5 to 100,000 microns/second 
using a laser pulse duration of about 10'8 to 10'15 second 
(preferably, about 10-11 to 10-14 second) and about 102 to 
10 pulses per second (preferably, about 103 to 108 pulses per 
second). 
[0027] The multi-photon reactive radiation 26 induces a 
reaction in the reactive composition that produces a material 
having solubility characteristics different from those of the 
unexposed reactive composition. The resulting pattern of 
exposed and unexposed material can then be developed by 
removing either the exposed or the unexposed regions With 
an appropriate solvent. An optional post exposure bake 
folloWing exposure but prior to development may be 
required for photoreactive compositions containing epoxy 
type reactive species. Reacted, Complex, seamless three 
dimensional structures can be prepared in this manner. 

[0028] The resulting structures can have any suitable siZe 
and shape, but the method of the invention is particularly 
Well suited for adding a microstructure to a microstructured 
surface of an article. The structures can be formed on the 
surface of the article, or Within or on a feature of the surface. 
Where such feature(s) exist on the surface of an article, for 
example, continuous or discontinuous patterns of depres 
sions, protrusions, posts, or channels, the structures can be 
formed in the feature(s). The feature(s) can be microscopic, 
Where the term “microscopic” refers to features of small 
enough dimension so as to require an optic aid to the naked 
eye When vieWed from any plane of vieW to determine its 
shape. One criterion is found in Modern Optic Engineering 
by W. J. Smith, McGraW-Hill, 1966, pages 104-105 Whereby 
visual acuity, “ . . . is de?ned and measured in terms of the 

angular siZe of the smallest character that can be recog 
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niZed.” Normal visual acuity is considered to be When the 
smallest recognizable letter subtends an angular height of 5 
minutes of arc on the retina. At typical Working distance of 
250 mm (10 inches), this yields a lateral dimension of 0.36 
mm (0.0145 inch) for this object. As used herein, the term 
“microstructure” means the con?guration of features 
Wherein at least 2 dimensions of the features are micro 
scopic. 

[0029] Referring to FIG. 2A and FIG. 2B, a reactive 
composition 210 can be applied to a substrate 212, such as 
a glass slide or silicon Wafer. The substrate can optionally be 
treated With a primer (for example, a silane coupling agent) 
to enhance adhesion of the reactive composition to the 
substrate. A lattice-like pattern 218 can be formed by expos 
ing the reactive composition 210 to form a series of layers 
214 each having a series of closely spaced bars 216, Wherein 
the bars 216 of one layer are orthogonal to the bars 220 of 
the neighboring layer. 

[0030] The photopatterned structure 218 is then pyrolyZed 
to preferably remove substantially all the organic compo 
nents (not shoWn in FIG. 2B). Typical pyrolysis conditions 
include heating the structure at 10 C./min to a temperature of 
betWeen about 500° C. to about 900° C. and holding at a 
temperature in that range for about 60 to about 240 minutes. 

[0031] FolloWing pyrolysis, the three-dimensional pyro 
lyZed structure is substantially inorganic and partially sin 
tered, With voids de?ned by the siZe and shape of the 
particles. Preferably, the three-dimensional structure 
includes solid close packed spheres. In some applications, it 
can be desirable to leave the structure partially porous (e.g., 
to alloW ?oW of liquid through the pores). In other appli 
cations, the porous structure can be sintered further to yield 
a fully consolidated inorganic sintered structure. 

[0032] Typical sintering conditions include heating the 
pyrolyZed structure to a temperature of betWeen about 900° 
C. to about 14000 C. and holding at a temperature in that 
range for about 2 hours to about 48 hours. To aid in the 
consolidation process, the porous, pyrolyZed structures can 
be doped With a variety of materials, such as metal salts or 
other ?uxing agents, such as, for example, boron oxide, 
boric acid, borax, and sodium phosphate. Alternatively, 
sol-gel precursors, such as tetraethoxygermanium and tet 
raethoxysilane, can be imbibed into the pores to aid in 
reducing the porosity and/or adding functionality to the 
device (for example, increasing refractive index). Doping of 
these porous structures With ?uxing agents and/or sol-gel 
precursors folloWed by further sintering alloWs for the 
production of fully consolidated inorganic structures. In 
addition, other materials such as organometallic precursors 
can be added to the porous pyrolyZed structure to impart 
additional properties and/or function to the fabricated 
device. 

[0033] After sintering, the structure has a substantially 
inorganic composition and dimensions that are smaller than 
prior to the sintering step. A narroW siZe distribution of 
particles siZes is also bene?cial for achieving uniform sin 
tering. 

[0034] Referring to FIGS. 3A and 3B, a curable embodi 
ment of the composition can also be used to fabricate 
movable parts on a molded or photopatterned article (e.g., a 
magnetic actuator) that can be moved using an external 
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energy source or an applied ?eld (e.g., magnetic or electric 
?eld). Referring to FIG. 3A and FIG. 3B, a molded or 
photopatterned part 500 is shoWn having a body 505 and a 
?exible extension region 512 that is connected to the part 
500 by tWo ?exible prongs 518 and 520. A curable material 
510 includes a plurality of magnetic particles 524 that have 
been oriented With their magnetiZation directions parallel to 
the prongs 518, 520. The curable material 510 is then cured 
onto the ?exible extension region 512 to yield a cured 
structure 517 (FIG. 3B). A mirror 540 is attached to surface 
525 of the cured material 517. 

[0035] Referring to FIGS. 3B and 3C, an electromagnet 
526 is situated beloW the part 500. Upon activation of the 
electromagnet 526, the magnetic particles 524 Within the 
cured material 517 respond to the magnetic ?eld 522 gen 
erated by the electromagnet 526 to move the ?exible exten 
sion region 512. The mirror 540 can be used to guide light 
in a variety of directions depending on the orientation of the 
?exible extension region 512. 

Reactive Species 

[0036] The multi-photon reactive compositions that can be 
used to form the above-described structures include curable 
or non-curable reactive species, a multi-photon photoinitia 
tor system, and a plurality of substantially inorganic colloi 
dal particles. The multi-photon photoinitiator system 
includes a multi-photon photosensitiZer, an electron accep 
tor, and an optional electron donor. 

[0037] Compositions of the invention can optionally fur 
ther non-reactive species. 

[0038] Curable species include addition-polymeriZable 
monomers and oligomers and addition-crosslinkable poly 
mers (such as free-radically polymeriZable or crosslinkable 
ethylenically-unsaturated species including, for example, 
acrylates, methacrylates, and certain vinyl compounds such 
as styrenes), as Well as cationically-polymeriZable mono 
mers and oligomers and cationically-crosslinkable polymers 
(including, for example, epoxies, vinyl ethers, and cyanate 
esters), and the like, and mixtures thereof. 

[0039] Suitable ethylenically-unsaturated species are 
described, for example, in Us. Pat. No. 5,545,676, and 
include mono-, di-, and poly-acrylates and methacrylates 
(for example, methyl acrylate, methyl methacrylate, ethyl 
acrylate, isopropyl methacrylate, n-hexyl acrylate, stearyl 
acrylate, allyl acrylate, glycerol diacrylate, glycerol triacry 
late, ethyleneglycol diacrylate, diethyleneglycol diacrylate, 
triethyleneglycol dimethacrylate, 1,3-propanediol diacry 
late, 1,3-propanediol dimethacrylate, trimethylolpropane 
triacrylate, 1,2,4-butanetriol trimethacrylate, 1,4-cyclohex 
anediol diacrylate, pentaerythritol triacrylate, pentaerythri 
tol tetraacrylate, pentaerythritol tetramethacrylate, sorbitol 
hexacrylate, bis[1-(2-acryloxy)]-p-ethoxyphenyldimethyl 
methane, bis[1 -(3 -acryloxy-2-hydroxy)]-p -propoxyphe 
nyldimethylmethane, tris-hydroxyethyl-isocyanurate tri 
methacrylate, the bis-acrylates and bis-methacrylates of 
polyethylene glycols of molecular Weight about 200-500, 
copolymeriZable mixtures of acrylated monomers such as 
those described in Us. Pat. No. 4,652,274, and acrylated 
oligomers such as those described in Us. Pat. No. 4,642, 
126); unsaturated amides (for example, methylene bis-acry 
lamide, methylene bis-methacrylamide, 1,6-hexamethylene 
bis-acrylamide, diethylene triamine tris-acrylamide and 
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beta-methacrylaminoethyl methacrylate); vinyl compounds 
(for example, styrene, diallyl phthalate, divinyl succinate, 
divinyl adipate, and divinyl phthalate); and the like; and 
mixtures thereof. 

[0040] Suitable curable polymers include polymers With 
pendant (meth)acrylate groups, for example, having from 1 
to about 50 (meth)acrylate groups per polymer chain. 
Examples of such polymers include aromatic acid (meth 
)acrylate half ester resins such as those available under the 
trade designation SARBOX from Sartomer (for example, 
SARBOX 400, 401, 402, 404, and 405). Other useful 
polymers curable by free radical chemistry include those 
polymers that have a hydrocarbyl backbone and pendant 
peptide groups With free-radically polymeriZable function 
ality attached thereto, such as those described in US. Pat. 
No. 5,235,015. Mixtures of tWo or more monomers, oligo 
mers, and/or reactive polymers can be used if desired. 
Preferred ethylenically-unsaturated species include acry 
lates, aromatic acid (meth)acrylate half ester resins, and 
polymers that have a hydrocarbyl backbone and pendant 
peptide groups With free-radically polymeriZable function 
ality attached thereto. 

[0041] Suitable cationically-curable species are described, 
for example, in US. Pat. Nos. 5,998,495 and 6,025,406 and 
include epoxy resins. Such materials, broadly called 
epoxides, include monomeric epoxy compounds and 
epoxides of the polymeric type and can be aliphatic, alicy 
clic, aromatic, or heterocyclic. These materials generally 
have, on the average, at least 1 polymeriZable epoxy group 
per molecule (preferably, at least about 1.5 and, more 
preferably, at least about 2). The polymeric epoxides include 
linear polymers having terminal epoxy groups (for example, 
a diglycidyl ether of a polyoxyalkylene glycol), polymers 
having skeletal oxirane units (for example, polybutadiene 
polyepoxide), and polymers having pendant epoxy groups 
(for example, a glycidyl methacrylate polymer or copoly 
mer). The epoxides can be pure compounds or can be 
mixtures of compounds containing one, tWo, or more epoxy 
groups per molecule. These epoxy-containing materials can 
vary greatly in the nature of their backbone and substituent 
groups. For example, the backbone can be of any type and 
substituent groups thereon can be any group that does not 
substantially interfere With cationic cure at room tempera 
ture. Illustrative of permissible substituent groups include 
halogens, ester groups, ethers, sulfonate groups, siloxane 
groups, nitro groups, phosphate groups, and the like. The 
molecular Weight of the epoxy-containing materials can vary 
from about 58 to about 100,000 or more. 

[0042] Useful epoxy-containing materials include those 
Which contain cyclohexene oxide groups such as epoxycy 
clohexanecarboxylates, typi?ed by 3,4-epoxycyclohexylm 
ethyl-3,4-epoxycyclohexanecarboxylate, 3,4-epoxy-2-meth 
ylcyclohexylmethyl-3,4-epoxy-2-methylcyclohexane 
carboxylate, and bis(3,4-epoxy-6-methylcyclohexylmethy 
l)adipate. A more detailed list of useful epoxides of this 
nature is set forth in US. Pat. No. 3,117,099. 

[0043] Other epoxy-containing materials that are useful 
include glycidyl ether monomers of the formula 

n 

[0044] Where R' is alkyl or aryl and n is an integer of 1 to 
6. Examples are glycidyl ethers of polyhydric phenols 
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obtained by reacting a polyhydric phenol With an excess of 
a chlorohydrin such as epichlorohydrin (for example, the 
diglycidyl ether of 2,2-bis-(2,3-epoxypropoxyphenol)-pro 
pane). Additional examples of epoxides of this type are 
described in US. Pat. No. 3,018,262, and in Handbook of 
Epoxy Resins, Lee and Neville, McGraW-Hill Book Co., 
NeW York (1967). 

[0045] Numerous commercially available epoxy resins 
can also be utiliZed. In particular, epoxides that are readily 
available include octadecylene oxide, epichlorohydrin, sty 
rene oxide, vinyl cyclohexene oxide, glycidol, glycidyl 
methacrylate, diglycidyl ethers of Bisphenol A (for example, 
those available under the trade designations EPON 828, 
EPON 825, EPON 1004, and EPON 1010 from Resolution 
Performance Products, formerly Shell Chemical Co., as Well 
as those available under the trade designations DER 331, 
DER 332, and DER 334 from DoW Chemical Co.), vinyl 
cyclohexene dioxide (for example, the compounds available 
under the trade designations ERL 4206 from Union Carbide 
Corp.), 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexene 
carboxylate (for example, the compounds available under 
the trade designations ERL 4221, Cyracure UVR 6110 or 
UVR 6105 from Union Carbide Corp.), 3,4-epoxy-6-meth 
ylcyclohexylmethyl-3,4-epoxy-6-methyl-cyclohexene car 
boxylate (for example, the compounds available under the 
trade designation ERL 4201 from Union Carbide Corp.), 
bis(3,4-epoxy-6-methylcyclohexylmethyl)adipate (for 
example, the compounds available under the trade designa 
tion ERL 4289 from Union Carbide Corp.), bis(2,3-epoxy 
cyclopentyl)ether (for example, the compounds available 
under the trade designation ERL 0400 from Union Carbide 
Corp.), aliphatic epoxy modi?ed from polypropylene glycol 
(for example, those available under the trade designations 
ERL 4050 and ERL 4052 from Union Carbide Corp.), 
dipentene dioxide (for example, the compounds available 
under the trade designation ERL 4269 from Union Carbide 
Corp.), epoxidiZed polybutadiene (for example, the com 
pounds available under the trade designations Oxiron 2001 
from FMC Corp.), silicone resin containing epoxy function 
ality, ?ame retardant epoxy resins (for example, those avail 
able under the trade designation DER 580, a brominated 
bisphenol type epoxy resin available from DoW Chemical 
Co.), 1,4-butanediol diglycidyl ether of phenolformaldehyde 
novolak (for example, those available under the trade des 
ignations DEN 431 and DEN 438 from DoW Chemical Co.), 
resorcinol diglycidyl ether (for example, the compounds 
available under the trade designation KOPOXITE from 
Koppers Company, Inc.), bis(3,4-epoxycyclohexyl)adipate 
(for example, those available under the trade designations 
ERL 4299 or UVR 6128, from Union Carbide Corp.), 
2-(3,4-epoxycyclohexyl-5,5-spiro-3,4-epoxy)cyclohexane 
meta-dioxane (for example, the compounds available under 
the trade designation ERL-4234 from Union Carbide Corp.), 
vinylcyclohexene monoxide 1,2-epoxyhexadecane (for 
example, the compounds available under the trade designa 
tion UVR-6216 from Union Carbide Corp.), alkyl glycidyl 
ethers such as alkyl CS-Cl0 glycidyl ether (for example, 
those available under the trade designation HELOXY 
MODIFIER 7 from Resolution Performance Products), alkyl 
C12-Cl4 glycidyl ether (for example, those available under 
the trade designation HELOXY MODIFIER 8 from Reso 
lution Performance Products), butyl glycidyl ether (for 
example, those available under the trade designation 
HELOXY MODIFIER 61 from Resolution Performance 
Products), cresyl glycidyl ether (for example, HELOXY 
MODIFIER 62 from Resolution Performance Products), 
p-tert-butylphenyl glycidyl ether (for example, Heloxy 
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Modi?er 65 from Resolution Performance Products), poly 
functional glycidyl ethers such as diglycidyl ether of 1,4 
butanediol (for example, HELOXY MODIFIER 67 from 
Resolution Performance Products), diglycidyl ether of neo 
pentyl glycol (for example, HELOXY MODIFIER 68 from 
Resolution Performance Products), diglycidyl ether of 
cyclohexanedimethanol (for example, HELOXY MODI 
FIER 107 from Resolution Performance Products), trim 
ethylol ethane triglycidyl ether (for example, HELOXY 
MODIFIER 44 from Resolution Performance Products), 
trimethylol propane triglycidyl ether (for example, 
HELOXY MODIFIER 48 from Resolution Performance 
Products), polyglycidyl ether of an aliphatic polyol (for 
example, HELOXY MODIFIER 84 from Resolution Per 
formance Products), polyglycol diepoxide (for example, 
HELOXY MODIFIER 32 from Resolution Performance 
Products), bisphenol F epoxides (for example, those avail 
able under the trade designations EPON 1138 from Reso 
lution Performance Products or GY-281 from Ciba-Geigy 
Corp.), and 9,9-bis[4-(2,3-epoxypropoxy)-phenyl]?uo 
renone (for example, those available under the trade desig 
nation EPON 1079 from Resolution Performance Products). 

[0046] Other useful epoxy resins comprise copolymers of 
acrylic acid esters of glycidol (such as glycidylacrylate and 
glycidylmethacrylate) With one or more copolymeriZable 
vinyl compounds. Examples of such copolymers are 1:1 
styrene-glycidylmethacrylate, 1:1 methylmethacrylate-gly 
cidylacrylate, and a 62.5:24:13.5 methylmethacrylate-ethyl 
acrylate-glycidylmethacrylate. Other useful epoxy resins are 
Well knoWn and contain such epoxides as epichlorohydrins, 
alkylene oxides (for example, propylene oxide), styrene 
oxide, alkenyl oxides (for example, butadiene oxide), and 
glycidyl esters (for example, ethyl glycidate). 

[0047] Useful epoxy-functional polymers include epoxy 
functional silicones such as those described in US. Pat. No. 
4,279,717, Which are commercially available from the Gen 
eral Electric Company. These are polydimethylsiloxanes in 
Which 1-20 mole % of the silicon atoms have been substi 
tuted With epoxyalkyl groups (preferably, epoxy cyclohexy 
lethyl, as described in US. Pat. No. 5,753,346. 

[0048] Blends of various epoxy-containing materials can 
also be utiliZed. Such blends can comprise tWo or more 
Weight average molecular Weight distributions of epoxy 
containing compounds (such as loW molecular Weight 
(beloW 200), intermediate molecular Weight (about 200 to 
10,000), and higher molecular Weight (above about 
10,000)). Alternatively or additionally, the epoxy resin can 
contain a blend of epoxy-containing materials having dif 
ferent chemical natures (such as aliphatic and aromatic) or 
functionalities (such as polar and non-polar). Other cationi 
cally-reactive polymers (such as vinyl ethers and the like) 
can additionally be incorporated, if desired. 

[0049] Preferred epoxies include aromatic glycidyl 
epoxies (such as the EPON resins available from Resolution 
Performance Products) and cycloaliphatic epoxies (such as 
ERL 4221 and ERL 4299 available from Union Carbide). 

[0050] Suitable cationically-curable species also include 
vinyl ether monomers, oligomers, and reactive polymers (for 
example, methyl vinyl ether, ethyl vinyl ether, tert-butyl 
vinyl ether, isobutyl vinyl ether, triethyleneglycol divinyl 
ether (for example, those available under the trade designa 
tion RAPl-CURE DVE-3 from lntemational Specialty Prod 
ucts, Wayne, N.J.), trimethylolpropane trivinyl ether (for 
example, those available under the trade designation 
TMPTVE from BASF Corp., Mount Olive, N.J.), and those 
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available under the trade designation VECTOMER divinyl 
ether resins from Allied Signal (for example, VECTOMER 
2010, VECTOMER 2020, VECTOMER 4010, and VEC 
TOMER 4020 and their equivalents available from other 
manufacturers), and mixtures thereof. Blends (in any pro 
portion) of one or more vinyl ether resins and/or one or more 
epoxy resins can also be utiliZed. Polyhydroxy-functional 
materials (such as those described, for example, in US. Pat. 
No. 5,856,373 (Kaisaki et al.)) can also be utiliZed in 
combination With epoxy- and/ or vinyl ether-functional mate 
rials. 

[0051] Non-curable reactive species include, for example, 
reactive polymers Whose solubility can be increased upon 
acid- or radical-induced reaction. Such reactive polymers 
include, for example, aqueous insoluble polymers bearing 
ester groups that can be converted by photogenerated acid to 
aqueous soluble acid groups (for example, poly(4-tert-bu 
toxycarbonyloxystyrene). Non-curable reactive species also 
include the chemically-ampli?ed photoresists described by 
R. D. Allen, G. M. Wallralf, W. D. Hinsberg, and L. L. 
Simpson in “High Performance Acrylic Polymers for 
Chemically Ampli?ed Photoresist Applications,” J. Vac. Sci. 
Technol. B, 9, 3357 (1991). The chemically-ampli?ed pho 
toresist concept is noW Widely used for microchip manufac 
turing, especially With sub-0.5 micron (or even sub-0.2 
micron) features. In such photoresist systems, catalytic 
species (typically hydrogen ions) can be generated by irra 
diation, Which induces a cascade of chemical reactions. This 
cascade occurs When hydrogen ions initiate reactions that 
generate more hydrogen ions or other acidic species, thereby 
amplifying reaction rate. Examples of typical acid-catalyZed 
chemically-ampli?ed photoresist systems include deprotec 
tion (for example, t-butoxycarbonyloxystyrene resists as 
described in US. Pat. No. 4,491,628, tetrahydropyran (THP) 
methacrylate-based materials, THP-phenolic materials such 
as those described in US. Pat. No. 3,779,778, t-butyl 
methacrylate-based materials such as those described by R. 
D Allen et al. in Proc. SPIE 2438, 474 (1995), and the like); 
depolymeriZation (for example, polyphthalaldehyde-based 
materials); and rearrangement (for example, materials based 
on the pinacol rearrangements). 

Multi-Photon Photoinitiator System 

[0052] (1) Multi-Photon PhotosensitiZers 

[0053] Multi-photon photosensitiZers suitable for use in 
the multi-photon reactive composition are capable of simul 
taneously absorbing at least tWo photons When exposed to 
radiation from an appropriate light source in the exposure 
system. Preferred multi-photon photosensitiZers have a tWo 
photon absorption cross-section greater than that of ?uores 
cein (that is, greater than that of 3',6'-dihydroxyspiro[isoben 
Zofuran- 1 (3H), 9'-[9H]xanthen]3-one) When measured at the 
same Wavelength. Generally, the tWo photon absorption 
cross-section can be greater than about 50x10“50 cm4 sec/ 
photon, as measured by the method described by C. Xu and 
W. W. Webb in J. Opt. Soc. Am. B. 13, 481 (1996) and WO 
98/21 521 . 

[0054] This method involves the comparison (under iden 
tical excitation intensity and photosensitiZer concentration 
conditions) of the tWo-photon ?uorescence intensity of the 
photosensitiZer With that of a reference compound. The 
reference compound can be selected to match as closely as 
possible the spectral range covered by the photosensitiZer 
absorption and ?uorescence. In one possible experimental 
set-up, an excitation beam can be split into tWo arms, With 
50% of the excitation intensity going to the photosensitiZer 
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and 50% to the reference compound. The relative ?uores 
cence intensity of the photosensitiZer With respect to the 
reference compound can then be measured using tWo pho 
tomultiplier tubes or other calibrated detector. Finally, the 
?uorescence quantum e?iciency of both compounds can be 
measured under one-photon excitation. 

[0055] Methods of determining ?uorescence and phospho 
rescence quantum yields are Well-knoWn in the art. Typi 
cally, the area under the ?uorescence (or phosphorescence) 
spectrum of a compound of interest is compared With the 
area under the ?uorescence (or phosphorescence) spectrum 
of a standard luminescent compound having a knoWn ?uo 
rescence (or phosphorescence) quantum yield, and appro 
priate corrections are made (Which take into account, for 
example, the optical density of the composition at the 
excitation Wavelength, the geometry of the ?uorescence 
detection apparatus, the differences in the emission Wave 
lengths, and the response of the detector to different Wave 
lengths). Standard methods are described, for example, by l. 
B. Berlman in Handbook of Fluorescence Spectra of Aro 
malic Molecules, Second Edition, pages 24-27, Academic 
Press, NeW York (1971); by J. N. Demas and G. A. Crosby 
in J. Phys. Chem. 75, 991-1024 (1971); and by J. V. Morris, 
M. A. Mahoney, and J. R. Huber in J. Phys. Chem. 80, 
969-974 (1976). 
[0056] Assuming that the emitting state is the same under 
one- and tWo-photon excitation (a common assumption), the 
tWo-photon absorption cross-section of the photosensitiZer, 
(65am)! is equal to 6ref K (Isarn/Iref)(q)sam/q)ref)$ wherein 6ref 
is the tWo-photon absorption cross-section of the reference 
compound, lSam is the ?uorescence intensity of the photo 
sensitiZer, lref is the ?uorescence intensity of the reference 
compound, (DSam is the ?uorescence quantum e?iciency of 
the photosensitiZer, (Pref is the ?uorescence quantum effi 
ciency of the reference compound, and K is a correction 
factor to account for slight differences in the optical path and 
response of the tWo detectors. K can be determined by 
measuring the response With the same photosensitiZer in 
both the sample and reference arms. To ensure a valid 
measurement, the clear quadratic dependence of the tWo 
photon ?uorescence intensity on excitation poWer can be 
con?rmed, and relatively loW concentrations of both the 
photosensitiZer and the reference compound can be utiliZed 
(to avoid ?uorescence reabsorption and photosensitiZer 
aggregration e?‘ects). 
[0057] When the photosensitiZer is not ?uorescent, the 
yield of electronic excited states can be measured and 
compared With a knoWn standard. In addition to the above 
described method of determining ?uorescence yield, various 
methods of measuring excited state yield are knoWn (includ 
ing, for example, transient absorbance, phosphorescence 
yield, photoproduct formation or disappearance of photo 
sensitiZer (from photoreaction), and the like). 
[0058] Preferably, the tWo-photon absorption cross-sec 
tion of the photosensitiZer is greater than about 1 .5 times that 
of ?uorescein (or, alternatively, greater than about 75x10‘50 
cm4 sec/photon, as measured by the above method); more 
preferably, greater than about tWice that of ?uorescein (or, 
alternatively, greater than about 100><10_5O cm4 sec/photon); 
most preferably, greater than about three times that of 
?uorescein (or, alternatively, greater than about 150><10_5O 
cm4 sec/photon); and optimally, greater than about four 
times that of ?uorescein (or, alternatively, greater than about 
200><10_5O cm4 sec/photon). 
[0059] Preferably, the photosensitiZer is soluble in the 
reactive species (if the reactive species is liquid) or is 
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compatible With the reactive species and With any binders 
(as described beloW) that are included in the multi-photon 
reactive composition. Most preferably, the photosensitiZer is 
also capable of sensitiZing 2-methyl-4,6-bis(trichlorom 
ethyl)-s-triaZine under continuous irradiation in a Wave 
length range that overlaps the single photon absorption 
spectrum of the photosensitiZer (single photon absorption 
conditions), using the test procedure described in US. Pat. 
No. 3,729,313. Using currently available materials, that test 
can be carried out as folloWs: 

[0060] A standard test solution can be prepared having the 
folloWing composition: 5.0 parts of a 5% (Weight by vol 
ume) solution in methanol of 45,000-55,000 molecular 
Weight, 9.0-13.0% hydroxyl content polyvinyl butyral (for 
example, those available under the trade designation BUT 
VAR B76 from Monsanto); 0.3 parts trimethylolpropane 
trimethacrylate; and 0.03 parts 2-methyl-4,6-bis(trichlorom 
ethyl)-s-triaZine (see Bull. Chem. Soc. Japan, 42, 2924-2930 
(1969)). To this solution can be added 0.01 parts of the 
compound to be tested as a photosensitiZer. The resulting 
solution can then be knife-coated onto a 0.05 mm clear 
polyester ?lm using a knife ori?ce of 0.05 mm, and the 
coating can be air dried for about 30 minutes. A 0.05 mm 
clear polyester cover ?lm can be carefully placed over the 
dried but soft and tacky coating With minimum entrapment 
of air. The resulting sandWich construction can then be 
exposed for three minutes to 161,000 Lux of incident light 
from a tungsten light source providing light in both the 
visible and ultraviolet range (such as that produced from a 
FCH 650 W quartZ-iodine lamp, available from General 
Electric). Exposure can be made through a stencil to provide 
exposed and unexposed areas in the construction. After 
exposure the cover ?lm can be removed, and the coating can 
be treated With a ?nely divided colored poWder, such as a 
color toner poWder of the type conventionally used in 
xerography. If the tested compound is a photosensitiZer, the 
trimethylolpropane trimethacrylate monomer Will be poly 
meriZed in the light-exposed areas by the light-generated 
free radicals from the 2-methyl-4,6-bis(trichloromethyl)-s 
triaZine. Since the polymeriZed areas Will be essentially 
tack-free, the colored poWder Will selectively adhere essen 
tially only to the tacky, unexposed areas of the coating, 
providing a visual image corresponding to that in the stencil. 

[0061] Preferably, a photosensitiZer can also be selected 
based in part upon shelf stability considerations. Accord 
ingly, selection of a particular photosensitiZer can depend to 
some extent upon the particular reactive species utiliZed (as 
Well as upon the choices of electron donor compound and/or 
electron acceptor). 

[0062] Particularly preferred multi-photon photosensitiZ 
ers include those exhibiting large multi-photon absorption 
cross-sections, such as Rhodamine B (that is, N-[9-(2 
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene] 
N-ethylethanaminium chloride and the hexa?uoroanti 
monate salt of Rhodamine B) and the four classes of 
photosensitiZers described, for example, by Marder and 
Perry et al. WO 98/21521 and WO 99/53242. The four 
classes can be described as folloWs: (a) molecules in Which 
tWo donors are connected to a conjugated J's-electron bridge; 
(b) molecules in Which tWo donors are connected to a 
conjugated J's-electron bridge Which is substituted With one 
or more electron accepting groups; (c) molecules in Which 
tWo acceptors are connected to a conjugated J's-electron 
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bridge; and (d) molecules in Which tWo acceptors are 
connected to a conjugated J's-electron bridge Which is sub 
stituted With one or more electron donating groups (Where 
“bridge” means a molecular fragment that connects tWo or 
more chemical groups, “donor” means an atom or group of 
atoms With a loW ionization potential that can be bonded to 
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a conjugated J's-electron bridge, and “acceptor” means an 
atom or group of atoms With a high electron af?nity that can 
be bonded to a conjugated J's-electron bridge). 

[0063] Representative examples of such photosensitiZers 
include the following: 
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[0064] The four classes of photosensitiZers described 
above can be prepared by reacting aldehydes With ylides 
under standard Wittig conditions or by using the McMurray 
reaction, as detailed in WO 98/21521. 

[0065] Other suitable compounds are described in US. 
Pat. Nos. 6,100,405, 5,859,251, and 5,770,737 as having 
large multi-photon absorption cross-sections, although these 
cross-sections Were determined by a method other than that 
described above. Representative examples of such com 
pounds include the folloWing: 

6W3? 6%:3 
QwQ Q w 0 \N 

R: 02H, 
R: R : czns, C10H21, C18H37 
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-continued 

R : 02H5 

R: C10H21 

(2) Electron Acceptor Compounds 

[0066] Suitable electron acceptors for the multi-photon 
reactive compositions are capable of being photosensitiZed 
by accepting an electron from an electronic excited state of 
the multi-photon photosensitiZer, resulting in the formation 
of at least one free radical and/or acid. Such electron 
acceptors include iodonium salts (for example, diaryliodo 
nium salts), chloromethylated triaZines (for example, 2-me 
thyl-4,6-bis(trichloromethyl)-s-triaZine, 2,4,6-tris(trichlo 
romethyl)-s-triaZine, and 2-aryl-4,6-bis(trichloromethyl)-s 
triaZine), diaZonium salts (for example, phenyldiaZonium 
salts optionally substituted With groups such as alkyl, 
alkoxy, halo, or nitro), sulfonium salts (for example, triar 
ylsulfonium salts optionally substituted With alkyl or alkoxy 
groups, and optionally having 2,2' oxy groups bridging 
adjacent aryl moieties), aZinium salts (for example, an 
N-alkoxypyridinium salt), and triarylimidaZolyl dimers 
(preferably, 2,4,5-triphenylimidaZolyl dimers such as 2,2',4, 
4',5,5'-tetraphenyl-l,l'-biimidaZole, optionally substituted 
With groups such as alkyl, alkoxy, or halo), and the like, and 
mixtures thereof. 

[0067] The electron acceptor is preferably soluble in the 
reactive species and is preferably shelf-stable (that is, does 
not spontaneously promote reaction of the reactive species 
When dissolved therein in the presence of the photosensitiZer 
and an electron donor compound). Accordingly, selection of 
a particular electron acceptor can depend to some extent 
upon the particular reactive species, photosensitiZer, and 
electron donor compound chosen, as described above. 

[0068] Suitable iodonium salts include those described in 
US. Pat. Nos. 5,545,676, 3,729,313, 3,741,769, 3,808,006, 
4,250,053 and 4,394,403. The iodonium salt can be a simple 
salt (for example, containing an anion such as Cli, Bri, 
If or C4H5SO3i) or a metal complex salt (for example, 
containing SbF6i, PF6i, BF4i, tetrakis(per?uorophe 
nyl)borate, SbF5 OHi or AsF6i). Mixtures of iodonium 
salts can be used if desired. 

[0069] Examples of useful aromatic iodonium complex 
salt electron acceptors include diphenyliodonium tetra?uo 
roborate; di(4-methylphenyl)iodonium tetra?uoroborate; 
phenyl-4-methylphenyliodonium tetra?uoroborate; di(4 
heptylphenyl)iodonium tetra?uoroborate; di(3-nitrophe 
nyl)iodonium hexa?uorophosphate; di(4-chlorophenyl)i 
odonium hexa?uorophosphate; di(naphthyl)iodonium 
tetra?uoroborate; di(4-tri?uoromethylphenyl)iodonium tet 
ra?uoroborate; diphenyliodonium hexa?uorophosphate; 
di(4-methylphenyl)iodonium hexa?uorophosphate; diphe 
nyliodonium hexa?uoroarsenate; di(4-phenoxyphenyl)iodo 
nium tetra?uoroborate; phenyl-2 -thienyliodonium hexa?uo 
rophosphate; 3,5-dimethylpyraZolyl-4-phenyliodonium 
hexa?uorophosphate; diphenyliodonium hexa?uoroanti 
monate; 2,2'-diphenyliodonium tetra?uoroborate; di(2,4 
dichlorophenyl)iodonium hexa?uorophosphate; di(4-bro 
mophenyl)iodonium hexa?uorophosphate; di(4 
methoxyphenyl)iodonium hexa?uorophosphate; di(3 
carboxyphenyl)iodonium hexa?uorophosphate; di(3 
methoxycarbonylphenyl)iodonium hexa?uorophosphate; 
di(3-methoxysulfonylphenyl)iodonium hexa?uorophos 
phate; di(4-acetamidophenyl)iodonium hexa?uorophos 
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phate; di(2-benZothienyl)iodonium hexa?uorophosphate; 
and diphenyliodonium hexa?uoroantimonate; and the like; 
and mixtures thereof. Aromatic iodonium complex salts can 
be prepared by metathesis of corresponding aromatic iodo 
nium simple salts (such as, for example, diphenyliodonium 
bisulfate) in accordance With the teachings of Beringer et al., 
J. Am. Chem. Soc. 81, 342 (1959). 

[0070] Preferred iodonium salts include diphenyliodo 
nium salts (such as diphenyliodonium chloride, diphenyli 
odonium hexa?uorophosphate, and diphenyliodonium tet 
ra?uoroborate), diaryliodonium hexa?uoroantimonate (for 
example, those available under the trade designation SAR 
CAT SR 1012 from Sartomer Company), and mixtures 
thereof. 

[0071] Suitable anions, Xi, for the sulfonium salts (and 
for any of the other types of electron acceptors) include a 
variety of anion types such as, for example, imide, methide, 
boron-centered, phosphorous-centered, antimony-centered, 
arsenic-centered, and aluminum-centered anions. 

[0072] Illustrative, but not limiting, examples of suitable 
imide and methide anions include (C2F5SO2)2Ni, 
(C4F9S02)2N< <C8F17S083C< (cesozxci. 
(cesozwi, <C4FQSOQ3C< <CF3SO2)2(C4F9S02)C< 
(cesozxc?gsozmi, ((cFuzNcznsozbNi. 
(C113)2NC2F4S02C*(S02CF3)2, (3.5 
bis(CF3)C6H3)SO2NiSO2CF3, C6H5SO2Ci(SO2CF3)2, 
C6H5SO2NiSO2CF3, and the like. Preferred anions of this 
type include those represented by the formula (RiSO2)3C_, 
Wherein Rf is a per?uoroalkyl radical having from 1 to about 
4 carbon atoms. 

CF3C6H4)2Bi, (C6F5)3(n-C18H37O)Bi, and the like. Pre 
ferred boron-centered anions generally contain 3 or more 
halogen-substituted aromatic hydrocarbon radicals attached 
to boron, With ?uorine being the most preferred halogen. 
Illustrative, but not limiting, examples of the preferred 
anions include (3,5-bis(CF3)C6H3)4Bi, (C6F5)4Bi, 
(C6F5)3(n_C4H9)Bi$ (C6F5)3FBi$ and (C6F5)3(CH3)Bi' 
[0074] Suitable anions containing other metal or metalloid 
centers include, for example, (3,5-bis(CF3)C6H3)4Ali, 
(C6F5)4A1i’ (C6F5)2F4Pi’ (C6F5)F5Pi’ F6P—’ 
(C6F5)F5Sb_, F6Sb_, (HO)F5Sb_, and F6As_. Preferably, the 
anion, X‘, is selected from tetra?uoroborate, hexa?uoro 
phosphate, hexa?uoroarsenate, hexa?uoroantimonate, and 
hydroxypenta?uoroantimonate (for example, for use With 
cationically-curable species such as epoxy resins). 

[0075] Examples of suitable sulfonium salt electron 
acceptors include: 

[0076] 
[0077] 
[0078] 
[0079] 
[0080] 
[0081] 
[0082] 

triphenylsulfonium tetra?uoroborate 

methyldiphenylsulfonium tetra?uoroborate 

dimethylphenylsulfonium hexa?uorophosphate 
triphenylsulfonium hexa?uorophosphate 

triphenylsulfonium hexa?uoroantimonate 

diphenylnaphthylsulfonium hexa?uoroarsenate 

tritolyesulfonium hexa?uorophosphate 
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[0083] 
[0084] 4-butoxyphenyldiphenylsulfonium tetra?uorobo 
rate 

anisyldiphenylsulfonium hexa?uoroantimonate 

[0085] 4-chlorophenyldiphenylsulfonium hexa?uoro 
phosphate 
[0086] tri(4-phenoxyphenyl)sulfonium hexa?uorophos 
phate 
[0087] di(4-ethoxyphenyl)methylsulfonium hexa?uoro 
arsenate 

[0088] 4-acetonylphenyldiphenylsulfonium tetra?uorobo 
rate 

[0089] 4-thiomethoxyphenyldiphenylsulfonium hexa?uo 
rophosphate 
[0090] di(methoxysulfonylphenyl)methylsulfonium 
hexa?uoroantimonate 

[0091] di(nitrophenyl)phenylsulfonium hexa?uoroanti 
monate 

[0092] di(carbomethoxyphenyl)methylsulfonium 
hexa?uoropho sphate 
[0093] 4-acetamidophenyldiphenylsulfonium tetra?uo 
roborate 

[0094] dimethylnaphthylsulfonium hexa?uoropho sphate 

[0095] 
rate 

tri?uoromethyldiphenylsulfonium tetra?uorobo 

[0096] p-(phenylthiophenyl)diphenylsulfonium hexa?uo 
roantimonate 

[0 097] 1 O-methylphenoxanthenium hexa?uoropho sphate 

[0 098] 5 -methylthi anthrenium hexa?uoropho sphate 

[0099] 10-phenyl-9,9-dimethylthioxanthenium hexa?uo 
rophosphate 
[01 00] 10-phenyl-9-oxothioxanthenium tetra?uoroborate 

[0 1 0 1] 5 -methyl-10-oxothianthrenium tetra?uoroborate 

[01 02] 5 -methyl-10,10-dioxothianthrenium hexa?uoro 
phosphate 
[0103] Preferred sulfonium salts include triaryl-substi 
tuted salts such as triarylsulfonium hexa?uoroantimonate 
(for example, those available under the trade designation 
SARCAT SR1010 from Sartomer Company), triarylsulfo 
nium hexa?uorophosphate (for example, those available 
under the trade designation SARCAT SR 1011 from Sar 
tomer Company), and triarylsulfonium hexa?uoropho sphate 
(for example, those available under the trade designation 
SARCAT KI85 from Sartomer Company). 

[0104] Useful aZinium salts include those described in 
US. Pat. No. 4,859,572 Which include an aZinium moiety, 
such as a pyridinium, diaZinium, or triaZinium moiety. The 
aZinium moiety can include one or more aromatic rings, 
typically carbocyclic aromatic rings (for example, quino 
linium, isoquinolinium, benZodiaZinium, and naphthodiaZo 
nium moieties), fused With an aZinium ring. A quaterniZing 
substituent of a nitrogen atom in the aZinium ring can be 
released as a free radical upon electron transfer from the 
electronic excited state of the photosensitiZer to the aZinium 
electron acceptor. In one preferred form, the quaterniZing 
substituent is an oxy substituent. The oxy substituent, 
4O-T, Which quatemiZes a ring nitrogen atom of the 
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aZinium moiety can be selected from among a variety of 
synthetically convenient oxy substituents. The moiety T can, 
for example, be an alkyl radical, such as methyl, ethyl, butyl, 
and so forth. The alkyl radical can be substituted. For 
example, aralkyl (for example, benZyl and phenethyl) and 
sulfoalkyl (for example, sulfomethyl) radicals can be useful. 
In another lform, T can be an acyl radical, such as an 
iOC(O)-T radical, where T1 can be any of the various alkyl 
and aralkyl radicals described above. In addition, T1 can be 
an aryl radical, such as phenyl or naphthyl. The aryl radical 
can in turn be substituted. For example, T1 can be a tolyl or 
xylyl radical. T typically contains from 1 to about 18 carbon 
atoms, With alkyl moieties in each instance above preferably 
being loWer alkyl moieties and aryl moieties in each instance 
preferably containing about 6 to about 10 carbon atoms. 
Highest activity levels have been realiZed When the oxy 
substituent, 4O-T, contains 1 or 2 carbon atoms. The 
aZinium nuclei need include no substituent other than the 
quaterniZing substituent. HoWever, the presence of other 
substituents is not detrimental to the activity of these elec 
tron acceptors. 

[0105] Useful triarylimidaZolyl dimers include those 
described in US. Pat. No. 4,963,471. These dimers include, 
for example, 2-(o-chlorophenyl)-4,5-bis(m-methoxyphe 
nyl)-l,l'-biimidaZole; 2,2'-bis(o-chlorophenyl)-4,4',5,5'-tet 
raphenyl-l,l'-biimidaZole; and 2,5-bis(o-chlorophenyl)-4 
[3,4-dimethoxyphenyl]- l , l'-biimidaZole. 

[0106] Preferred electron acceptors include photoacid 
generators, such as iodonium salts (more preferably, aryli 
odonium salts), chloromethylated triaZines, sulfonium salts, 
and diaZonium salts. More preferred are aryliodonium salts 
and chloromethylated triaZines. 

(3) Electron Donor Compounds 

[0107] Electron donor compounds useful in the multi 
photon photosensitiZer system of the multi-photon reactive 
composition are compounds (other than the photosensitiZer 
itself) that are capable of donating an electron to an elec 
tronic excited state of the photosensitiZer. The electron 
donor compounds preferably have an oxidation potential 
that is greater than Zero and less than or equal to that of 
p-dimethoxybenZene. Preferably, the oxidation potential is 
betWeen about 0.3 and l V vs. a standard saturated calomel 
electrode (“S.C.E.”). 

[0108] The electron donor compound is also preferably 
soluble in the reactive species and is selected based in part 
upon shelf stability considerations (as described above). 
Suitable donors are generally capable of increasing the 
speed of cure or the image density of a photoreactive 
composition upon exposure to light of the desired Wave 
length. 
[0109] When Working With cationically-reactive species, 
those skilled in the art Will recogniZe that the electron donor 
compound, if of signi?cant basicity, can adversely affect the 
cationic reaction. (See, for example, the discussion in US. 
Pat. No. 6,025,406.) 

[0110] In general, electron donor compounds suitable for 
use With particular photosensitiZers and electron acceptors 
can be selected by comparing the oxidation and reduction 
potentials of the three components (as described, for 
example, in US. Pat. No. 4,859,572). Such potentials can be 
measured experimentally (for example, by the methods 
described by R. J. Cox, Photographic Sensitivity, Chapter 
15, Academic Press (1973)) or can be obtained from refer 
ences such as N. L. Weinburg, Ed., Technique of Electroor 
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ganic Synthesis Part [1: Techniques of Chemistry, Vol. V 
(1975), and C. K. Mann and K. K. Barnes, Electrochemical 
Reactions in Nonaqueous Systems (1970). The potentials 
re?ect relative energy relationships and can be used in the 
manner described beloW to guide electron donor compound 
selection. 

[0111] When the photosensitiZer is in an electronic excited 
state, an electron in the highest occupied molecular orbital 
(HOMO) of the photosensitiZer has been lifted to a higher 
energy level (namely, the loWest unoccupied molecular 
orbital (LUMO) of the photosensitiZer), and a vacancy is left 
behind in the molecular orbital it initially occupied. The 
electron acceptor can accept the electron from the higher 
energy orbital, and the electron donor compound can donate 
an electron to ?ll the vacancy in the originally occupied 
orbital, provided that certain relative energy relationships 
are satis?ed. 

[0112] If the reduction potential of the electron acceptor is 
less negative (or more positive) than that of the photosen 
sitiZer, an electron in the higher energy orbital of the 
photosensitiZer is readily transferred from the photosensi 
tiZer to the loWest unoccupied molecular orbital (LUMO) of 
the electron acceptor, since this represents an exothermic 
process. Even if the process is instead slightly endothermic 
(that is, even if the reduction potential of the photosensitiZer 
is up to 0.1 volt more negative than that of the electron 
acceptor) ambient thermal activation can readily overcome 
such a small barrier. 

[0113] In an analogous manner, if the oxidation potential 
of the electron donor compound is less positive (or more 
negative) than that of the photosensitiZer, an electron mov 
ing from the HOMO of the electron donor compound to the 
orbital vacancy in the photosensitiZer is moving from a 
higher to a loWer potential, Which again represents an 
exothermic process. Even if the process is slightly endot 
hermic (that is, even if the oxidation potential of the pho 
tosensitiZer is up to 0.1 V more positive than that of the 
electron donor compound), ambient thermal activation can 
readily overcome such a small barrier. 

[0114] Slightly endothermic reactions in Which the reduc 
tion potential of the photosensitiZer is up to 0.1 V more 
negative than that of the electron acceptor, or the oxidation 
potential of the photosensitiZer is up to 0.1 V more positive 
than that of the electron donor compound, occur in every 
instance, regardless of Whether the electron acceptor or the 
electron donor compound ?rst reacts With the photosensi 
tiZer in its excited state. When the electron acceptor or the 
electron donor compound is reacting With the photosensi 
tiZer in its excited state, it is preferred that the reaction be 
exothermic or only slightly endothermic. When the electron 
acceptor or the electron donor compound is reacting With the 
photosensitiZer ion radical, exothermic reactions are still 
preferred, but still more endothermic reactions can be 
expected in many instances to occur. Thus, the reduction 
potential of the photosensitiZer can be 0.2 V or more, more 
negative than that of a second-to-react electron acceptor, or 
the oxidation potential of the photosensitiZer can be 0.2 V or 
more, more positive than that of a second-to-react electron 
donor compound. 

[0115] Suitable electron donor compounds include, for 
example, those described by D. F. Eaton in Advances in 
Photochemistry, edited by B. Voman et al., Volume 13, pp. 
427-488, John Wiley and Sons, NeW York (1986); US. Pat. 
Nos. 6,025,406, and 5,545,676. Such electron donor com 
pounds include amines (including triethanolamine, hydra 
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Zine, l,4-diaZabicyclo[2.2.2]octane, triphenylamine (and its 
triphenylphosphine and triphenylarsine analogs), aminoal 
dehydes, and aminosilanes), amides (including phosphora 
mides), ethers (including thioethers), ureas (including thio 
ureas), sul?nic acids and their salts, salts of ferrocyanide, 
ascorbic acid and its salts, dithiocarbamic acid and its salts, 
salts of xanthates, salts of ethylene diamine tetraacetic acid, 
salts of (alkyl)n(aryl)mborates (n+m=4) (tetraalkylammo 
nium salts preferred), various organometallic compounds 
such as SnR4 compounds (Where each R is independently 
chosen from among alkyl, aralkyl (particularly, benZyl), 
aryl, and alkaryl groups) (for example, such compounds as 
n-C3H7Sn(CH3)3, (allyl)Sn(CH3)3, and (benZyl)Sn(n 
C3H7)3), ferrocene, and the like, and mixtures thereof. The 
electron donor compound can be unsubstituted or can be 
substituted With one or more non-interfering substituents. 
Particularly preferred electron donor compounds contain an 
electron donor atom (such as a nitrogen, oxygen, phospho 
rus, or sulfur atom) and an abstractable hydrogen atom 
bonded to a carbon or silicon atom alpha to the electron 
donor atom. 

[0116] Preferred amine electron donor compounds include 
alkyl-, aryl-, alkaryl- and aralkyl-amines (for example, 
methylamine, ethylamine, propylamine, butylamine, trietha 
nolamine, amylamine, hexylamine, 2,4-dimethylaniline, 
2,3-dimethylaniline, o-, m- and p-toluidine, benZylamine, 
aminopyridine, N,N'-dimethylethylenediamine, N,N'-dieth 
ylethylenediamine, N,N'-dibenZylethylenediamine, N,N'-di 
ethyl-l ,3 -propanediamine, N,N'-diethyl -2 -butene- l ,4-di - 
amine, N,N'-dimethyl-l,6-hexanediamine, piperaZine, 4,4' 
trimethylenedipiperidine, 4,4'-ethylenedipiperidine, p-N,N 
dimethyl-aminophenethanol and p-N 
dimethylaminobenZonitrile); aminoaldehydes (for example, 
p-N,N-dimethylaminobenZaldehyde, p-N,N-diethylami 
nobenZaldehyde, 9-julolidine carboxaldehyde, and 4-mor 
pholinobenZaldehyde); and aminosilanes (for example, tri 
methylsilylmorpholine, trimethylsilylpiperidine, 
bis(dimethylamino)diphenylsilane, tris(dimethylamino)m 
ethylsilane, N,N-diethylaminotrimethylsilane, tris(dimethy 
lamino)phenylsilane, tris(methylsilyl)amine, tris(dimethyl 
silyl)amine, bis(dimethylsilyl)amine, N,N 
bis(dimethylsilyl)aniline, N-phenyl-N-dimethylsilylaniline, 
and N,N-dimethyl-N-dimethylsilylamine); and mixtures 
thereof. Tertiary aromatic alkylamines, particularly those 
having at least one electron-Withdrawing group on the 
aromatic ring, have been found to provide especially good 
shelf stability. Good shelf stability has also been obtained 
using amines that are solids at room temperature. Good 
photographic speed has been obtained using amines that 
contain one or more julolidinyl moieties. 

[0117] Preferred amide electron donor compounds include 
N,N-dimethylacetamide, N,N-diethylacetamide, N-methyl 
N-phenylacetamide, hexamethylphosphoramide, hexaeth 
ylphosphoramide, hexapropylphosphoramide, trimorpholi 
nophosphine oxide, tripiperidinophosphine oxide, and 
mixtures thereof. 
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[0140] Where Ar is phenyl, naphthyl, substituted (prefer 
ably, ?uoro-substituted) phenyl, substituted naphthyl, and 
like groups having greater numbers of fused aromatic rings, 
as Well as tetramethylammonium n-butyltriphenylborate and 
tetrabutylammonium n-hexyl-tris(3-?uorophenyl)borate 
(available under the trade designations CGI 437 and CGI 
7460 from Ciba Specialty Chemicals Corporation), and 
mixtures thereof. 

[0141] Suitable ether electron donor compounds include 
4,4'-dimethoxybiphenyl, 1,2,4-trimethoxybenzene, l,2,4,5 
tetramethoxybenZene, and the like, and mixtures thereof. 
Suitable urea electron donor compounds include N,N'-dim 
ethylurea, N,N-dimethylurea, N,N'-diphenylurea, tetrameth 
ylthiourea, tetraethylthiourea, tetra-n-butylthiourea, N,N-di 
n-butylthiourea, N,N'-di-n-butylthiourea, N,N 
diphenylthiourea, N,N'-diphenyl-N,N'-diethylthiourea, and 
the like, and mixtures thereof. 

[0142] Preferred electron donor compounds for free radi 
cal-induced reactions include amines that contain one or 
more julolidinyl moieties, alkylarylborate salts, and salts of 
aromatic sul?nic acids. HoWever, for such reactions, the 
electron donor compound can also be omitted, if desired (for 
example, to improve the shelf stability of the photoreactive 
composition or to modify resolution, contrast, and reciproc 
ity). Preferred electron donor compounds for acid-induced 
reactions include 4-dimethylaminobenZoic acid, ethyl 
4-dimethylaminobenZoate, 3-dimethylaminobenZoic acid, 
4-dimethylaminobenZoin, 4-dimethylaminobenZaldehyde, 
4-dimethylaminobenZonitrile, 4-dimethylaminophenethyl 
alcohol, and 1,2,4-trimethoxybenzene. 

[0143] It is Within the scope of this invention that either 
the electron donor, the electron acceptor, or both can be 
covalently tethered to the multi-photon sensitiZer. 

Inorganic Particles 

[0144] Particles suitable for use in the compositions of the 
invention are described, for example, in US. Pat. No. 
5,648,407, the description of Which is incorporated herein 
by reference. Suitable particles are micron or submicron in 
siZe, substantially inorganic in chemical composition, and if 
used at concentrations greater than about 10% by Weight in 
the composition, largely transparent at the Wavelength of 
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light used for reaction of the multiphoton reactive compo 
sition. Such particles include but are not limited to metal 
oxides (such as A1203, ZrO2, TiO2, ZnO, SiO2, and silicate 
glasses), metals, and metals alloys, as Well as other suffi 
ciently transparent non-oxide ceramic materials. An addi 
tional consideration in choosing the inorganic particle(s) can 
be the temperature at Which the material can be sintered into 
a dense inorganic structure. 

[0145] Colloidal silica is the preferred particle for use in 
the invention, but other colloidal metal oxides (for example, 
titania, alumina, Zirconia, vanadia, antimony oxide, tin 
oxide, and mixtures thereof) can also be utiliZed. The 
colloidal particles can include essentially a single oxide with 
sufficient transparency, such as silica, or can include a core 
of an oxide of one type (or a core of a material other than a 
metal oxide) on Which is deposited an oxide of another type, 
preferably silica. Alternatively colloidal particles can be 
composed of clusters of smaller particles. Generally, the 
particles or clusters are smaller than the Wavelength of light 
used for photopatterning the composition and can range in 
siZe (average particle diameter) from about 10 nanometers to 
about 10 micron, preferably from about 10 nanometers to 
about 500 nanometers, more preferably from about 10 
nanometers to about 150 nanometers. Incorporation of col 
loidal particles having the speci?ed siZe range into the 
photoreactive composition yields a substantially clear, 
homogeneous composition. Such compositions minimiZe 
scattering of light during the photopatterning process. 

[0146] Small amounts of other types of particles can be 
added to the compositions in order to impart additional 
properties and/or function to the fabricated structure. Such 
particles include, but are not limited to, absorbing particles; 
particles With magnetic, dielectric, insulating, piezoelectric, 
ferroelectric, photochromic, refractory, chemically active, 
biocompatible, or luminescent properties; and particles for 
enhancing mechanical strength and toughness. Examples of 
such functional ceramic particles include MnFe2O4, 
SmCoO5, NdFeB, PbZrO_5TiO_5O3, BaFelzOlg, BaTiO3, 
SrTiO3, MoO3, W03, SiC, Si3N4, MoS2, Fe2O3, Fe3O4, and 
Ca5(PO4)3OH. Ceramic particles can be obtained commer 
cially (for example, from TPL (Technologies to Products), 
Albuquerque, N. Mex.; Materials Modi?cation, lnc., Fair 
fax, Va.; and Nanophase Technologies Corporation, Burr 
Bridge, 111.) or fabricated using techniques knoWn to those 
skilled in the art and/or described in the pertinent texts and 
literature (see, for example, R. A. Andrievsky, “State-of-the 
art and perspectives in the ?eld of particulate nanostructured 
materials,” J. Mater Sci. Technol. 14 97 (1988)). Other 
useful non-ceramic particles include magnetic metals and 
metal alloys including Co, CoPt intermetallics (CoPt3, CoPt, 
Co3Pt), FePt intermetallics (Fe3Pt, FePt, and FePt3), CoNi, 
NiFe, CoFe and ternary alloys of Co/Fe/Ni. The magnetic 
metal or metal alloy particles can have a shell of a second 
material such as silver to protect them from oxidation. Such 
magnetic particles can be prepared for example using tech 
niques described in European Patent Application No. EP 
0,977,212 A. 

[0147] It Will be apparent to one skilled in the art that 
certain types of inorganic particles can interact With com 
ponents of the multiphoton photoinitiator system (for 
example acting as an electron acceptor) and interfere With 
the multiphoton-photoinitiated photoreaction. Therefore the 
combination of the particular inorganic particles and the 
multiphoton photoinitiators can preferably be chosen to 
avoid such interference. 
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[0148] It is also preferable that the colloidal particles be 
relatively uniform in siZe and remain substantially non 
aggregated, as particle aggregation can result in precipita 
tion, gellation, or a dramatic increase in sol viscosity. 
Photoreactive compositions including particles having a 
substantially monodisperse or a substantially bimodal siZe 
distribution are preferred. Thus, a particularly desirable class 
of particles for use in preparing the compositions of the 
invention include sols of inorganic particles (for example, 
colloidal dispersions of inorganic particles in liquid media), 
especially sols of amorphous silica. Such sols can be pre 
pared by a variety of techniques and in a variety of forms, 
Which include hydrosols (Where Water serves as the liquid 
medium), organosols (Where organic liquids are used), and 
mixed sols (Where the liquid medium includes both Water 
and an organic liquid). See, for example, the descriptions of 
the techniques and forms given in US. Pat. No. 2,801,185 
(ller) and US. Pat. No. 4,522,958 (Das et al.), Which 
descriptions are incorporated herein by reference, as Well as 
those given by R. K. ller in The Chemistry of Silica, John 
Wiley & Sons, NeW York (1979). 

[0149] Due to their surface chemistry and commercial 
availability, silica hydrosols are preferred for use in prepar 
ing the compositions of the invention. Such hydrosols are 
available in a variety of particle siZes and concentrations 
from, for example, Nyacol Products, Inc. in Ashland, Md.; 
Nalco Chemical Company in Oakbrook, Ill.; and E. l. 
dupont de Nemours and Company in Wilmington, Del. 
Concentrations from about 10 to about 50 percent by Weight 
of silica in Water are generally useful, With concentrations of 
from about 30 to about 50 Weight percent being preferred (as 
there is less Water to be removed). If desired, silica hydrosols 
can be prepared, for example, by partially neutraliZing an 
aqueous solution of an alkali metal silicate With acid to a pH 
of about 8 or 9 (such that the resulting sodium content of the 
solution is less than about 1 percent by Weight based on 
sodium oxide). Other methods of preparing silica hydrosols, 
for example, electrodialysis, ion exchange of sodium sili 
cate, hydrolysis of silicon compounds, and dissolution of 
elemental silicon are described by Her, supra. 

[0150] Preparation of the reactive resin sol generally 
requires that at least a portion of the surface of the inorganic 
particles be modi?ed so as to aid in the dispersibility of the 
particles in the resin. This surface modi?cation can be 
effected by various different methods Which are knoWn in 
the art. (See, for example, the surface modi?cation tech 
niques described in US. Pat. No. 2,801,185 (ller) and US. 
Pat. No. 4,522,958 (Das et al.), Which descriptions are 
incorporated herein by reference). 

[0151] For example, silica particles can be treated With 
monohydric alcohols, polyols, or mixtures thereof (prefer 
ably, a saturated primary alcohol) under conditions such that 
silanol groups on the surface of the particles chemically 
bond With hydroxyl groups to produce surface-bonded ester 
groups. The surface of silica (or other metal oxide) particles 
can also be treated With organosilanes, for example, alkyl 
chlorosilanes, trialkoxy arylsilanes, or trialkoxy alkylsi 
lanes, or With other chemical compounds, for example, 
organotitanates, Which are capable of attaching to the sur 
face of the particles by a chemical bond (covalent or ionic) 
or by a strong physical bond, and Which are chemically 
compatible With the chosen resin(s). Treatment With orga 
nosilanes is generally preferred. When aromatic ring-con 
taining epoxy resins are utiliZed, surface treatment agents 
Which also contain at least one aromatic ring are generally 
compatible With the resin and are thus preferred. Similarly 












