3 0 MAR 2007 MULTI - PHOTON REACTI VE COVPCSI TI ONS W TH | NORGANI C PARTI CLES
AND METHOD FOR FABRI CATI NG STRUCTURES 5 TECHNI CAL FI ELD Thi s invention
relates to nulti-photon reactive conpositions and net hods for gﬁm?@ ting
structures that include inorganic particles with a nulti-photon cur 8
process. BACKGROUND Mul ti-photon induced photo-pol ynerization provides a
nmeans to fabricate three- 10 di nensional devices with exquisite sub-mcron
resolution in a single processing step. Milti-photon processes involve the
si mul t aneous absorption of two or nore photons by an absorbing chronophore.
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with a related higher power of incident intensity. As aresult, it is

possi ble to perf,orm nulti-photon curin rocesses wth three-di mensional
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possible to selectively excite 20 nolecules at a greater depth within a

mat eri al than woul d be possible via single-photon excitation. Milti-photon
fabrication can be used to manuf agArkGRERim®DI cal and optical devices, such
as cantilevers, gears, shafts, and mcrol enses. Thus far, however, the

t echni que has BDY¥BI-Photn iaduced PRotgRRIYEeHZtpRaTQvidesiidpeans falahmerle RSt i cat i ons
wher et he @imeAREGNAREGs wifl &GhikiEalb-michR BRutioARsh SngRREdE&indigRer ti es of
conventional polyner systens can be inappropriate f%r the end device use.
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si gni f i canmbyi-plolarapsorgtidtheeak pavgn tdgupke edeliphston irBlividually has insufficient

energy to excite the chromophore. Whereas single-photon absorption scales linearly with

15 the intensity of the incident radiation, two-photon absorption scales quadratically. Higher-
order absorptions scale with a related higher power of incident intensity. As aresult, it is
possible to perform multi-photon curing processes with three-dimensional spatial
resolution. Furthermore, the excitation radiation is not attenuated by single-photon
absorption within a reactive matrix or material, so it is possible to selectively excite

20 molecules at a greater depth within a material than would be possible via single-photon
excitation.

Multi-photon fabrication can be used to manufacture mechanical and optical
devices, such as cantilevers, gears, shafts, and microlenses, Thus far, however, the
technique has been limited to organic polymers. There are many applications where the

25 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 significantly
changing the imaging mechanism.

30



3 0 MAR 2007 International Application No. WO 01/96409 descri bes a nethod
of nul tiphoton photosensitizing of a photoreactive conpositions containing
at | east one specific reactive species and at |east one specific

mul ti-conmponent multi photon photoinitiator system Steall acci & iR 2007 one-
and Two- Photon | nduced G owm h of Ligand Coated Nanoparticles 5 for 2 & 3D
Metal Patterning, Proc. SPIE, Vol. 4809, 2002, pp. 62-68, describe dye-
sensitized phot,oreduc f si ions to silver netal, in the presence of

Tl
|i gand- coated * PﬁﬁoﬁﬁﬁﬁﬁgWFWB “ﬁ%a“gﬁgﬁékﬁ¥ﬂ%$%FmﬁﬁéprWﬁyﬁEWPredUC|ng

agent . SUMMoR¥ensAttig dfabhaford0 @ fosifamaRatal ity Qslcatspoﬁcrkﬁc&ﬁﬁﬁtaét}@
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diel ectri épﬁ?lﬁsp@fitait kastope ﬁ?ﬁé'fmﬁﬁﬂﬁﬁ@%@émuwp@n nrh@tmratnmrwgstclhe speed,
easy procesigdibei «fAd "bl‘n@x‘ing l’[%vocis'r%nsltn[iﬁfceﬁ Qﬂﬂi’ nhraff)a g?a%[ﬁ%‘ﬁi&? yponent s

of the conposition. Follow ng exposure an dev e Co
strucure ionA&D Mfal PagerhingoProc. AP 1BV gy480y 2062, ppn 6Eeﬁﬁ)descr1bedyrr ganl c

conponent s bst ant i al | nor i.c,structur The | o
mavelengthcgﬁ ?gﬁﬁﬁgFmgﬂigﬁéé V?'mmﬁ%w‘mr %%BﬁﬁFﬁﬁ“Fﬁbﬁuﬁgg es i ni ma
scatteri ngnetajndnbﬂmiceéscune,d shérifidist hb@ $6lydifer/red@ghpggent.€S0l Ution. Resins with
uni formy di spersed, non-aggregated particles can be photopatterned in
accordance with the nmethod of the invention to achieve high resolution
features with little resolution | cSSMM.ERYO scattering. The invention

provi des a net ho

nuf acture 2Q thr di nensi onal..in ani_c stryctures
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di ffitgul tit@so d@&ﬁpﬂ‘leﬂﬁﬁdm%ﬂahlcﬁlh@hd@c]ﬁ&hdﬁﬁ%ﬂlﬁé@@ﬁﬁ@nﬂfoc%{awf«t%U\K/l‘iii% W th
m cron size mensions. I n one aspect e invention relates to a

mul t i - phot BANwiRE the ePeed FasPresHng.and flawbleghemisiy aevidsddythaeigrne speci es,
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| ess t han sibolute cho beiaftwrisoi eande amolyzed tOAsmusretihe lvegasicreomphrertginadrtetver "

et ers MO BN hD hEfll BIRLAL Al 1SAPSLANLLAL LY PIER S8l cpRLi| ol es but

also to the onges nsion  of Non-s & Second
aspecs, t MOtmumngannndeeg@&&amhm soatterirg] m{detheramlrudiilttmcmfamaglegst partially

resolution.

Resins with uniformly dispersed, non-aggregated particles can be photopatterned
in accordance with the method of the invention to achieve high resolution features with
little resolution loss due to scattering. The invention provides a method to manufacture

20 three dimensiona! inorganic structures without requiring any molding or embossing steps,
circumventing the difficulties associated with the de-molding process of structures with
micron size dimensions,

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

25 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.

In a second aspect, the invention relates to an article including an at least partially

30 reacted 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



30 reacted species, a nulti-photon photoinitiator system and a plurality of
substantially inorganic particles, wherein the particles have an average
particle size of less than about 2 3 0 MAR 2007 10 mi crons |2H E and
the particles are present in the conposition at up to about 65% by volune
In a third aspect, the invention provides a nethod for making an
organi c-i norgani c conposite including 5 (a) providing a multi-photon
reactive cgﬁ505|t|on i ncludin (1) a reactjve species, (2) a nulti-photon
phot oi ni t i at B4R ﬁﬂm@)an%#& P&Ttmlﬁraéﬁ RTESPNIN tha gesanenition pl yp torabew hvec

particl es,pyWupkgd. N the particles have an average particle size of Iess than
about 10 microns in 10 dianeter; and éb) irradiating the nulti-photon
reacti ve conpodieitlspd agpedt thefnvertiammrovideglatmethoddfor mekisg an pegaticahdrganieact t he

conposi ti o, 8 novi ng a sol uble portion of the nulti-photon
reactl ve com gg%tllgo)f]\dlbgom the resulting conposite. As used herein, the term

"suf fBci ent (a)ghuvidinpamslt- plgjndm rehetBafcbimebsitiin inclhéingl ty and appropriate
wavel ength to iﬁaeffeft nmul ti phot on absorpti on. DESCRI PTI ON OF DRAW NGS
Fig. 1 is a schehafi't®PepiRE&Eitt ati on of a nulti-photon curing apparatus.

Figs. 2A and 2B(2y @ nulSpRewBphsto@i@seaéal i on of a nethod of preparing a
three 20 dinensjonal lattice structure having undercuts. Fig. 3A shows a

top view of a madhehd & phialitnphyubstantially npreasioRediclassi ng the conposition of
the inventyjQiein HeartRRs HHOVSE ﬁ/ﬁ?‘dﬁg‘ﬁaﬂlh@‘é’iz@fof ﬁsmgﬁgﬁdu?é@ﬁﬁﬁgﬁSQB that can be

made using the conposition of e 1 nvention ows a side view
of tHe magnediamewstandt or of Fig. 4B under the influence of a magnetic

field. Like ref @)ﬂ?rgg %tn?é’ t'ﬁp %u?tl pﬂotgbrcautiavrelc%r%%osntu%l%rhggu 191g1i1tq9gth?tol ait ﬁ:%st

el ement s.
partially react the composition; and (¢) removing a soluble portion of the multi-photon

reactive composition from the resulting composite. As used herein, the term
“sufficient light” means light of sufficient intensity and appropriate wavelength to

15 effect multiphoton absorption.

DESCRIPTION OF DRAWINGS
Fig. 1 is a schematic representation of a multi-photon curing apparatus.
Figs. 2A and 2B are a schematic representation of a method of preparing a three
20 dimensional lattice structure having undercuts.
Fig. 3A shows a top view of a magnetic actuator that can be made using the
composition of the invention.
Fig. 3B shows a side view of a magnetic actuator that can be made using the
composition of the invention.
25 Fig. 3C shows a side view of the magnetic actuator of Fig. 4B under the influence
of a magnetic field.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

Exposure System and Conditions

(¥



DETAI LED DESCRI PTI ON Exposure System and Conditions 3 3 0 MAR 2007

Referring to Fig. 1, an optical system 10 for use in the invention includes
a light source 12, an optical elenent 14, and a noveabl e stage % He st age
16 is preferably noveable in three dinensions. A partially g(ﬂn%’l HEy
article 18 nounted on the stage 16 includes a surface 20 and an opti onal
surface feature 22. A multi-photon-reactive 5 conposition 24 is applied on
the surface 20 or in the feature 22. The light 26 originating fromthe
light source 12R¢ferringénFigodiaseptica Sﬁ‘stmil(hforlasmnttha mvedtenvndlutes adight he
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di stribution of enS|t
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be passed t ugh focusing opti o focus the beamw thin the
vol une of ]tnﬁlgg?s%aé&a fdjmwgsqu S"fﬁ%e %?f‘ﬁ"g%% H%mé‘t“élﬁ olggTeactte by noving the
|'i ght ssour egnpbditich Q4 iLapIRd 6n thaRMIFRE 28 of ASBE fRRAM ST Habd O éfhz{tfn%r s), the
focal poi n&ﬁaﬁl&gn be scanned or_ translated_in a three-dinensional pattern

that corre 1ght soprefals is dhpndpsed toprpeint gdﬂth@ﬂthé volyaerqfahe ipaqtivact ed
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structure of 'a desired shape. 15 The |1 ght” source e syst'em 10 can be
any |ight wishindhe Wswpmm&é@stMﬁdlwctﬂhfthepmnmmiyﬁko effect nulti-photon

absorption. Sui [ S Qseco

near-infrared t(it}?%g#\aﬁl ?%ht?rg |arpeu Sc?ggefsfgrl Cﬁ? gag(s? %u)ggr??%usmlgﬁ)gg%al trgj\?ai | abl e
from1@ohermrfbcus|dmbebeamhmthma¢e/od&m @h&tnemlvh/lcﬁﬁp@&ﬁm AgFthe pgpBs] by an
argon ion I for se av |Iablefro Coher.ent under the trade
degl gnat i o?f V&E@bﬂ;‘gﬁ% |122§r exaHi:P HOVHE ajpscy CW51”31%‘”§"%“‘HE1‘PT§)@ wi dt h
of less th@sfc%eppoﬁt@rﬁaasoe@@ﬁeléd orl teanbleRA R £thRRLMRRRsIARDpaReh #30 nm and has
average power up to 1.4 Watts for exanple, a Spectra- Ph%/5| cs, Inc., (1335

Terra Bel | ®rasRydeto ﬁ\@?ﬁﬁ?%}ﬁpv reqeped 09@@‘3}3”1&&“}@ peftioTaf thegsgive  oper at ed
at a wavel gpaBiikn 74 809 ARlesd éﬁr@@@ﬁﬂctnhgﬁlal 5 c‘%?rl-:' %F&M%s%fed §Qa§ poweand a pul se

wi dt h of about 100 fentosecon r level tip
to 1 Watt). Howdhedight sourgsridan ﬁl@esystanyolcmgbﬁt anydight sourdedhatpradnceles suf fi ci ent
Intensity s(utff?mgr{ct fmet‘gnsny 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
20 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, CA
94043 USA) “Mai Tai” model, operated at a wavelength A = 800 nm, a repetition
frequency of 80 MHz, and a pulse width of about 100 femtoseconds ( 1x10™ sec), with a
25 power level up to 1 Watt).

However, in practice, any light source that provides sufficient intensity (to effect
multi-photon absorption) at a wavelength appropriate for the photosensitizer (used in the
photoreactive composition) can be utilized. Such wavelengths can generally be in the
range of about 300 to about 1500 nm; preferably, from about 600 to about 1100 nm; more

30 preferably, from about 750 to about 850 nm. Peak intensities can generally be from about
10® W/em®. The upper limit on pulse fluence is generally dictated by the ablation
threshold of the photoreactive composition. For example, Q-switched Nd:YAG lasers (for



mul ti - photon absorption) at a wavel ength appropriate for the photosensitizer
(used in the photoreactive conposition) can be utilized. Such wavel engt hs
can generally be in the range of about 300 to about 1500 SH] A?r@gerabl Y,
from about 600 to about 1100 nm nore 30 preferably, from % 0 to about
850 rim Peak intensities can generally be fromabout 106 WcnR. The upper
limt on pulse fluence is generally dictated by the ablation threshold of
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(nmore preferab | ess than about 10' 9 second; nost prgfera%ly, | ess t han

Ly d €
about 10' 1%° §‘?6HHJEP}"‘_.’°1 Putger diseispgiae PEHYE aeddsrs frangbe 14s spemg (@sret he peak
intensity ﬁ@féra@b}t,)@e%g @8n m@q@%aom; !rﬁ&f ﬁ:@{era@ﬁeve%s faf aBEk 1 P@%Eaﬂasl.ous vave

| asers can al so be utilized. tical elements 14 useful in the system 10
i ncl ude, f@theendsedersthscan baesddas lengtds el pealeindamsiny and(dbiatios Xaragiiol] critemses) |

reflecti ve%)g #Lrg%et ekg, i .@%f“g‘&rla%%'aﬁ? bk gttﬂgz%_ef | ectors or focusing

mrrors), diffractive o enents or “exanpl e, gratings, phase masks,
and 1hol ogr ans)Qptpel demantntt wgpful dathe eyseme i sclpflarforccsamplecreftaciesaaptipd! ari zer s

and wavepl gt e%g diffusers PO(HE:GL s cells, waveguides, and the |ike. Such
opt i cal 6l SHEREL(Y; ey spserl Tt bl lsmepisd i GBS oS Bie
shapi ng, prbseheshiapir)AiffaRbvdsttRe ddnbntdfor@RARHIA] dritings AR Aadkisopg of
optical elenents can be uti]ized, and other appropriate conbinations wll
be recogni BERRrHYS) pROFEIRAGRUICRIFIgEns{Eraxample linear Rolariarsgad wereRigeto use
opti ¢S W tfih &0 PockBTRIL, Gl o ARk T INR) shah BiRYI démdli Ttk visdragysed 11 ght.
However, any conbination of optical elenents that provides a desired
i nternsity forwing, beafradrliveryabdanl/mpiicathepinpitpuish ehapirig) akDpWsartithmguGendralbd. For
exanmpl e, the e u t i pel ' f S o cope
(for " exanplRTakof RpRE Sielen e Dl QoF nbdont A @bnat ot
MRC600) edbd pgugdized b thasdskiledNA tebire dt is wéter Sasirhblasy usk@ptiexaitiplagge t hose
available r];ulin%rr?ca] aperture (NA) to provide highly-focused light. However, any combination of
optical elements that provides a desired intensity profile (and spatial placement thereof}
20 can be utilized. For example, the exposure 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).
Exposure times generally depend upon the type of exposure system used to cause
25 image formation (and its accompanying variables such as numerical aperture, geometry
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
30 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°® to 107" second (preferably,



Zei ss under the trade designation 20X FLUAR). Exposure tines generally
depend upon the type of exposure systemused to cause 25 inage formation
(and its acconpanying variables such as nunerical aperture, ﬁ)ﬁﬁ rZM]? of
light intensity spatial distribution, the peak |ight intensi t@ ing the

| aser pul se (higher intensity and shorter pul se duration roughly correspond
to peak light intensity)), as well as upon the nature of the multi-photon
reactive conhposition exposed. Generally, h| gher peak light intensity in the
regi ons of WpYELE dP I18vvsS€§¢Tt§lﬂ pie aborpBE b £0°tputresper svmny (irefeubly, seouB00’bei ng
equal . Li ngafpti H/Egé&g ‘g; writing" speeds generally can be about 5 to

100, 000 mcro secon u ing a | aser pulse duration of about 10'8 to 10-15
second (preferaEhymultiSp}Ibtcﬂlanw?atloabédﬁdu&&-alrkadtmnka%&ﬁﬁd)nd) and about

102 to 109 uIs econd ref rabl . apout 103 1 pul ses per
second) . ?Rf l"“qﬁ ‘C?S afg%)t ?‘Qag g‘fl}"?iﬁ araﬁﬂﬂ%f’é% df eff‘é‘éEfPi“dhoslg n the

reactisve GDmSQﬁsbiprﬂ reettatre PESHARRS, @h@&%ﬂhh%bat’fbﬁ%ﬂ“&p&éhld% Liadx¥osed
characteristics different fromthose e unexposed reactive

conposi t i oftetetigkean dhgn b[equ@e B%f-'tdtté’rfﬁma‘fm%%ﬂ&é’& cxpeped Aethp sewopRdtregiped  can
then be deyah@R8EpDY e INVIRIARbERGAI REEXRRSE 1 gi ons
with an appropnglireyréo ventn An E t|ao}?1a e)@ggsltée%ggéluérvgﬁ Wﬁgﬁ)ﬁgﬁ’m{&
exposur e biftdeyelopmenttgnydiew eflllblpdétvﬂphn@yeab@ver@mmm@dmf @ntaghiog crogacipeve
conpositio e acted, conpl ex,
seanl ess t%?e%&%%é%é?%ﬁ%?gﬂgmg%g Usre%'é?egsgttrt# ¥ dl mrngﬁsé{r eRﬁlms 2P Rf s manner. The
resul td ng p)tepmediurthismmnexhave any suitable size and shape, but the nethod of
the invention | artlcular we swted or m _cr os cture to a
m crostructur edﬁ%%f'ql‘é%ge“%‘f:t UL cap k‘?vfla@y Syifal es*f?&?& aﬂ%a@%}’%ﬂwjﬁéhﬂ on the
surface of ifvb@ioarit parieulardy wiil §ilied forQddiRp adnitRatibiee &f 2 MitQodimmeiuage. \Were
such featureﬁs) exl st on_the surface of an article, for 15 exanple,

cont i nuousSBRCE PSR FIRUbRSIHSUEEcAR b?)for’@é?)%%lséﬁ%ce ob thsrarids. (S’ﬁé"'thk?ost s, or
channel's, §h&, slatfd dHRSsitBRe. b@'htf:r@ U@fjfeétﬂrckéz%mgfe(ﬁltﬂ'lé Sirake off: Qﬁa&a@tty( e( S) can

be mcroscopic, where the term "m croscopi refers to features
enougt di TEXRSIH CORIBIIAES argliscenfirivons patieupof depadsdions prieisivak@dsteye when VI evved
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microscopic, where the term “microscopic” refers to features of small enough dimension

s0 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 Modem Optic Engineering by W. J. Smith,

20 McGraw-Hill, 1966, pages 104-105 whereby visual acuity, " . . . is defined and measured
in terms of the angular size of the smallest character that can be recognized." 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

25 herein, the term "microstructure” means the configuration of features wherein at least 2
dimensions of the features are microscopic.

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

30 reactive composition to the substrate. A lattice-like pattern 218 can be formed by

exposing the reactive composition 210 to form a series of layers 214 each having a series



20 G aw1l-lill, 1966, pages 104-105 whereby visual acuity, " ... is
defined and neasured in terns of the angular size of the smallest character
that can be recognized." Normal visual acuity is considered tggo¢iRwiigh t he
smal | est recogni zable | etter subtends an angular height of 5 mnutes of arc
on the retina. At typical working distance of 250 nm (10 inches), this
yields a lateral dinension of 0.36 nm (0.0 145 inch) for this object. As
used 25 herein, the term"mcrostructure” neans the configuration of
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Referring tsy Mgk Ry 2B, a reactive conposition 210 can be applied
to a substrate Zﬁééhbgugﬁﬁggr'a glass slide or silicon wafer. The substrate

can optional | y Be photapattededitivatuze PIS isehen pfrolyzeX arféRrably ®ibage coupl i ng
agent) to e%htanc agQﬁsi on_.of the 30 reactive conposition to the substrate.
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or t hogonal 54%°G 41 dbawP0970 arfd hohdingatiagbrbperam ih shaerangd e apbhotcopatticar ned
structure %@minﬁ etshen pyrolyzed to preferably renmove substantially all the
organi c corrponenIt S (not shown in Fig. 2B). Typical pyrolysis 5 conditions

i ncl ude heat i ngFdlloeviisy pywcllysis,ahathrek-dbhBhsibrhDpyaoll fAREN ALY i€ sWfstaggiiween about
500 C and about. 90 C.%?yd .hol in%hat_ a tenperature in that range for about
60 to aboullCTE3WH apq RUTAYY stpgTed oYt YoiHs Adingd by the size and shage af the Rattislsal

pyrolyzed Blefdds iR th@e RS IsAIM] ubdire ihﬂﬁ%&%@ﬁ@cl@&%a@%d&%ﬁérleé{ Iﬁisgtgx?r ed, with

voi ds defined by the size and shape of t particles. Prefer y, the

t hr ee- di ne#giieatians, st 9ande dedrabledp lrges ths siricure parsiallp porketi(esp e ndew flbw some

appl i cati ofs: ...k W r tyre rtially porous
(e.g., to gﬂ%‘\iﬁt tp ﬁ%\%ﬁ B%qu’ F?%E]U?l tl?eﬁ%%ﬁ%ﬁég\éﬁe&gg?réé% é.{]q’llct]hr% ﬁ%gjre Sg'p%ﬁ/cati ons,

t he por ousfustheniatyietdea Galy coesadidaed inedganicsintdred sttuotuyd.el d a ful ly consol i dat ed
i norgani c sint

the pyrolyzed SPRUSLIPE REcaieh? ifier BE sparalehvdiBut So00 C and about
1400 & andiehpbdiurdofctwecdnBRRIBN UCanE Rbout NMAJD “CaR@Soldg ARAshpetathRURS tO
about 48 ht(qugtrrix']gc-rfgr %oﬂti go&r? ?0 ffb%lrlts ﬁ?8| II]O(Ijl?St. IT(c))r;itf irn?l('l:e? csosn’solgjz]x?ion process, the
porous, pyrolyzed structures can be doped with a variety of materials, such as metal salts
or other fluxing agents, such as, for exampte, boron oxide, boric acid, borax, and sodium
phosphate. Alternatively, sol-gel precursors, such as tetracthoxygermanium and
20 tetracthoxysilane, 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 fluxing 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
25 structure to impart additional properties and/or function to the fabricated device.
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 beneficial for achieving uniform sintering.
Referring to Figs. 3A and 3B, a curable embodiment of the composition can also
30 be used to fabricate movable parts on a molded or photopatterned article (e.g., a magnetic

actuator) that can be moved using an external energy source or an applied field (e.g.,

magnetic or electric field). Referring to Fig. 3A and Fig. 3B, a molded or photopatterned
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porous, pyrolyzed structures can be doped with a variety of materials, such
as netal salts or other fluxing agents, such as, for exanple, boron oxide,
boric acid, borax, and sodium phosphate. Alternatively, so]-gﬁl egﬁcursors,
such as tetraet hoxygermani um and 20 tetraethoxysilane, can b% ﬁ%' dinto
the pores to aid in reducing the porosity and/or adding functionality to
the device (for exanple, increasing refractive index). Doping of these

porous str s W|t fluxin nd/ or sol.-gel precursors followed by
furt her E&i 2111 E}Xé“gfaolFO%P’??gg %ﬂﬁ%’i‘é’lﬁﬁ”&‘i‘s‘?rﬂeg&?né&%é@ Is¢apesgtednor gani c
struct ur esto thﬂpadd{i)a byomyo flexiBIEprofBd giaall 526 US RuABleGh A TBS &lclges Pr ecur sors
can be addeE‘F?g‘fb‘P porous pyrolyzed 25 structure to inpart additional

propertiesP %ﬁ‘i’&'?‘? Ptiglgs ?%éh‘ftélBYfi kesp etierded itk fheerle@ﬁtﬂ:;iilnn ering, the
structure BagranspbalRlhabloted 5! gfdﬂ'ﬂ]e%egefe%étwﬁ S35 il FERSIR0F,t hat are

smal | er than glrlor to the sinfering s narrow si ze
parti & es 8p%ibls exisnsiprsiseivaddt teyiald afcmredac“hctemﬁri@ (Bigi IBX mmum:esmnomg

Ref erri ng Et?acﬁé ée%agogﬁc Gy i{f‘c Ia?%f;modl ment of the conposition can

al so 30 be us BT Cat & “rmovab ts on a nolded or photopatterned

article (e.g., Eefmglgedi Figs. BCanded Q) e]bbl&irnagaét 126 isEiuAttd BsloRdhe parexGeer nal
ener gy soupﬁe or. an a etic or_electric field).

Referring CBOHGVAHR l %m“%“e‘ggﬁgﬁ’%@e@@ﬁnﬁmf%by"t%f}“f*féaheﬁuse% MAR 2007

part 500 Ima&h@m7haepbﬁwtoah@@ﬁ%neﬁeﬁeﬂrsi2%eﬁér&édW&e%&fcﬁ%hﬁﬁt 580l,on 512 that
is connected to the part 500 two flexible prongs 518 and 520. A curable

mat er %l 5TV the Iﬂlﬁﬁl(li’l-i3 extengpy F%quvzofThPrﬁglﬁ‘éﬁ“Q cpmbe teedde gwdalightan ahave been
ot ent ed Wkt Qoo AESdnaRE oA e HichBAbA B ABLiBL:!Rlenlify Idif1ON0S 518

520. The curable nmateri a s t en cure onto e éxtension
region 512 to yield a cured structure 517 (Fig. 3B). A mrror 540 is

attached tR.3 il’v]; ce e525 of the cured material 517. Referring to Figs. 3B and
3C, an el tﬁma%ﬁ%ﬁ—SZG is situated bel ow the part 500. Upon activation of

the electr omagn’Elte b2l phbtoe rmgnetampcmbhs bhtagn D2 dsadi th brin thlélebcﬁzldr ed material

517 respon net field 522 generated by the eI omagnet 526 to
10 molPe th eS’Fr?l?e%SHP@“ §<f”é7 Girapla gt e %ﬁ%ﬁeﬁé“‘fﬁ PO 8 & PIBR used to

gui de | i ghphdtdinitiatoY ste@t, ¥n@h pHiAIRE bf RBS2FRNG wrghglc%nbfa@l m&&t atpeon of the
fl exi bl e extensi on region 515 %gact i ve Species
multi-photon photommator system includes a multi-photon photosensitizer, an electron
acceptor, and an optional electron donor.
Compositions of the invention can optionally further include non-reactive species.
20 Curable species include addition-polymerizable monomers and oligomers and
addition-crosslinkable polymers (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
monomers and oligomers and cationically-crosslinkable polymers (including, for example,
25 epoxies, viny! ethers, and cyanate esters), and the like, and mixtures thereof.
Suitable ethylenically-unsaturated species are described, for example, in U.S.
Patent No. 5,545,676, and include mono-, di-, and poly-acrylates and methacrylates (for
example, methyl acrylate, methyl methacrylate, ethyl acrylate, isopropyl methacrylate, n-
hexy! acrylate, stearyl acrylate, allyl acrylate, glycerol diacrylate, glycero! triacrylate,
30 ethyleneglycol diacrylate, diethyleneglycol diacrylate, triethyleneglycol dimethacrylate,
1,3-propanediol diacrylate, 1,3-propanediol dimethacrylate, trimethylolpropane triacrylate,

1,2,4-butanetriol trimethacrylate, 1,4-cyclohexanediol diacrylate, pentaerythritol



The mul ti-photon reactive conpositions that can be used to formthe above-
15 described structures include curable or non-curable reactive species, a
mul ti-photon photoinitiator system and a plurality of substjdniARallbly

i norganic colloidal particles. The nulti-photon photoinitiator system

i ncludes a multi-photon photosensitizer, an electron acceptor, and an
optional electron donor. Conpositions of the invention can optionally
further include non-reactjve species. 20 Curable species include

addi tion- p&%ﬁ@%t?sﬁﬁqa@?%ﬁ@ﬁﬁf@cﬁws péntapeyibnio! irdmethaldaiepsorbitads sl i nkabl e
pol ymers ( f 4 adi . I r..crossli nkabl.e
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met hacr yl abggoxahi-prapexyplieny Mimathy lmethpoy trikshysluadyethgl-ségyamnes) , as wel | as

cationical Ly- L e noners and ol.i gomer n

cati oni cal :"}é?ég?%’ S F’&ﬁggﬁsgcﬁgﬁ@sr?gl?gls(rf‘%g"lwfiﬂf"ﬁﬁfr)Tfel?oi’Fe%@ﬂWI@Pisﬁ epoxi es,

vi nyl st hens]ecalatweighretioat HEt $05)opoBittrizdife hidteres BMEryThidd HoBSmEL SEROT -

Sui t abl e et h1¥1l enj cal | é-. ugggaguratbﬁ:d species are described, for exanmple, in
U.S. Pat eft ORI IBTREB 56 Palie Novdiade  foni acrylfed oligpmessspsh asdhgprat es and
met hacryl ag@gribddan U S eakat Ro. MRUDYbe)aGiMiuRh&s aBL ¥ &%gﬁp,f,xa@ﬁcg pigt hyl
acryl ate, |sopr0(§yl nmet hacryl ate, n- hex%/_:hpacryl ate, steary acry‘f ate, allyl

acryl ate, 8&tyewidsi mgihyleng bistracthagrylenaidel L.e-hexasreitiviane bisserduhidestiethy ol

di acryl at e.;.di: /| : i A 1 cal .dinet hacryl at e,
1, 3-pr opan(t=3r%ja|g‘lcl)'|‘?et (gl?’égc |y ﬁ’k&%{i?‘{dl%?’%%%%@%&&&hﬁ% ﬁé{h%}gfﬁb%’a‘ﬁgl%m ourds

tri metthyl olfpr opampte, styreacrdilbd ehthaldte Xivdinplnaciedte,idivinglradipatehaair diviayle,

1, 4-cycl oh ediol .diacryl ate, pentaerythritol 8 3 0 MAR 2001 triacrylate,
pent aer yt hﬁ‘&ﬁ%f’tf’i’é‘?? g‘ﬁiﬁﬁ?’l Eﬁ@é’,’*%‘gﬁtﬂéﬁ’é‘f% hritol tetramethacrylate, sorbitol
hexacryl ate, bi Siitable(cradley polyanst} IncRrde bbIOXERRE Y AR AYhiREME Broups,

bi s[|-(3-ac¢ryl oxy-2- hydroxy)]-p-propoxyphenyl di met hyl et hane,
tris- hydr oy EXHuRe hayiRs Arpi };foeabotlﬁor@teﬂ“é??rrx}?étgéqup@ Re molgvg Cpginat es and

bi s- et hac EylafiesothicDRIRERYARRR atnfi@ asid Yneth) AT 18E HhIREstELGRY sugibaut
200- 500, copolynerizabl e m xtures of acréhat ed nononmers such as those

descri%hed thesaavailabbeyprder thadradg desmadauSA BRI Xleey Santererdfirgammpls, such as
t hose desghi j : n . X .des (for
ng%h%%fg(ﬂ%ﬁ%% IS, 402%0@ find%S). fr'%?“g‘f}ﬁgﬁﬁgg‘%}r‘?%& aﬂfeaoyefgeeﬁ%@en?a? (

exanpl e, I'S-" acryl am de, acrylam
1, 6- hexanetleptignentude thoseypdymate thathavt lahlydmearbyirtiagkbione atd perdadt pyptatei de and

bet a- met hagr%zéasamtﬁ]ggé-pe}ﬁlwaﬂyE)Ql%r%rexéa%}eealﬁcti\{)in&%ly a&gcrﬁgg H’lrélde%(), such as those

described in U.S, Patent No. 5,235,015. Mixtures of two or more monomers, oligomers,

20 and/or reactive polymers can be used if desired. Preferred ethylenically-unsaturated
species include acrylates, aromatic acid (meth)acrylate half ester resins, and polymers that
have a hydrocarbyl backbone and pendant peptide groups with free-radically
polymerizable functionality attached thereto.

Suitable cationically-curable species are described, for example, in U.S. Patent

25 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, alicyclic, 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

30 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



10 (for exanple, styrene, diallyl phthalate, divinyl succinate, divinyl
adi pate, and divinyl phthalate); and the |ike; and m xtures thereof.
Sui tabl e curabl e polynmers include polyners wi th pendant (net?iﬂ $é te
groups, for exanple, having from1l to about 50 (neth)acryla 5 S per
pol ymer chain. Exanples of such polyners include aromatic acid
(nmeth)acrylate half ester resins such as 15 those avail abl e under the trade
desi gnati on SARBOX from Sartoner (for exanple,  SARBOX 400, 401, 402, 404,
and 405). Kyadyl meshaclatppelymsr or coaplapren: Bhe epaxides s bapure ederAUSET ¢ i ncl ude

t hose pol yiehs of; : i.de groups
At bl A G e e = b e
those desthresbemxygotlai®ingPastenals Mo, vafy, 288ly0a Bhe dakuce of thsir backbwee amd nor e
nonomners, i r 2 nd/or, .r tive polynmers can b if desired.
bt orr ot SPHTERRRuPS FRILRGe LFEF UG LR AV TER DR ARG ekt ¢

aci d énet hhaesytatte ahglgfoupsha ossanit bstaativdly pakifene mathtdadbnic ba¢ at momydr ocar byl

backbone and penda eptid rou, jth free-radical| ol ymeri zabl e
functi onal ﬁewgra%%ﬁhaﬁmﬁm misgh[e s B EcRLETD R ‘Bl s e RER i es ar e
descri bed, e1fi ¥, seXGAR! BoupsNsildxdhe FauRBMitro éﬁ)uPQ%hogphgt@%nﬂ@@ aaDeheGil@25, 406 and
i ncl ude epoxy reS|ns,_Such materi al's, broadly called_ epoxides, include
nonomer i ¢ Eisorglequdarpinigtd of e gpeposaniaisng mateHals sy Yane firm abgpieS&iaabotan be

al i phatic, ;@ldoe¥%fliofe. @romatic, or heterocyclic. These naterials generally

have, on thé average, at least 1 polynerizable epoxy group per nolecule
(prefierably, atUdebaspoxybmatainiig Magrials invhide thnse vbichisbytangyyclobersne eidut 2) .

The pol yneric _epaxi des include |inear 0 hayi i epoxy

o ous {1 croRa & FalD ol Ray e RER e PR S s SRR b o

po: yImer s gﬁ,l)ﬂfieﬁ@yg#@b}lﬁ:&aiec%?]iﬁﬁle, Mﬂb]ﬁ(ﬁ(y(ﬁ-mﬁthﬂc&ﬁp}h@ylmqnl@?—)ﬁb‘blbmﬂb’érle

pol yepoxi de and pol yners Vi ng, pendant epox roups 0 xample, a 9 3 0
MAR 2007 @F%‘FWW%W&MV%&mﬂf’o‘l"%ﬁgref-’{ﬁ‘y‘ X %’l‘ﬁ%r‘?’??&ﬁ%{h«‘efﬁﬁ’i@g@s can be
pure conmpopngse Bdtaileddit HustiuX bpxfes 6f thxARRARAE BARNIAUS. Pge@Mo. t WO, Or nore
epoxy grouyih er nolecule. These epoxy-containing materials can vary

greatty in 0%9at ure of their backbone and substituent groups. For

exanpl e, the DAGKRONG,EBRRfie mARKId HRAGIARGAT HRAIL LRI | @hGURSIometer eon

can be any group oes n stantially interfére wth cationic cure at
room of the formula

R' {OCH,—CH—CH,
N/

0 n

where R’ is alkyl or aryl and n is an integer of 1 to 6. Examples are glycidy! ethers
20 of polyhydric phenols obtained by reacting a polyhydric phenol with an excess ofa
chlorohydrin such as epichlorohydrin (for example, the diglycidy! ether of 2,2-bis-(2,3-
epoxypropoxyphenol)-propane). Additional examples of epoxides of this type are
described in U.S. Patent No. 3,018,262, and in Handbook of Epoxy Resins, Lee and
Neville, McGraw-Hill Book Co., New York (1967).

25 Numerous commercially available epoxy resins can also be utilized. In particular,

epoxides that are readily available include octadecylene oxide, epichlorohydrin, styrene
oxide, vinyl cyclohexene oxide, glycidol, glycidylmethacrylate, diglycidy! 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
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tenperature. Illustrative of perm ssible substitucnt groups include

hal ogens, ester groups, ethers, sulfonate groups, siloxane groups, nitro
groups, phosphate groups, and the |ike. The nol ecul ar weiggtd@{ t he
epoxy-containing materials can vary from about 58 to about Roli®! or more.
10 Useful epoxy-containing materials include those which contain cycl ohexene
oxi de groups such as epoxycycl ohexanecar boxyl ates, typified by

3, 4- epoxycycl ohexyl met hyl - 3, 4- epoxycycl ohexanecar boxyl at e,

3, 4- epoxy- thﬁﬂmwlwﬂi@xyhmawmbla uddeeﬂmnyadédesrmiahyﬂm]wkohe)@}mbz

car boxyl at hex l,met h adi pat e. nor e
detail ed Ii%dtﬁﬁg 38%2% %%F%écgl (ge tvﬁﬁyga{' g 9‘8’“&8&0% % fhey, S Pat ent
No. 15 3, 1doznm9ds zﬁ)‘ahﬂﬂe SIReX theGRDE &sl@n@@oﬂ%ﬂiﬂﬂM%&“rdrrh@hloﬁr(ﬁrbl&@tbk:g)' ncl ude
gl yci dyl of the formula R OCH2-C \ O n _where i s al kyl

or aryl &Q r'i’pP’?Cé{ Hﬁ%}f‘y or-Pasexslohexengsirexste (97 seampls. thet hers 20 of
pol yhysdrl ccmﬁaﬁa\@ham ned; ﬁﬁétfaaét&ésigﬁgtl&s@%wim@rctﬁafmsﬂﬂm ¥ fohyran excess

of a chlorohydrin such as epichlorohydrin exanpl e |g yC|dyI

ether of 2UYRb61§5(f@n8Un@p&avp¢eo@@p9ph@nmxy %m@ﬁbahé‘)io}l@@(dhmth)dfﬂa’r eporarpl es of
d 6 d
o ehoc o B B EIGI RR bkt  ch s Mol R AR L1

(1967). 25d$MMmmmuERbéh@bﬁmnéhﬁql@mhﬁh&bﬁ@ hp@%yqnﬁskhs can al so be

til d. | ticul t hat | abl | ud
oct adecy] cHEBRY bR ERBRATS xRBbir bR Bt ARHS oo aicfaskene
oxi dero gl ygdstipbtiorgEBIC E3d fidh hassryCabide CAig), a2 tprybRIheRty] eEHes nol A

(for exanple, those avail abl e under the trade designations 28, EPON
825, EPON @00Wle. fi5Fompeinds gvaleplecierdhoadeidsgmdiop QfPFYb pers, fornerly

Shel I 10 BCQbM%‘%O%Q%éHJI%ﬁ%%E m&Rfied @&n‘ﬁ@l&roﬁ%leﬁ@@?@bl%%@% e tw@per the

trade designations R 332, and f om Do en ca
vi nyl cycl otvaieliewedes ’kieded¢ ﬂ@ﬁlgr@i@@mﬂfé 4@39end EREpHIA diomal/aioh dlattadaunder t he

trade desi @Q{%t)! &BgmglRldlc%(%Qe (fér e%[tan <, s co%o 95 dvgq tﬁe ?Jnder the trade

15 designation ERL 4269 from Union Carbide Corp.), epoxidized polybutadiene (for

example, the compounds available under the trade designations Oxiron 2001 from FMC
Corp.), silicone resin containing epoxy functionality, flame retardant epoxy resins (for
example, those available under the trade designation DER 580, a brominated bisphenol
type epoxy resin available from Dow Chemical Co.), 1,4-butanediol diglycidyl ether of

20 phenolformaldehyde novolak (for example, those available under the trade designations
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-

25 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 designation UVR-6216 from Union Carbide Corp.), alkyl glycidyl ethers
such as alkyl Cg-Cyp glycidyl ether (for example, those available under the trade

30 designation HELOXY MODIFIER 7 from Resolution Performance Products), alkyl Cs-
Ci4 glycidy! ether (for example, those available under the trade designation HELOXY
MODIFIER 8 from Resolution Performance Products), buty! glycidyl ether (for example,

11



3, 4- epoxycycl ohexyl net hyl - 3, 4- epoxycycl ohexene carboxyl ate (for exanple, the
5 conpounds avail abl e under the trade designations ERL 4221, Cyracure UVR
6110 or UVR 6105 from Uni on Carbide Corp.), 30 MAR 2007

3, 4- epoxy- 6- net hyl cycl ohexyl net hyl - 3, 4- epoxy- 6-net hyl - cycl ohexene
carboxyl ate (for exanple, the conpounds avail abl e under the trade

desi gnation ERL 4201 from Uni on Carbide Corp.), bis(3,4-epoxy-6
nethylcyclohexylnethyl% adi pate (for exanple, the conpounds avail abl e under
the trade thage availpbjaindestheptride deggnatipn MEURXOAMTADIFIER 6Cdiop Resolution

bis(2, 3-ep C¥eh f | e, 1 il abl e under
the trade 3?3{] gna‘?ﬁﬁaﬁﬁ‘%’ ﬁg{}g@pglgﬁ{%eﬁgﬁ%@%ﬁ ﬁ%ﬁaﬁlgﬁ&f?@ epoxy
nodi fi ed f Reslganferoppiren@r@luyis) b-téf-butyphampeBcidyhahe (faerih@b) geisnder t he
trade desig&aﬁﬁﬁogg ERL_4050, and ERL 4052 from Unjon Carbide Corp.),

di pent ene dTBEAE (P8 %%?E\“%ﬁp eripan e eR A SP tighrleelymdid etherssuely ade 15
desi grat i oas ERlyc#igBAndro MUt GBI SBmBR!I RELOXBPMIOSIFIEE sp@loybut adi ene
(for exanple, the conpounds avail abl e under the trade designations Oxiron

d |
2001 from Ffelutegisriprmance Peasiersh diglisidybehen afinaepespdglycolufreeemplri ty, flane
retardant egOOKY SEHIDEFIER 38 fro?ﬁ(ﬁgga%fﬁon bhe aﬁ?ﬁ%&?ﬁ y cgliggvgfdﬁ dfertofade

desi gnation DER 580, a brom nate I spheno sin avail able from

Dow Cheni c&ayclahsxjnedimeshangt dorcekpmpled§LOXYAMIOLEE R 1 &F @0 Rehanidrf or mal dehyde
novol ak (f I se b lapl e under trade desi i,Qns DEN 431
and DEN 433E¢%%H%0%0%0e5 tgla @qlf&ageetglggyg%d fcf%}ﬁ?fi( ) %%@F’ @‘?‘ﬁ@&?f or
exanphe, t mmmnunm)rrﬁ&aiohmbh@eﬂﬂﬁﬁhcdhﬁdmm@dﬁnﬂﬁ@mlpﬁdﬂaﬂéltrig@%}@ﬁl TE from
Koppers Coppany, | nc. i - ohexyl ) adjpate (for exapple, those
avai | abl e ﬁ’rﬁ{‘g’ed%teﬁ%mplﬁgﬁgbgééwg}@g ﬁﬁ%@l %ﬂE-q‘fé@E?‘ 2 8’102’3’,“’ Y8 Uni on

Car bi de  Copglydlycidylethed o2 fn SRMINCYALAQNMRX ¥hanidle, HEIRDX - MO BTRIPR4) from

cycl ohexane- net a- di oxane (for exanple, the conpounds avail abl e under the

trade desi gesivtion PEr\fenmaz‘sanqdwﬂmlmy@ﬂiyp@eid%pbe.wnplwHﬁ;@%| ohexene
ide 1 . - viai deabl d
monoxi ae ISRPEN IS XRMeR ng}_lgﬁ?&fmm ﬁo%gcr'fgg,l tﬁgﬁ&g@gp_ o%\gléslkdyf e under

t he trade designation UVR- rom Uni on , gl yci dyl
et her & suckanade, lidsy hvail@bl€ivodglthetiraligldesgintiony ER{PNdx 3rfibe, Reashlogen avai | abl e

e 11 VLA SRR R SRR G | oD fgagbut on Perlormance
the trade desdivpabty0phEllDYrenbhdlifdrckhinBlef thosw aReiddlcindenthPendor mance
Products), dgslijgtn%{im? Jig(gkdl)&‘) %E)rr}lelgesglfuggn sé(r?omlagc’e Plrc|>ducts).
Other useful epoxy resins comprise copolymers of acrylic acid esters of glycidol
20 (such as glycidylacrylate and glycidylmethacrylate) with one or more copolymerizable
vinyl compounds. Examples of such copolymers are 1:1 styrene-glycidylmethacrylate,
1:1 methylmethacrylate-glycidylacrylate, 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),
25 styrene oxide, alkenyl oxides (for example, butadiene oxide), and glycidyl esters (for
example, ethyl glycidate).
Useful epoxy-functional polymers include epoxy-functional silicones such as
those described in U.S. Patent No. 4,279,717, which are commercially available from the
General Electric Company. These are polydimethylsiloxanes in which 1-20 mole % of
30 the silicon atoms have been substituted with epoxyalky! groups (preferably, epoxy
cyclohexylethyl, as described in U.S. Patent No. 5,753,346.
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3 0 MAR 2007 those avail able under the trade designati on HELOXY MOD Fl ER 61
from Resol ution Performance Products), cresyl glycidyl ether (for exanple,
HELOXY MODI FI ER 62 from Resol ution Performnce Products),

p-tert-butyl phenyl glycidyl ether (for exanple, Heloxy MbdibMABr20&5 f r om
Resol uti on Performance Products), polyfunctional glycidyl ethers such 5 as
di gl ycidyl ether of 1,4-butanediol (for exanple, HELOXY MODI FI ER 67 from
Resol uti on Performance Products), diglycidyl ether of neopentyl glycol (for
exanpl e, HELOmlemﬁaﬁamﬁ)oky-omtﬁﬁﬁlglmﬁém dae afs6 beankLd PSash b

di gl yci dyl &t her of

) %/cl ohexa e,té}ﬁd' met ha aﬁr&% exarrpl e, HELOXY MDD FI ER 107
from Resol {1 SR P MO HRMES atﬁfﬁ%e)mo HEPE AsrduHeOTEPPT yci dyl et her
(for eXarrpb@]talfﬂlﬁg%pd&d@bﬂﬁ@%ﬂoléd%v@ﬁﬁz@tBé!dv@E'Odﬁ’%fe%éEﬁﬁge Products),
trimet hyl ol opane tri her éf or exanpl e OXY MODI FI ER 48 from

Resol uti on™® F%%W%&ﬁhte(a%%a%{%w 000p gng 1g§1@rra§/lpcvéqrweq1gt@(amne altduphat i ¢ pol yol

f L ERi84n Pr od
E) of); gﬁ;gg}ohgoodﬁ? %\fnm@lfd ERi %é :Ilfyoﬁﬁb OQ@&Q% %@E@ﬂ%‘?@% gfugfgf])

i epoxi exa
Per f or manc@ﬂmlwaétaﬁeflalsmaswﬁd%mﬁ chpoixdl dewirgsi(pich 5 aliptatiphe] arbinatse oavai | abl e
orey 5as Bt fre GRAL 805, BT hRS, QR GRERL UL ERLLRLIRARS Products

epoxypr opoxsyinyiedry f]nﬂlthﬂ)lnleblomeadditmnal@(bdﬁﬁbc&porhd&ﬁ&éd@wadlI abl e under the
trade designat EF EPON 1079 from Resol utéy?n Perfor mance Products). O her

‘useful epoxy reSFirEred SRpITsIRelds AP At &y dey! spexies (uch@s thedHQN gesgw’ gl yci dol
20 (such agvaghme lﬁ@iﬂ R?é?sbmhaﬁ eelmagémmltmﬁdﬁaﬂerdéhaﬁm }%:&Eb Qi RERTOI €

copol yneri zabl e ounds. | es of 'such copolyners are 1:1
styrene- gl §&4! Wﬁrﬁ&”fé@?ﬁ’gg@e from ijn a%ifigret hacr yl at e- gl yci dyl acryl ate, and
a 02.5:24.13.5 SRiBX|ARGMARYLALR SEIM alsAROXEABNANE LB hacT 1 at e.

Ot her useful epoxy resins a known and contain such epoxi des as
epi chl or ohgldgonyess, aed tegétneobiatedor dxamplexatpyleyiny ctpy leéyé vinxi diedr, te25 st yr ene

ertde. - BTL06% L0001 SORITA M RIS BRIIE o S et o1
epoxy#sf unchvaiiak uﬁdelr meanﬁs dsgigratias RAPhMEst'EFa bed Ihirrdkicnal Bpdceitdy No.
BT b b o e e DS S B T

under the trade designation TMPTVE from BASF Corp., Mount Olive, NJ), and those

available under the trade designation VECTOMER divinyl ether resins from Allied Signal

(for example, VECTOMER 2010, VECTOMER 2020, VECTOMER 4010, and

20 VECTOMER 4020 and their equivalents available from other manufacturers), and
mixtures thereof. Blends (in any proportion) of one or more vinyl ether resing and/or one
or more epoxy resins can also be utilized. Polyhydroxy-functional materials (such as
those described, for example, in U.S. Patent No. 5,856,373 (Kaisaki et al.)) can also be
utilized in combination with epoxy- and/or vinyl ether-functional materials.

25 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-butoxycarbonyloxystyrene). Non-curable reactive species also include the

30 chemically-amplified photoresists described by R. D. Allen, G. M. Wallratf, W. D.

Hinsberg, and L. L. Simpson in “High Performance Acrylic Polymers for Chemically
Amplified Photoresist Applications”™, J. Vac. Sci. Technol. B, 9, 3357 (1991). The
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30 the silicon atons have been substituted wi th epoxyal kyl groups
(preferably, epoxy cyclohexylethyl, as described in U S. Patent No.
5,753,346. 12 3 D MAR 2007 Bl ends of various epoxy- cont ai ni NG RLES] ’al S can
al so be utilized. Such blends can conprise two or nore wei ght averagg

nol ecul ar wei ght distributions of epoxy- containing conpounds (such as | ow
nol ecul ar wei ght (bel ow 200) internmedi ate nol ecular wei ght (about 200 to

10, 000), a d h| her rr.gl gc ar vvel ht %above about 5 10,000)). Alternatively
or additiona TPREUES Qt}l"tf’ré:??trfo SRYAYifiely uprddAEmiodibxy- cont ai ni ng

material s ﬂnaxwfdiIQurdigf tgeaally GhBRICAS Mgl (&S vES B, @%u@r'oh)offéé{n‘eg Bhdpr omati c)
or functi (%Val ities (such as polar and non-polar).

cati oni cal P c?’%%%t*)’%“ia@iﬂ?%? gpecish eppically hyidppgen éltnh)eqag bargdnetrzned by ke) can
addi ti onal {¥dfod, Wkﬂ%@ctﬁgcaiéde%‘ﬁhéﬁga] rg) YN ﬁjsbﬁ%g)‘%?r Seuld\ghdide. aromatic

gl yci dyl epoxi es (suc as the EPON resins avai l'a esol ution
Per f omanclkydrregd igts diitiata deastiensobat igpiEadte moezplmdrc@n (csns@h omer &Rﬁc spegidd, and ERL

4299 avai lfgpx]eﬁ\'z M‘xﬁlq@ggﬁ r?&:tlgﬁl at?é dﬁQmp? %éc%%gcugﬁagq W@é‘ abl e speci es

al so incl NONONEr'S, )l ymers (for
exanpl e, nmm;ﬂed\phom’resfst :I;}efemsemd‘l\gde d¢pﬂt\;elct1@{ df@faxaﬁupret t- but yl vinyl ether,

i sobutyl vin her, triethyl eneg dIV et her for exanpl e, those 1s
avai | abl e W ‘é%’?mijﬂ@’l?’?yéa'ée“&é 4 g:ﬁ‘% rﬁ)‘lﬂ? 3.4P168%1 nt er nat i onal
Speci al ty tefiydtphfan (Vﬁ?ﬁ"ﬁlﬁtlﬁ@f}l&té—l’idé@ﬁnﬁ%hﬁk PILARBRNS0LE dleRyls sethgr (for
exanpl e, those avail able under the trade desi tgmatl on TMPTVE from BASF

Cor p.10 Mouhesedesssibed Noy.S. Bﬁtﬁmﬂ‘i‘mé‘é’ 79 4v&itbapl methaeryiate-based mattialdesdhgwat i on

VECTOMER , VECTOVER
2010, VECTIRERCSBE B BRARR 0 0T Hety SBte S A OhEh AR |

equi val entdspalymictizasios (for @mmnlhelolyphtmalfahbhwedmse)d mateals)mind rearemgehenreof .

mor e epoxy S ok RERPRAC UL ke of PR Pl Bt Sy f unct | onal materials
(such as those described, for exanple, in US. Patent No. 5,856,373

(Ka| sakl et [ . can ?I,s,o, be wutilized in conbination wth epoxy- and/or
vi nyl'%et h IYstemos Non-curabl e reactive speci es i ncl ude,

for exanple, r q@g%!'uy@ngg{o}érpq{ogosmm solubility can be increased upon acid-
or radical -i nduced reaction uch reactive polyners

Multi-photon photosensitizers suitable for use in the multi-photon reactive
composition are capable of simultaneously absorbing at least two photons when exposed
to radiation from an appropriate light source in the exposure system. Preferred multi-

20 photon photosensitizers have a two-photon absorption cross-section greater than that of
fluorescein (that is, greater than that of 3°,6°- dihydroxyspiro[isobenzofuran-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 50 x 10 em* sec/photon, as measured
by the method described by C. Xu and W. W. Webb in J. Opt. Soc. Am. B, 13, 481 (1996}

25 and WO 98/21521.

This method involves the comparison (under identical excitation intensity and
photosensitizer concentration conditions) of the two-photon fluorescence 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

30 absorption and fluorescence. 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

and 50% to the reference compound. The relative fluorescence intensity of the

14



i nclude, for exanple, aqueous insoluble polynmers bearing ester groups that
can be converted by photogenerated acid to aqueous sol uble acid groups (for

exanpl e, poly(4- tert-butoxycarbonyl oxystyrene). Non-curabl e {ER& ?qﬁg
species also include the 30 chem cally-anplified photoresists desc ed by

R D Allen, G M Willraff, W D. Hinsberg, and L. L. Sinpson in "High
Performance Acrylic Polyners for Chemcally Anplified Photoresist
Applications", J. Vac. Sci. Technol. B, 9, 3357 (1991). The 13 3 0 MAR 2007
chemi cal | yPBWﬁFanIP@H viHoeseetp dhe reBrrreptomppundvaniheebymessatkdfwingmver ochi p
manuf act ur ighgtonBRRRE Bbdstor MrePcatBR Rtdllot! PRANP theSYRlesi e Qudne, CT ON)
features. I'n such photoresist systens, catalytic species f:typl cally

hydr ogen i Gf&)jenennf hah gempruatechntby mdasuredivmater ame-photorodxcitattmces a cascade of

chem cal reacti hj cade occurs when 5 hydrogen ions.initiate
reactions that 8@?\1139 g? {;&ertr‘%r%zmﬂ%ﬁ}morasé:ﬁnﬁet?ﬁgpg%%?%%f’“‘%c‘i“ﬁ?@s’ﬂ%@? ¥&, thereby
anmpl i fyi ng wetldabivaiin thatae. ThxiRap, @8 0fa dnd@i aflu@eicen@abephoigbrasbantcal | y-
anplified pho}ore i st syste i ncl.ude depraotection (for exanple, t-

but oxycar b6 rBWEf‘)?P’é‘H u’}dégﬁ%t?r§5té%°%3§ﬁ"1di"b‘8hthi" Arepjuder the Mynresegnee 4or491, 628,

t et r ahydr opjsspRorescelile) BiRcRamIoY b 3laRdR@fAHnEBER tbdbsund TinpAg&AGkhC naterial s
such as 10 those described in U S. Patent No. 3,779,778, t-butyl

met hacr yl afl@owsscsaes (Rapasphorescensehaupstum yieldeardesppropald chiyequiongeraimadn et al .

in Proc. S : 9 N ” i (for
exanpl e, pgwkgﬁﬁfaﬁgf%ﬁ%%ﬁéf@égggéaggﬂ%&%tlglgl)% %mtgr?ga%ceblaor a%l{glé[‘fflrr%}}lﬁ?‘p (for
exanpl®, neteiion watsdegth, dre gebmetpy otboflusremenanigenant spparahss, thbl t i - phot on
Photoinitigtor System (1) .Multi-photon , Photosensitizers | t.i- phot on

phot osensi t%lifeé‘?nggss]ﬂief‘lfeae(d’?%“?rbwa\iféeg’gﬁ]ﬁ’ ainﬂéherfﬁ?ptoﬁep%é}?eo‘ﬁet‘?‘cé%wg? fl\ﬁé’&ngorrposi tion
are cgpab! &a@fle@jﬂiﬁml Staﬂﬁmuﬁie;hoab&le!absiﬁﬂgedaforleﬁﬂ'_ﬁ]ble,tbﬁq BhBE:®GASH when exposed
to radiati ro approprjate t source in the expasure system
Preferred Méf %WS‘F%H aewgﬁgé%ﬁég—(gﬂ]}?@? M@Lﬂsagetcw B8P P2EHLEr Tt i on

Cr 0Ss- sect iARRdcHiI€ Bte8d, NehaPorkR 84719 by If NUDESSCARUG. (4. fBbstlySn J ANE&l@ent han t hat
of 3',6"- di h%dr OX%/,ZIDI ro[i sobenzofuran-1(3H), 9 -aﬂéglexant hergJQS-one) when
nmeasuf®ed atl2+%98-193mEI NidN endhyt- 1. Mesre M) AyMakasey.iang J phdiersr inabEbyspt i on
cross-sect iC‘HE'mC?dU@@@QJB@t?@)r t han about 50 x 10-50 cn# sec/photon, as
measur ed = '

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,

(8sam)s 1s equal 10 Sref K (Isam/Tre)(Psam/Pref). wherein b.r is the two-photon

20 absorption cross-section of the reference compound, Ly 1s the fluorescence intensity of
the photosensitizer, [.ris the fluorescence intensity of the reference compound, @y is the
fluorescence quantum efficiency of the photosensitizer, @y is the fluorescence quantum
efficiency 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

25 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
fluorescence intensity on excitation power can be confirmed, and relatively low
concentrations of both the photosensitizer and the reference compound can be utilized (to
avoid fluorescence reabsorption and photosensitizer aggregation effects).

30 When the photosensitizer is not fluorescent, the yield of electronic excited states
can be measured and compared with a known standard. In addition to the above-described

method of determining fluorescence yield, various methods of measuring excited state
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by the nethod described by C Xu and W W Wbb in J. Opt. Soc. Am B, 13,
481 (1996) 25 and WD 98/21521. This nethod involves the conparison (under
identical excitation intensity and photosensitizer concent rdtiARn2007
conditions) of the two-photon fluorescence intensity of the photosensitizer
with that of a reference conpound. The reference conpound can be selected
to match as closely as possible the spectral range covered by the

phot osensitJ j | yorescence. | n one possi bl e experinent al
Cet- up, " ana £ N ARROLAL 30 ARl BRIGSF ARG e FOERI e aGof e

exci t at i orhdtaprededtfyrmytdmgr disappbeanzh of pleenshdiiize (frorapHotbR%¥otion), ahetheef er ence
conpound. i p)e relative fluorescence intensity of the 14 3 0 MAR 2007

phot osensitizer with respect to the reference conpound can then be neasured
using two phoPrifRibiily,thé 8fo-phtiaSalRbrpabiNEossCRENAN FtRIpIbRlsesdi®Lr isFi nal |y, the
fluorescence quantum efficiency of both conpounds can be measured under

one- phot o#'REE aa PR 1-VEpEghY O%fl“@féfcéiﬂrﬁoh 2R At gbs exsaisnhen abeit 75 x
phosphor eggenes segidhdH by Jn@és%d%gﬁhe aboVehnk MO Word &ef'e%lyﬁ%eg%e}_mh cally, the

area under the fluorescence (or osphor escence spectr ar a conpound of
i nt erest ekow swisa thatioffiuotesetie (e dtemativey, gremterfthanabescéiicel ( 8em

phosphor e G . lL.um. pe n ound. having a known
fl uoresce%ce %garn)’p %%ﬁ%@%ﬁ%%ﬁ%&}ﬁgﬁ#%g gé,:%g}no dlgogersﬁ%? goe{te corrections
are nade altevhatolelyt giceter thm asone d5% | 0Tem® secapipion); antieppallyc ateadetanty of the

conpositio the 10 excitatian wavel ength, the geonetry of the

fluo %sceﬁg@%g%?@&eF gﬂt 3%‘5????@ (ory ﬂ@maé‘ig?lf’ eﬁfﬁqli‘?féga”i OPhémé‘rﬂossFIB?]

wavel engt Re/phath) t he response of the detector to different wavel engths).
St andard nethods are described, for exanple, by I. B. Berlman in Handbook
of Fl uor escencBrefipaidy.ithe piotogeasyitiger & shiybledn thsgeacee nsdicedf thegepctiyrages 24- 27,

Chom 15 Py DL IS v adtye SRS PG Fan Pl lREY 'R 0l R
Huber i n JescRhgdshelovoitbanargideludg@binIhdmuitiophéion réssuntengpastian. Must eni tti ng
A L L
(Ssam, i bisaecidbrohmethSiettrifziat sadehbsehpdusDradidtionfip a wivelesgth rdngethat s t he

two- phot Ogverlaps the single photon absorption spectrum of the photosensitizer (single photon
absorption conditions), using the test procedure described in U.S. Pat. No. 3,729,313.
Using currently available materials, that test can be carried out as follows:

20 A standard test solution can be prepared having the following composition: 5.0
parts of a 5% (weight by volume) solution in methanol of 45,000-55,000 molecular
weight, 9.0-13.0% hydroxy! content polyvinyl butyral (for example, those available under
the trade designation BUTVAR B76 from Monsanto); 0.3 parts trimethylolpropane
trimethacrylate; and 0.03 parts 2-methyl-4,6-bis(trichloromethyl)-s-triazine (see Bull.

25 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 film using a knife orifice of 0.05 mm, and the
coating can be air dried for about 30 minutes. A (.05 mm clear polyester cover film can
be carefully placed over the dried but soft and tacky coating with minimum entrapment of

30 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
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20 absorption cross-section of the reference conpound, Isa,,, is the
fluorescence intensity of the photosensitizer, Iref is the fluorescence
intensity of the reference conpound, Isamis the fluorescenc hﬁﬁ]
efficiency of the photosensitizer, (D, f is the fluorescence g&gﬁﬁﬁ
efficiency of the reference conpound, and Kis a correction factor to
account for slight differences in the optical path and response of the two
detectors. K can be determ ned by 25 neasuring the response with the sane

phot osensi froma €lenéral Bletthicy Hexpsanpta rithde grei@NCRencatdBrovide cRp\SEd gng@ val i d
measurenent, the,clear quadrati.c dggendence f the two-photon fluorescence

intensity SIPRE] 585 18 NS TRRSFUCHIR AHETEIRPIFBEIcOVER HIR sthbq Tpmoyed, and

concent r at theesatiag coObdtrddbd Wi 8587 3ivided 8610RADolAE, LiRhak 861, fagPound can be
utilized (to [ avoid fluorescence reabsorption and photosensitizer

aggr egat i OWVEEr ddhgtype senvipraonalinusedtio keraamphit i1f e t¢stedrompbindbisescent , t he
i el dgof iz b - r [ ith
yi el dsof  elReltnizer %%ﬁ]%ﬁlyﬁ}lﬁhﬁ@e tmahagyls@%glggfé ﬁtﬂﬁ%eg@oﬁgrﬁ I?‘ég\%‘ a

known standard. In addition’to t above- descri eterm ning
f | uor esceribelightekpgsed arcppbrs thedightogtsemsfed e sadidaisgranx GietXentethyiad,6- 15 3 0 MAR

2007 i el Lncl udi f.or exanpl t ransi ent absorhapce,
phosphoresbgse(ﬁlégloﬁ}g? ’lf-s-&;'o néepgo G4 Rogvr‘%n{)zi:‘gﬂe%srw‘ %&5&8&5@&8 “E‘FC’

phot osensithé edored bowderphititseleaelyi dingre essvatidllf@niyl tb ke tackyt efpadel Yivead he

t wo- phot on _absorption cross-section of the photosensitizer Is 5 greater than
about 1.5 YieOatithPryfding g yisual dapgs oPesPorfing forhet ipdiestensieat er t han about

75 X 1010- 50 cmprgBGORNbReseRstifER aatd &Fhl¥cb e ARVl RAdhelf KRBty
preferably, greater fhan about tw ce that of fl uorescein (or,

“al t er nat | vensgidergfianat decarfiaglyabsdestion ofr pertiQUs Phetarensisiee/gah dersml to sporst

f bl - e | [
Bl Fer nati a1 fam e barafna eyt BB bIPES (kg A vab WS KBRER I chifon
opt i mal | y,dogoeatgoundanl/dGlabronbcckpur). ti nes that of fluorescein (or,

he. phot osent| PROBR & PESIFIN) B rPORE FhOBRTF L HEbRE SR Pt Rboe Bt ve
specis i Snﬁliigjhbﬁh_aﬁforj)ﬁomw@%&étféhg sWéH 43 Rho@arhipa &l (iheissNEol(es and with any
bi nders (as escri bed pel ow) that are included in the nulti-photon reactive
conposi t i dAtPoxBRhEnE o fisthylaating); 3H-ranthsmot-glideas Nieswlethapaminiem chigadt e of
sensi ti zi ng4dRkiloréhnimonate salt of Rhodamine B) and the four classes of
photosensitizers described, for example, by Marder and Perry et al. WO 98/21521 and WO
09/53242. The four classes can be described as follows: (a) molecules in which two
20 donors are connected to a conjugated m-electron bridge; (b) molecules in which two
donors are connected to a conjugated n-electron bridge which is substiluted with one or
more electron accepting groups; (c¢) molecules in which two acceptors are connected to a
conjugated n-electron bridge; and (d) molecules in which two acceptors are connected to
a conjugated m-electron bridge which is substituted with one or more electron donating
25 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 a conjugated n-electron bridge, and ““acceptor” means an atom or group of
atoms with a high electron affinity that can be bonded to a conjugated n-electron bridge).
Representative examples of such photosensitizers include the following:

30
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bis(trichloromethyl)-s-triazine under continuous irradiation in a wavel ength
range that overlaps the single photon absorption spectrum of the

phot osensitizer (single photon absorption conditions), using feAf &gt
procedure described in U S. Pat. No. 3,729,313. Using currently available
materials, that test can be carried out as follows: 20 A standard test

sol ution can be prepared having the follow ng conposition: 5.0 parts of a
5% (wei ght by volune) solution in nethanol of 45,000-55,000 nol ecul ar

wei ght, 9. 0-13. 0% hydr oxyt cont ent | butyral ¢fhor exanple, those
avai |l abl e under the tragde i AR B76 fromiMonsanto); 0.3 parts
trimethyl ol propane tri ,

2-met hyl -4, 6-bis(tricly | .| 25 Chem Soc. Japan,
42. 2924-2930 (1969)). 2 e 0./01 parts of the
conpound to be tested as|a photosensitizer. pstl tijng sol ution can then
be knife- coated onto a 0.05 mm cl ear pol yester filmusging a knife orifice
of 0.05 mm and the coating can be air dried for about 30 m nutes. A 0.05
mm cl ear pol yester cover filmcan be carefully placed over the dried but
soft and tacky coating with m ninumentrapnment of 30 air. The resulting
sandwi ch construction can then be exposed for three mnutes to 161,000 Lux
of incident light froma tungsten |ight source providing light in both the
visible and wultraviolet range (such as that produced froma FCH 650 W
quartz-iodine |anp, available 16 3 0 MAR 2007 from General Electric).
Exposure can be made through a stencil to provide exposed and unexposed
areas in the construction. After exposure the cover filmcan be renoved, and
the coating can be treated with a finely divided col ored powder, such as a
color toner powder of the type conventionally used in xerography. If the
tested conpound is a 5 photosensitizer, the trinethyl ol propane
trimethacrylate nmononmer will be polynerized in the |ight-exposed areas by
the light-generated free radicals fromthe 2-nethyl -4, 6-

bi s(trichloronethyl)-s-triazine. Since the polynerized areas wll be

essentially tack-free, the colored powler will selectively adhere
essentially only to the tacky, unexposed areas of the coating, providing a
vi sual inmage corresponding to that in the stencil. 10 Preferably, a

phot osensitizer can al so be selected based in part upon shelf stability
consi derations. Accordingly, selection of a particular photosensitizer can
depend to sone
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extent upon the particular reactive species utilized (as well as upon the
choi ces of electron donor conpound and/or el ectron acceptor). Particularly
preferred multi-photon photosensitizers include those exhibiting large 15
mul ti - phot on absorption cross-sections, such as Rhodam ne B (§haARi28(7
N-[9-(2-

car boxyphenyl ) - 6- (di et hyl am no) - 3H xant hen- 3-yl i dene] - N- et hyl et hanam ni um
chloride and the hexafl uoroanti nonate salt of Rhodam ne B) and the four

cl asses of -hotosensitizers descrihed, for exanple, by Marder and Perry et
at. WD 98/ 9YF 53242,

follows: (a R

n-el ectron bt \hi ch two donors are connected to a
conj ugat ed o e g substituted with one or nore electron
accepting groups; (c) nolecules in which two acceptors are connected to a
conj ugated n-electron bridge; and (d) nolecules in which two acceptors are
connected to a conjugated n-el ectrop bridge which is substituted with one
or nore el eBt 3s+ Where "bridge" means a nol ecul ar
fragnent thal cof w >/ ctfemi cal groups, "donor" means an atom
or group of atons with a lowionization potential that can be bonded to a
conjugated rt-electron bridge, and "acceptor” nmeans an atom or group of
atons with hi gh el ectrop affinity what can be bonded to a conjugated

n-el ectron i-dge) p-fexanpl es of such photosensitizers

i ncl ude the shol MAR %007 N S H5C2 C2H5 J3 18 3 0 MAR
2007 Me Me Bu

WO,



Bu M BuBu M Mu Buz2Bu M RRCzHzs Br N - N- / \ Nt n-Bu
"Et 19 3 0 MMR 2007 M RM NC-\' N N M RMRCUHS5 RN NN N R
R=Cl1Hzs \ / / A\ N NC 30 MAR 2007

OO,
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M RMe Bu RRClHas M@ M Bu~ Nu Bu NBu M n-Bu 20 3 p MAR 2001 n-Bu
FH2CH20OH n-Bu M Bu, \Ne - - e MOE M Bulb-/ \ \' / V't t MOe/ \
\' / \ ate M nmec M n-Bu n-Bu MO M/ \ \ / \ & M\\\ﬁx ‘ﬁ

30 MAR 2007

O gt

Me0, t

\‘Et

MeO
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21 3 0 MAR 2007 Meo M/ \ \ / \'u Me -Bu Me~/ \\ / \ M4 - n-Bu -Bu
z n-Bu M E42N . / Et, X- where X- d-. PF, -, SbFl, AsFs, BF4-, CF, SO O2H
The four classes of photosensitizers described above can be pripHidilby
reacting aldehydes with ylides under standard Wttig conditions or by using
the McMurray reaction, as detailed in WO 98/21521. 5 Ot her suitable
conpounds are described in U S. Patent Nos. 6,100,405, 5,859,251, and
5,770,737 as having |arge multi-photon absorption cross-sections, although
these cross-986i ons wer e determ ned by a nmethod other than that descri bed
above. Reprgsgnf c @ pises of such conpounds include the follow ng: 22
3 0 MAR 2007 7\ NSY CLlOH21, C18H37 R=C H5 R=C2 Hs \ R=Cz HS 23 3 0
MAR 2001 MeC

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.

5 Other suitable compounds are described in U.S. Patent Nos. 6,100,403, 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 compounds include the following:
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I\ ~Q@ [/ \ RFR=C2H5, Cl0H21l, Cl18H37 S- RRC2 HS RRC2 Hs R R _\ R=C2 HS 24
3 p MR2007 / R1RL1RRRI=C H R=C , H/, \ / RCoHzi ROR\IN
RO OR R=C, pHz, (2) El ectron Acceptor Conpounds Suitable el echddRdtlieptors
for the nulti-photon reactive conpositions are capable of being

phot osensiti zed by accepting an el ectron froman electronic excited state of
the 5 multi-photon photosensitizer, resulting in the formation of at |east
one free radical and/or acid. Such electron acceptors include iodonium

salts (for @g}-le dlaryllodonlun1salts) chl oronmet hyl ated triazines (for
exanple, 2-ne ‘ shl oronet hyl ) -s-tri azi ne,
2,4,6-tris(tpH >+t riazine, and

y
2-aryl -4, 6- 4E§ oronethyl) s-triazine), diazoniumsalts (for exanple,
phenyl di azonium salts optionally substituted with groups 10 such as al kyl,
al koxy, halo, or nitro), sulfoniumsalts (for exanple, triarylsulfonium
salts opti J |y substituted with al kyl or al koxy groups, and optionally
havi ng 2, 2 groups

Q

R=R=C2HS5, C10H21, C18H37
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bridgi ng adjacent aryl noieties), aziniumsalts (for exanple, an

N- al koxypyridiniumsalt), and triarylimdazolyl diners (preferably,

2,4,5-triphenylimdazolyl dimers such as

2,2',4,4 5 5 -tetraphenyl -1, 1" -biimdazole, optionally subst |3tﬂLWt§dZUU\i th

groups such as 15 al kyl, alkoxy, or halo), and the Iike, and m xtures

thereof. The el ectron acceptor is preferably soluble in the reactive species

and is preferably shelf-stable (that is, does not spontaneously pronote

reaction of fhg reactive species when dissolved therein in the presence of

t he photosennglzer and an_el ectron donor conpound). Accordingly, selection
i ; ,Sor can depend to sone extent upon 25 3 0 MAR

2007 the pa . .ct peci es, photosensitizer, and el ectron donor

conpound chosen, as described above. Suitable iodoniumsalts include those

described in U S. Patent Nos. 5,545,676, 3,729,313, 3,741,769, 3,808, 006,

4,250, 053 and 4, 394,403. The iodoniumsalt can be a 5 sinple salt (for

exanpl e, contagni ng an anion such as -, Br-, |- or C4AH5S(3-) or a netal

conpl ex salt or _exanpl e, containing SbF6-, PF6-, BF4-,

tetrakis(perfl <:D~\ borate, SbF5 OH or AsF6-). M xtures of iodonium

salts can be/u§ [ pesi Exanpl es of useful aromatic iodonium conpl ex

salt el ectroh=dcceptors |1 néTude di phenyliodoniumtetrafl uoroborate;

di (4- met hyl phenyl )i odoni um tetrafl uoroborate; 10

phenyl - 4- met hyl phenyl i odoni um tetraf| uoroborate; di(4-heptyl phenyl)iodoni um

tetrafl uoroborate; di(3-nit#gphenyl)iodoni um hexafl uorophosphate; di(4-

chl or ophenyl iRLA i

tetrafl uor obWra

di phenyl i odoni

B i f1 uor onet hyl phenyl )i odoni um tetrafl uorobor at e;
exaid uor ophosphat e; di (4- net hyl phenyl )i odoni um

hexaf | uor ophegsf ; 15 di phenyl i odoni um hexaf | uor oar senat e;

di (4- phenoxyh -ny?fﬂBﬂUﬁWﬁhFﬁé?rafluoroborate phenyl - 2-t hi enyl i odoni um

hexaf | uor ophosphat e; 3, 5-di net hyl pyrazol yl - 4- phenyl i odoni um

hexaf | uor ophosphat e; di phenyl i odoni um hexaf | uor oanti nonat e;

2, 2" -di phenyl i odoni um tetrafl borate; di(2,4-dichlorophenyl)iodoni um

hexafluoroph S B di ¢ nyl )i odoni um hexaf | uor ophosphat e;

di (4- met hoxyphé A 20¥hexaf | uor ophosphat e:

di ( 3- car boxypheny odeni um hexaf | uor ophosphate; di ( 3-
R=C, Hj

oo™

. o

OQ Q'O %

é R=C, Hy
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met hoxycar bonyl phenyl )i odoni um hexaf | uor ophosphat e; di ( 3-

nmet hoxysul f onyl phenyl )i odoni um hexaf | uor ophosphat e;

di (4- acet am dophenyl )i odoni um hexaf | uor ophosphat e; MAR 2007

di (2- benzot hi enyl )i odoni um hexaf | uor ophosphat e; and dlphenyllo oni um

hexaf | uoroanti nonate; and the |ike; and m xtures thereof. Aromatic 25

i odoni um conpl ex salts can be prepared by netathesis of correspondi ng

aromatic iodoniumsinple salts (such as, for exanple, diphenyliodonium

bi sul fate) i ccordance with the teachlngs of Beringer et al., J, Am

Chem Soc. 8%, /342R o] al'ts include di phenyl i odoni um
)

salts (such as)_ gty pfienyl i odoni um
hexaf | uor op, ph and 30 phe odedi um t et raf |l uoroborate),
di aryl i odon hexafl uor oarﬁzl r?ﬁnat e (for exanple, those avail able under the

trade designati on SARCAT SR 10122_€ '?j_m Sartoner Conpany), and m xtures

thereof. 26 3 0 MAR 2007 Suitable'‘anions, X-, for the sulfoniumsalts (and

for any of the ot her types of electron acceptors) i nclude a variety of anion

types such as « de, nethide, boron-centered,

phosphor ous- cen centered, arsenic-centered, and

al um num cent ered IllTustrative, but not limting, exanples of

suitable im ang #Fde ani ons include (C2F5SQ2) 2N-, (CAF9SQ2) 2N-,

(C8F17SMR) 3C~7 ( CF3S2) 3&C:«H.CF3S2) 2N, (CAF9S2) 3C-, (CF

3SQ2) 2( AF9S2) G-, (CF 3S2) (AF9SQ2) N-, ((CF3)2NCZF4SOZ)2N—,

(CFS)ZNCZF4SOZC—(802 CF3) 21 (3, 5-bi s(CF3) C6H3) SO2N_S02CF3,

C6H5SQ2C (SOZCF&)Z CGHSSOZi S02CF3, and the like. Preferred anions of this
i ()

; £ 10 by the fornula (RfS02)3C-, wherein Rf is a
per fl uor oal dEcab-¢hawny fromito about 4 carbon atoms. Illustrative,
but not limting, '§<°arrp¢Fes of suitable boron-centered anions include F4B ,
(3,5-bi s(CF3§€@'hB)4B‘ (C6F5)4B-, (p-CF 3C6H4)4B-, (m CF3C6 H4) 4B-,

(p- FCGH4)413 1 (CGFS) 3(CH3)B-, (C6F5)3(n-C4H9)B-, (p-CH3C6H4) 3( C6F5) B-,

( C6F5) 3FB- ? &I—Fg 3: C6F§E B; 15 E (CH3) 2( p- CF3C6H4) 2B-, (C6F5) 3(n-Cl811370) B,
and the |i ered anions generally contain 3 or nore
hal ogen- subst i t siedlcal@iBh bécePi el TOLME RAMi-pRAb CRR&Ive compositions are capable
of being photosensitized by accepting an electron from an electronic excited state of the
5 multi-photon photosensitizer, resulting in the formation of at least one free radical and/or
acid. Such electron acceptors include iodonium salts (for example, diaryliodonium salts),
chloromethylated triazines (for example, 2-methyl-4,6-bis(trichloromethyl)-s-triazine,
2,4,6-tris(trichloromethyl)-s-triazine, and 2-aryl-4,6-bis(trichloromethyl)-s-triazine),
diazonium salts (for example, phenyldiazonium salts optionally substituted with groups
10 such as alkyl, alkoxy, halo, or nitro), sulfonium salts (for example, triarylsulfonium salts
optionally substituted with alkyl or alkoxy groups, and optionally having 2,2’ oxy groups
bridging adjacent ary! 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-1,1’-biimidazole, optionally substituted with groups such as
15 alkyl, alkoxy, or halo), and the like, and mixtures thereof.
The electron acceptor is preferably soluble in the reactive species and is preferably
shelf-stable (that 1s, 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
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attached to boron, wth fluorine being the nost preferred hal ogen.
[llTustrative, but not I|imting, exanples of the preferred anions include
(3, 5-bi s(CF3) C6H3) 4B-, (C6F5)4B-, (C6F5)3(n-C4H9) B-, (CGFS)SEE'MAF%Q
(C6F5) 3(CH3)B-. 20 Suitable anions containing other netal or tallord
centers include, for exanple, (3,5-bis(CF3)C6H3)4A -, (C6F5)4A1',

(C6F5) 2F4P', (C6F5) F5P-, F6P-, (C6F5)FSSb , F6Sb , (HO F5Sb', and F6As .

Pref er abl yiat08i Q19 QBetivy sh&biSe - f1 uorobor at e
hexaf | uor opﬁ?spﬁat elfgg%lexas??c&% %}goﬁssg%ﬁ%?%aegltg‘;t%ﬁlo&réggrn GMRSRAY ghose, gs
hydr oxypendestiibedrabere i nonate (for exanple, for use wth cationically-curable

i 25 : i NS) . | f. suitabl | f oni | t
oPectron acceptoyBle IR &6 e MRSt S Bl 0B it ’e
net hyl di ph&A39,318, 8 541,069, BeR08 D06 UOTIVO3B ahe 4,304 783 hFhABEM S YAIf Qi

hexaf | uor o hoEEF? te 27 3,0 MAR 2007 triphenyl sul foni um hexaf! uor ophosphat e

tri phényl stip OhEXARRIG SPYARTNE B RRR SUeH a5 dnyArm Ap s SQ0-F o ete!

hexaf | uor ogdrs@aadag (for EkdrblY SSHainHY sHR N eKxAf 1!3FLQ,rtQtPeb(‘?s%ﬁ’é?ﬁﬁ&oﬁlenyl)borate,
ani syl di phenyl sul f oni um hexaf | uor oant i nonat e o

4- but oxyph%ﬁ%l(amséw%-éuwﬁmeanf jodenivh [selbragh b aged if desired.

4- chl or ophenyl di I ' .
tri(4- phenoxypﬁEe nyl) s l?ﬁ{ %)ellc’lﬁlﬂlr}i h]&ﬂaetx g?ﬁ%ﬂ#@%ﬁﬁo@ %ﬁ%{&g&t‘&mn acceptors include
di (4- et hoxgiphenlibdompinhictrsihdrobrratm digaéthylphawt)oenaie @afluoroborate;

4- | gph di phenyl sul.f ani yum tetraf | t .
4t i Brrot hBR ARG AR e B PR Bseal G SR Spsmpipdonium
di ( met hoxyguhiivwnaybdopdie yB)mesiehAaybdanin RAG¥&bpMRpRAA Wi@DNat e
di (ni trophenyl ) phenyl sul f oni um hexaf | uor gant i nona

t
di (car bo _rre'fhm%ﬁéwwwrbﬂ%fhlpmhmh@tﬁéé@ﬁpwmgql&% staflgegoborate;
4- acet am dgpPemebrinRhsmtleaihibasi td: B hi AbbataE OABR@Y Bodonium

hexafluorophosphate; di{4-methylphenyl)iodonium hexafluorophosphate;

15 diphenyliodonium hexatluoroarsenate; di(4-phenoxyphenyl)iodonium tetrafluoroborate;
phenyl-2-thienyliodonium hexafluorophosphate; 3,5-dimethylpyrazolyl-4-phenyliodonium
hexafluorophosphate; diphenyliodonium hexafluoroantimonate; 2,2’-diphenyliodonium
tetrafluoroborate; di(2,4-dichlorophenyl)iodonium hexafluorophosphate; di(4-
bromophenyl)iodonium hexafluorophosphate; di(4-methoxyphenyliodonium

20 hexafluorophosphate; di(3-carboxyphenyl)iodonium hexaftuorophosphate; di(3-
methoxycarbonylphenyl)iodonium hexafluorophosphate; di(3-
methoxysulfonylphenyl)iodonium hexafluorophosphate; di(4-acetamidophenyl)iodonium
hexafluorophosphate; di(2-benzothienyl)iodonium hexafluorophosphate; and
diphenyliodonium hexafluoroantimonate; and the like; and mixtures thereof. Aromatic

25 iodonium complex salts can be prepared by metathesis of corresponding aromatic
iodonium simple salts (such as, for example, diphenyliodonium bisulfate} in accordance
with the teachings of Beringer et al., J. Am. Chem. Soc. 81, 342 (1959).

Preferred iodonium saits include diphenyliodonium salts (such as
diphenyliodonium chloride, diphenyliodonium hexafluorophosphate, and

30 diphenyliodonium tetrafluoroborate}, diaryliodonium hexafluoroantimonate (for example,
those available under the trade designation SARCAT SR 1012 from Sartomer Company),

and mixtures thereof.
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di met hyl napht hyl sul f oni um hexaf | uor ophosphat e

trifluoronethyl di phenyl sul foniumtetrafl uoroborate

p- (phenyl t hi ophenyl ) di phenyl sul f oni um hexaf | uor oanti nonat e

10- et hyl phenoxant heni um hexaf | uor ophosphate 20 5- net hyl t hi ant hi #AR d6A7
hexaf | uor ophosphat e 10- phenyl -9, 9-di net hyl t hi oxant heni um

hexaf | uor ophosphat e 10- phenyl - 9- oxot hi oxant heni um t etraf | uor oborat e
5-nmet hyl -1 0- oxot hi ant hr eni um tetraf| uoroborate 5-nethyl- 10, 1

0- di oxot hi ant hr énitableriens -Lfor tp lsdsphat ealts 2mdRoedmsrofelst ehdrfrgiet um sal t's

i nclude tri - ik ut al.t.s. such as triarylsul fonium . :
hexaf | uor oae?;{clﬁh%%%? é&)ksﬁ (%I}Cﬁlgf %r}Jﬁ‘fiét,y O? %%%g’a%%uﬁé%% Zor Herapley imide, pigthide,
desi gnat i orboBAREAEredSFhosphdtofiy-aniteBal, iaiiBinyGenBaaydrsenid-taidrds whd oni um

hexaf | uor oplims.%rgﬁt egtg %r exanpl e, those avail able under the trade
desi gnat i orf "SARERFCERELFP ™ r om Sart omer Conpany), 30 and triaryl sul foni um

hexaf | sior ophos piaistatieQ buttred MRlitthe, LRGSR BY AilapiRliGiddl8 g 4fade
desi gnati on SARCAT KI 85 from Sartoner Conpany). 28 3 0 MAR 200 Usef ul

azi ni um salitduder{CL 1180, } Nog€, ]8OV haciFi 80U, S, (PRBent,CNeCF ABH8; 572 whi ch
i nclude an aziniumnoiety, such as a pyridinium” di azi ni um “or triazinium

nmoi ety. Th ON I i e r £ i INIQS,
Tyt cal 1y oot B T L D S TN S (O RR s O

i soqui nol i nj i_azi ni | .azani et fused with
an azini umrué:lkl 33];]“@&% @%Q&%E‘émﬂﬁg@% %thﬁp r%qggs(ngfoﬁazﬁlz Phe
aziniumri e..rel eas free,radical, .upon.electron transfer from
the el ectrof ﬁgsa(?%\ggpg(gg %’ld:tg‘éﬁg?'a%r rrf)‘f‘l’i’)‘l’%‘?éﬁgi‘f yf%f“4Ltﬁlef]?Pée Efi’feﬁ?’li?ﬂ el ectron
aubst 1 uent? ERUS EROREC, | 25dRin kR £ BIALSEQNG) R BHBSHIE 50D 1 Sl X

at om of t headen atoum noi ety can bé sel eE:t ed fromanong a 10 variety of

synt hetically conveni ent oxy substituents. The noiety T can, for exanple, be

an al kyl radi céllustrstisehbasionimiting, exatriples pf fuitalyle bomneteserel@nidns inthee al Ky

radi cal can be substituted. For_ exanple, aral kyl (for exanple, benzyl and
phenet hyl ) Faﬂd(%%blsm_‘;Wsto%f(cﬁFS)‘;B": (p-CF3C6H4)4B-! (m- F3C6 H4)4B-= (p'Fcﬁ}I4)4B-

(CF ) (CHB", (CF)(n-C,H)B", (p-CH,CH,),(CF B, (CF),FB-, (CH,),CF)B-

15 , (CH ), (p-CF,CH,), B, (CF,),(n-C O)B-, and the like. Preferred boron-centered

18ty
anions generally contain 3 or more halogen-substituted aromatic hydrocarbon radicals

attached to boron, with fluorine being the most preferred halogen. Illustrative, but not
limiting, examples of the preferred anions include (3,5-bis(CF,)C H,},B~, (C.F,) B,

(CF),(n-C,H)B", (CF);FB-, and (CF,),(CH,)B".

20 Suitable anions containing other metal or metalloid centers include, for example,

(3,5-bis(CF,)C H,),Al", (CF),Al", (CF,),F,P-, (CFF,P-, F P, (C.F)F,Sb, F Sb,

S P
(HO)FSSb', and F As’. Preferably, the anion, X', is selected [rom tetrafluoroborate,
hexafluorophosphate, hexafluoroarsenate, hexafluoroantimonate, and
hydroxypentafluoroantirnonate (for example, for use with cationically-curable species

25 such as epoxy resins).

Examples of suitable sulfonium salt electron acceptors include:
triphenylsulfonium tetrafluoroborate
methyldiphenylsulfonium tetrafluoroborate
dimethylphenylsulfonium hexafluorophosphate
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exanpl e, sulfonethyl) radicals can be useful. In another form T can be an
acyl radical, such as an -OC(O-Tl radical, where T' can be any, @hA%Eﬁ
various al kyl and aral kyl 15 radicals described above. In addi tid lan
be an aryl radical, such as phenyl or naphthyl. The aryl radical can in
turn be substituted. For exanple, T can be a tolyl or xylyl radical. T
typically contains from21 to about 18 carbon atons, with alkyl noieties in
each instance above preferably being |ower alkyl noieties and aryl noieties
in each i nstant@hpmesudioatshyhexefinabphiosthattbout 6 to about 10 carbon atons.

H ghest activit allzed when the oxy substituent,

-O T, contains %H%T)%h?gﬁbon ? 8§&£$ igha 82 ni um nucl ei need incl ude no
substi t uent othémhmb&mmhmgbmﬂnﬁmnhm@ﬂn@n&uh&&ituent However, the presence
of ot her substi&Qqntsgis nﬂ1 FIEEH to the activity of these el ectron
acceptors. Usef GO FNaPPHAGEA0IAO® ﬁ@rs i ncl ude those described in U.S.
Pat ents No. 25 4ni98@pKehllsuilhiasa h@kﬂﬁbﬁ)ahmﬁw@@, for exanple,

2- (o-chl orophenyl ) -4, 5-bi s(m et hoxyphenyl)- 1, 1'-biim dazol e;

2,2' - bi s(o-chl o¥ 85Wéﬁlg}w)wlﬂlpipen>ésuéf0nwt@ FPPIaE 1' - i i ni dazol e; and

2, 5- bi s(0- chl or gpheRy Ihéxaﬁ’dlbghngfsgffMIH%&a@lng%héspﬂraté‘ -biimdazole. Preferred
electron acceptors incl toaci d gener at such as iodoniumsalts
(nore preferably(4@hvmﬁmdwnﬂMWﬁéabm@%xMhWRwhonémhyIated triazines, sulfonium
salts, and 30 e red are aryllodonlun1salts and
chl or onet hyl at egdill(f%tl?lg)l( @ﬁlﬁ%l MP%H %Troa(%’a Bl ectron Donor Conmpounds
El ect roon donor 4:4amnm1,yﬂ;ﬂ&njdd®heﬂy13ulfombm tatwlﬂubro}hhmteon phot osensitizer system
of the nultl-p eac 03|t|on azﬁ ounds (other than the

photosenS|t|zer I%QF i ﬁ@’mB? EQ&ﬁHF& BYAlHBIRPIREA AN el ectron to an

el ectronic exci a@eletﬁ&@xs@lf&fylﬂ@@yl}:}naﬁmﬁmﬁmﬁi RehcddoroabifighoBheCt ron donor
compounds preferably have an oxi atlonﬁgotentlal that is greater than zero

and | ess than o@‘(@ﬁ%enﬂ@h@hﬁﬁ“l%"ﬂmﬁlhﬁx whepljipwRgene. Preferably, the
oxi dati on poteng;l1 0&%%«;%91@%% (L R-Talo ﬁuéﬁ’f“?‘”ﬁp RSt andard saturat ed
n e

cal onel electro T'ect ron donor’ cohpound is al so
pr ef etsabl y sol ublaeetarxmdbﬁenyldamt:mw:mhbpmm tesathitbbofale | s sel ect ed based in part
upon shel f Stabé"h&hmpﬁ% mﬁh%l'o %mﬁ%%o%%%ﬁﬁﬁged above). Suitable
trifluoromethyldiphenylsulfonium tetraflueroborate
p-(phenylthiophenyl)diphenylsulfonium hexafluoroantimonate
10-methylphenoxanthenium hexafluorophosphate
20 S-methylthianthrenium hexafluorophosphate
10-phenyl-9,9-dimethylthioxanthenium hexafluorophosphate
10-phenyl-9-oxothioxanthenium tetrafluoroborate
5-methyl-10-oxothianthrenium tetrafluoroborate

5-methyl-10,10-dioxothianthrenium hexafluorophosphate

25
Preferred sulfonium salts include triaryl-substituted salts such as triarylsulfonium
hexafluoroantimonate (for example, those available under the trade designation SARCAT
SR1010 from Sartomer Company), triarylsulfonium hexafluorophosphate (for example,
those available under the trade designation SARCAT SR 1011 from Sartomer Company),
30 and triarylsulfonium hexafluorophosphate (for example, those available under the trade

designation SARCAT KI8S from Sartomer Company).



donors are generally capable of increasing the speed of cure or the inage
density of a photoreactive conposition upon exposure to light of the
desired wavel ength. Wen working with cationically-reactive gpeRell7 t hose
skilled in the art will recognize that the el ectron donor conpound, if of
significant basicity, can adversely affect 15 the cationic reaction. (See,
for exanple, the discussion in U S. Patent No. 6,025,406.) In general,

el ectron donor conpounds suitable for use with particular photosensitizers

and el ectron acCefitlazminmaliénchelealidse desapbLOANAS | Migerk N8, HB59I512 WRiciand
reduction F‘Ofﬁantl al.s of the three co onenqs (as descr| bed, for exanple, in

U.S. Paten © an iRy meisly, sugh aha BIUNITafiaZinp, R TiRERN BaleBx gl nent al | v
(for exanphfniuiymdib® cheindRde orOodRse rafdﬁﬁtﬁc W%Btyp]call%énbog}l%mt QLARRI C

Sensitivity, Chapter 15, Academ c Press or “can be obtained from
refer ences“%%?cﬁ?fééaq\l’le-Lqu"\P@PWBurlFquE@IthﬂFel@ﬁm Ierh, Fdaephtbedigzanivm
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The pot ent dzaigmring|cer be relebat dsudienaligy upel atqnmnsﬂaans' famnltlmahectremused in the

manner des W 5 np ion. Wen
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lifted to a higher ener | evel t5\nam3| , t he | owest unoccupi ed nol ecul ar

orbital (L 13%S 2T Dijg &éféﬁhet f 3ERIPM TRIGY £20 B $iieS)ed €M @MENBRhi nd in t he

nol ecqyl ar %ﬁtﬁ@syhthetic@llﬁ b@dvbbﬁeﬁk%‘(?@h}%ﬂtueﬁt@ TH@m%]e%CT eam fRG&ERPRI belAN accept
the electron fromthe energ bital, and th el’ect ron donor
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conpound cdhyld@%ﬁléu%aw@bﬂs ethvk Butyl, amd &orfertbaE%@yyhrwwaiéambq ginally

occupied o r el ps are
satisfied. £@bﬁtg{eg E)f’&%\“%%g% ErP%S'I ‘S‘eﬁ‘%ﬁ‘ct ??gl ﬁ%h?gjlgﬁ a&glsﬁrrdag{}zgpron
accept or i sxalpis suifgathyeradioals nor e xpeﬁ;l tlin\aagythertﬂoan T bvat beaihh abpleradical,

phot osensi tizer tron in th er e bital of the

phot osensi 4° §§? an aé]ﬁ:@a?ef f?’la‘ﬁg‘?ﬁﬁr @Bﬁofﬁ‘gq’%‘i’\ (ﬁ'%ké’ig'i“f?rﬁ%?’l to the

| owesis unofdishlis dekscrib®d mué aln AdRioh Al cah V) argf ratiiael alcBGlk pRshyBeCcept or, since
this represents an exot E(g?amlcc 5 pr cess Even if th process i |nstead

slightly efPStWbrearlr an ingigpeispbstiped. dignexanaple: Tosembe # YIS t he
phot osensi {}1ggaditd. FRyHifal- chnifls trofPT & 4868l fboh raamt, Bah a0 tBRusd igct ron

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

20 have been realized when the oxy substituent, -O-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
electron acceptors.

Useful triarylimidazolyl dimers include those described in U.S. Patent No.

25 4,963,471, These dimers include, for example, 2-(o-chlorophenyl}-4,5-bis(m-
methoxyphenyl)-1,1’-biimidazole; 2,2’-bis(o-chlorophenyl)-4,4°,5,5’-tetraphenyl-1,1'-
biimidazole; and 2,5-bis(o-chlorophenyl)-4-(3,4-dimethoxyphenyl]-1,1’-biimidazole.

Preferred electron acceptors include photoacid generators, such as iodonium salts
(more preferably, aryliodonium salts), chloromethylated triazines, sulfonium salts, and

30 diazonium salts. More preferred are aryliodonium salts and chloromethylated triazines.
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acceptor) anbient thermal activation can readily overconme such a snall
barrier. In an anal ogous manner, if the oxidation potential of the electron
donor conpound is less positive (or nore negative) than th%bf@@ Zﬁ]@e

phot osensitizer, an electron noving 10 fromthe HOMO of the n donor
conpound to the orbital vacancy in the photosensitizer is noving froma
higher to a lower potential, which again represents an exothermc process.
Even if the3Pp9&aa Donod ldoMbduggndot hermc (that is, even if the oxidation
potential o isup to 0.1 V nore positive than that of
the electron d@r}ﬂf}tm@dwpmgnmpqumlabseémmn tHeemum—lthtoh plabicasitiganysteadf thy

overcone s 5 barrier. Sli t m c reactions, in which

t he reductllfglnn %h§ éac Cfonpar?smoﬁﬁrgtcff g #(@g‘?«%iwé’t HPRgosENStLiAgr {Eile negat i ve
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donor 2ompddRGSgEEr TR elEGlEen dmQE pogpRayn %@6%?38 diye g oxid@imaotantial el ect r on
20 accept Orhdis grEaer%@picf@éhdde@QﬁmﬁwaMhEﬂ crf%tdlﬁq%%&?oe}‘}&én@ PhSerably,
photosensitizer in its excited state. Wen thée electron acceptor or the

el ectron ddMoxidtinpsoisatial & hesveaniahguild #ndting vs. ;ﬂ’ﬁéﬁndsldﬁsiumt%bcralqmll ts excited
state, it i.feR &f(e tqg..that the reaction be exothermc or only slightly
endot herm c. en the eI ectron acceptor or the electron donor compound is
reacting with tﬂ"lae plhatasionei ¢tdnzgeund cralsogéfeably selnblehethmreacmeaqiemmmdare
stiII1referr ut 25 és_r%_lll no, othermc r e.expected in

e b GBS Bi b e ABfeg s bR

many I hst ances SegU?p

phot osensi tdoZ&s a&@@né&&ll}ooa%able of indRasing Mhespeed @adrt vEtht hangd datityadfa a
second-to-rﬁact el ectron acceptor, or the o>§,| dation potentl al of the

phot osensi PRYBFAEAIE CHRPOHLON YPaFEXRRIE to highteol hedepiredevayslgiehat of a

second-t o-react waleRGHdriRg WB%U&QEHH?HE&M&H&:@M%&El@ﬁécf Rnndgnen conpounds
i nclude, for exanple, those describ by Eaton in Advances in

Phot ocheni staognizeiat thel elggtra don@nmmrémn@xllf of S\gﬂfmt tegicitppan adverseBgatteciohn

Wi ey, nd m omﬂag?&}( ég‘eg %%')e’xaryalg thg) a%&ﬂglol?lﬂnn S6P9tg1?t l\il 02‘%‘9«96 5.45 676.

Such e ectron donor und m nes cludi ng iTi et ianal ani ne,
hydrazine, 31 & g)enMReIHaﬁdn ddnoﬂednpmmbs mytable[fé’r W2e Qz]ithqmmuel,art ri phenyl am ne
(and its tr tﬁgegr}/ilti !ggc%oﬁggtga o can € se Eec?t!acp l?y 90%par1 )tHe oxrgatlon ach hydes,

and ani nosiP
reduction potentials of the three components (as described, for example, in U.S. Patent No.

4,859,572). Such potentials can be measured experimentally (for example, by the methods
20 described by R. J. Cox, Photographic Sensitivity, Chapter 15, Academic Press (1973)) or

can be obtained from references such as N, L. Weinburg, Ed., Technique of Electroorganic
Synthesis Part II: Techniques of Chemistry, Vol. V (1975), and C. K. Mann and K. K.

Barnes, Electrochemical Reactions in Nonagueous Systems (1970). The potentials reflect

relative energy relationships and can be used in the manner described below to guide
25 electron donor compound selection.

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.

30 The electron acceptor can accept the electron from the higher energy orbital, and the
electron donor compound can donate an electron to fill the vacancy in the originally

occupied orbital, provided that certain relative energy relationships are satisfied.
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phosphoram des), ethers (including thioethers), ureas (including thioureas),
sultinic acids and their salts, salts of ferrocyanide, ascorbic acid and
its salts, dithiocarbamc acid and its 5 salts, salts of xanthates, salts of
ethyl ene dianine tetraacetic acid, salts of (alkyl)" (aryl)nJfict&tB& (n + m
= 4) (tetraal kylammonium salts preferred), various organonetallic conpounds
such as SnR4 conpounds (where each R is independently chosen from anong

al kyl, aral kyl (particularly, benzyl), aryl, and al karyl groups) (for

exanpl e, such crbﬁbomddsnca@atenﬁaﬂﬁ&iﬂb(dmd&bﬁacdcpdo% ¥13sSme &) Bor nddE pb@RIY! ) SN(N
10 C3H7) 3), cefﬁ ﬁ ﬁnd the |i m xtures thereof. The eI ectron
donor corrpélfﬁ’ﬂ1 66’(1.10 ASHEes: f“h‘f Eﬂroﬁﬁné’&ﬁ‘l@ér‘é‘ﬁ%‘t?ff’mléﬁtmth one or nore
non-i nt er f @hbtgensitibetit idd@if SansfeRAd TfﬂoﬁHh@f)llldfod%ﬁﬁferf ’E@t‘ﬂe FIvRST ERRc i RROr
conmpounds ¢ cgt ain an el ectron donor atom (such as ni trogen, oxygen,

phosphor us MYseul Projfal GLEP) afhe slsctesaceptarapns thl)?mpo@fems at oxathomged to a
carbons o $kdde&Omyak ATHAHBOR: LnblRA FLAG FORARRCI R3O MomP sl ELR ST 2T e

el ectron donor conpounds inc e al ky aryl ‘I)<yl am nes
(for ex anplpeteﬂheépﬁwcaﬂwwgnsemw ianp te.1 polomgtearcgaive thnjlttj;ldlta)lflﬂme:lectron

tri et hanol Jam ne nmet h Ian|I

2, 3- di net hépaaﬁ%ﬂ a?ilgg{éng?ﬁ e?n‘raﬁm aacﬁﬂylﬁn 8t WP‘afynoevmﬁgﬁfﬁ}%/ha?ﬁrﬂﬁ b%’r‘?rnopyrl di ne,
N, N' - di met hyl et hyireamattigans mennel\.ifNhe oildaﬁioh)ﬂo&hhwo@ﬂﬁ(ﬂle%%ﬂﬁonor compound
NN - di benzyllet lt%tsenefll amne, N, N -diet h)é pr opanedi am ne, 20

NN - di et hyiS SSSRPIENG (Of mRrginega ke thﬁm thgt o mwihﬂwniméerh@k%l%amamwa

pi per agi ne frofh the HOMOE DI &06H uma@%mﬁm@ o ﬁe%rblﬁai badhgnediopd peri di ne,
p- N, N- di met hyl - ami nophenet hanol and p- N-di net hyl am nobe€nzonitrile);

ani noal deh?h@@seml@?el exaEapng frop Nhigher @9 aiotisy Pelmitinbbdngtadadshgpissents an
p- N, N-di et @(ét r}ﬁ%@ﬁ%gl %})ylg 900'3:';&'lg%llfqhggizc}o(fl?eﬁ'ng&x(ﬁlaﬁﬁpy\%g nf tﬂ@d

4- mor phol i nobenz m Nnosi exa
tri met hyl smkylhwmitnah@" the phqmtatwthzsr Isypppé PérV chioregpositive than that of the

bi s(di meth ' di ph lsila t i met h I
N N di ot hy ESRHDRE BRR o, afBRn: wimaf v APHEY BrRGhge fieh g
tris(net hylbaidey! ) am ne tris(di rret hyl silyl)am ne, bis(dimethylsilyl)am ne,

N, N- bi s(di et hyI Si Ii/ anl |l i ne, N-pheny|-N-dinmethylsily] anl line, and
N, N- di met hyl - N- SHgRsbpAetherpic rasfiops uawe»cm@tr@ﬂ«%gmt PRIFTHIBE Of ther ¢ ary aromatic

30 al kyl ampﬂaasenaafér gcﬁﬂ /1. yvihige ﬁegaaw.- e BHat bEASEIQRS REGHST @M t hdr awi ng
group on the aromatic ring, have been found to provide especial Iy good

shel f st abiokidetjon r@uentiakefahs photasansitizer is unde0.41\s Botspmsitib thaniead of e ng ami nes
that are s %ieblgoch c?otncn[ Q%Otuﬁg,po%ﬁﬁtlhlr ?ery gﬂﬁqce, regardless of whether the electron

20 acceptor or the electron donor compound first reacts with the photosensitizer in its excited
state. When the electron acceptor or the electron donor compound is reacting with the
photosensitizer 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

25 still more endothermic reactions can be expected in many instances to occur. Thus, the
reduction potential of the photosensitizer can be .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 clectron donor compound.

Suitable electron donor compounds include, for example, those described by D. I

30 Eaton in Advances in Photochemistry, edited by B. Voman et al., Volume 13, pp. 427-488,

John Wiley and Sons, New York (1986); U.S. Patent Nos. 6,025,406, and 5,545,676.

Such electron donor compounds include amines (including triethanolamine, hydrazine,
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32 3 0 MAR 2007 phot ographi c speed has been obtai ned using am nes t hat
contain one or nore julolidinyl noieties. Preferred am de el ectron donor
conpounds include N, N-di methyl acetam de, N, N diethylacetanygeiap 207

N- et hyl - N- phenyl acet am de, hexanet hyl phosphoram de, 5

hexaet hyl phosphor am de, hexapropyl phosphoram de, trinorpholinophosphi ne

oxi de, tripiperidinophosphine oxide, and m xtures thereof. Preferred

al kyl aryl borate salts include Ar3B (n-C4H9) N+(C2H5)4 Ar3B"(n- C4AH9) N+( CH3) 4

10 Ar 3B’ ( n-1@4d¢iadalticl cloA3-Bpdtand\tiGBic iyl aufiiikdrdiits trifcBRphospGeldnd+( CoHI 3) 4

ﬁ{ gg_ i g g%}%}El%@@é%é,%%%ggm@@minosﬂams) amides (including

Ar 3B" - i & , ; 4 Ar3B
e g T L
20 Ar3B ( BhﬁllF eﬁf;ef@mmd&r 96@.’6210@4@3me@;asyimhmw@wmﬁym\ﬁs( CH3) 4

Ar 2B" (- CAEQ)s2 r )4
A B () ) & @““‘hm@ BN A e R e )
(alkyl).,(aryl)mboratcs (n + m 4) (tetraalkylammonium 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(CHs),, (allyl)Sn(CHs)s, and (benzy)Sn(n-

10 CsHy)), 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, phosphorus, or sulfur atom) and an abstractable hydrogen atom bonded
to a carbon or silicon atom alpha to the electron donor atom.

15 Preferred amine electron donor compounds include alkyl-, aryl-, alkaryl- and
aralkyl-amines (for example, methylamine, ethylamine, propylamine, butylamine,
triethanolamine, amylamine, hexylamine, 2,4-dimethylaniline, 2,3-dimethylaniline, o-, m-
and p-toluidine, benzylamine, aminopyridine, N,N'-dimethylethylenediamine, N,N'-
diethylethylenediamine, N,N'-dibenzylethylenediamine, N,N'-diethyl-1,3-propanediamine,

20 N,N'-diethyl-2-butene- 1,4-diamine, N,N'-dimethyl-1,6-hexanediamine, piperazine, 4,4'-
trimethylenedipiperidine, 4,4"-cthylenedipiperidine, p-N,N-dimethyl-aminophenethanol
and p-N-dimethylaminobenzonitrile); aminoaldehydes (for example, p-N,N-
dimethylaminobenzaldehyde, p-N,N-diethylaminobenzaldehyde, 9-julolidine
carboxaldehyde, and 4-morpholinobenzaldehyde); and aminosilanes (for example,

25 trimethylsilylmorpholine, trimethylsilylpiperidine, bis(dimethylamino)diphenylsilane,
tris(dimethylamino)methylsilane, N,N-diethylaminotrimethylsilane,
tris(dimethylamino)phenylsilane, tris(methylsilyl)amine, tris(dimethylsilyl)amine,
bis(dimethylsilyl)amine, N,N-bis(dimethylsilyl)aniline, N-phenyl-N-dimethylsilylaniline,
and N,N-dimethyl-N-dimethylsilylamine); and mixtures thereof. Tertiary aromatic

30 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
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30 where Ar is phenyl, naphthyl, substituted (preferably,
fluoro-substituted) phenyl, substituted naphthyl, and |ike groups having
greater nunbers of fused aromatic rings, as well as tetranmegpyipnpmni um
n- butyl tri phenyl borate and tetrabutyl ammoni um n-hexyl- 33 3 0 MAR 2007
tris(3-fluorophenyl)borate (avail able under the trade designations CAd 437
and CG@ 7460 from Ci ba Specialty Chem cals Corporation), and m xtures

t hereof. Suitabl e.ether electron nor conpounds .i.ncl ude o
4 4" - di net ﬁ'&:i%:fpgxﬁewﬁ?c{ haf1b§efn4qb?ztn}q {Wg% ﬁgl}tam one or more julolidinyl
1, 2, 4, 5-t efnbetied hoxybenzene, and the like, and mi xtures thereof. 5 Suitable
urea el ectron donor conpounds include N, N -dinet hxg\ly urea, N, N-di nethylurea,
;

N, N - di pheny! urfggerre@emidestesion fonsn pampovnds ingdh YiN-Hingrildagctamide, NN-

t et r a- n- bugyihlREQMARER, N Dhbhyiln- piiknl MEéfé:hﬂE,%é&ﬁﬁethfiENsp%rmﬂrcﬁyt yl thiourea,
NN-di phenyl t hi ourea, N, N -diphenyl-N, N - diethylthiourea, and the like, and
m xt uses t hexpeshylphgspedramidechexprropylprpsplavemide onpomiabndphesphingeoxide,

radi cal -i ng reacti i:pcl . i nes that contain one or nore
julolidi nyﬁl%#gﬁcehtrl?@%ofsﬁlgﬁi?{lger’?F%%rmetlgres f;}'g'lle § and salts of aromatic sulfinic
aci ds. However ,Prefarred alkplarydtacite eais,indline el ect ron donor conpound can al so be

omtted, if des%ﬁg%gﬁr e le, to inprove the shelf stability of the
phot or eact i ve SPGB o modi fy resolution, contrast, and

reciprocity). PxgRes-CeH,)BI'@1L5,0n donor conpounds for acid-induced reactions
i ncl ude 4-direthyl am nobenzoic acid, ethyl 4 15 di net hyl am nobenzoat e,

3- di n#t hyl anmi noteRie{CeHabi @;Cdlodi net hyl ami nobenzoi n, 4-

di met hyl am nobegzal dehyde;+ 4- di met hyl am nobenzonitrile,

4- di net hyl am nopﬁer(let Iﬂny% :al cohol, and 1, 2,4-trimethoxybenzene. It is within
the scope of thisBimed)NotsHnat either the el ectron donor, the electron

20 1 or gani ¢ PartPoatopo e CRRZOEEECRS, se i n the composi tions of the
i nvention are desBHGEN (CH;)(EKapOLO(CH), WS, Patent No. 5, 648, 407. _
"n chibm cal conbBa PO CHP ISR B  at 1 ons. 25 areaterthan about
10% by wei ght i A, Bh@ecommpRT (BN, | argely transparent at the
ArB~(CeHg)N"(CgHir)a
ArB’-(CsHo)N"(CHi)s
(p-CH30-CsH4)3B (n-C4Ho)N" (n-C4Hg)s
20 ArsB-(C4Hg)NT(CH3)3(CHa),OH
ArB (n-C4Hg)sN*(CH;)y
ArB(CoHs)N'(CHa)s
ArB(n-C4Hg);N"(CHa)y
Ar;B(C4Ho)NT(C4Hs)a
25 ArdBN(CqHo)s
ArB (CH3)sN"(CH3)
(n-CaHo)sBN'(CHs)a
Ar3B(C4Hg)P"(C4Hy)s

30 where Ar is phenyl, naphthyl, substituted (preferably, fluoro-substituted) phenyl,
substituted naphthyl, and like groups having greater numbers of fused aromatic rings, as

well as tetramethylammonium n-butyltriphenylborate and tetrabutylammonium n-hexyl-
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wavel ength of |ight used for reaction of the nultiphoton reactive
conposition. Such particles include but are not [imted to netal oxides
(such as A1203, zZr@2, Ti®2,zZnO S, and silicate gl asses) g@kg@ﬁ and
netals alloys, as well as other sufficiently transparent noa-ﬂ ceramc
materials. An additional consideration in choosing the 30 inorganic
particle(s) can be the tenperature at which the material can be sintered
into a dense inorganic structure. 34 3 0 MAR 1007 Colloidal silica is the
pref er red WaBtiluorerhienyl)hosate (availdbde undvthe irade, debighatimnh €G1 ¢ hod dal 7458t al

oxi des (f W 1 i 1 zi rconi a, ,vanadi a, antinony oxi de,
tin oxi de,ofr%]ﬁ m >P'? lcjlra Li@%gggﬁo?@é%@,%d g’éxr}ﬁrtels fﬁeﬁeé’ﬁ. The col |l oi dal
particles can Suiteblodtherssarnidahbycompsimi il adeidgde-dwhéthosufphbwilent 4-
transparentc.\é% sucl? as siéi4c5a, or can,5 inclu ef_lﬁ:il core of an oxide of one
type (or al@SHEXFienZenest-arhsetanBexoRuze apdths iike,and @yxrugss theseedh | s
deposist ed Suitablivet@ efctraR @bRR omypids RIS NeRLHmSinh i e, Nﬁrll-fdﬁﬁ&@}vlhﬁéﬁ,' y
col | oi dal ﬁar't!cles can be conposed of clusters of smaller particles.
Gener al | y, NYriphpaylpres | tezamsthydthipsrcay stragthylibipsrdacietramavtylteoureay BNt h of
i ght used, b@yIABRLORANLELALAYIhbRE. I NghAGYENB. Si ze
(aver age partlsrcl_e di‘anet er gggnabg;g%ﬁ\gﬁgﬁ féylﬁg%%%thgssd]%g&gggﬂ$ 10 m cron,
pr ef er abl ydi¢thythieisens end e hidpcamd raxsres thesdobut 500 nanoneters, nore

f bly f 50 . . [
of “col 1 of tal - parerarbL ARG RED el IR ol ARG iR pehBE° POt O

phot apeactamieesabarpostain ael oy erdislodidBiyb@biatids, alklrythRat salROsAAGEREEUS
conposi tion. Sucl} Corrp&)si i ons E1 nimze scattering of |ight during the
phot opat t FAPHY SHHBLGALds. frovegygr, forsheh jrcdiops: hsrehestrop Py caPPpuidi®e es can be

added to tde wUMAS, iff REFed @ordka8ple, b OmprRatie sAddithbi@Ralf R Rk id-g% and/ or
function to the fabricated structure. Such particles "include, but are not

linited tcompREHemPTg mprdifyirejobsionmentrass|aad regirerifyhghistared ecspredaner ¢,

i nsul atin i § b Ca_ i J Co: r ry,

chem cal | 30 Og@'to F‘\%%Fﬁ%g‘g%egﬁ ?%ﬁg{lﬁgérm*etcfmdﬁ%g ent Bgt?gé’%%‘? % ?g’sc?ﬁ}altﬁd particles
f or e@hhandlimgthylemirmbenzmates $denghHar@idobendoit ecidvhdismethyibraimpbangoiof 4-such

N NN M S T TN

Fe203, Fe3ebhoRnst L2a(RARIBAYbentigiean ¢ particles can be obtained

comrercially (for 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.

20
Inorganic Particles

Particles suitable for use in the compositions of the invention are described, for

example, in U.S. Patent No. 5,648,407, Suitable particles are micron or submicron in
size, substantially inorganic in chemical composition, and if used at concentrations

25 greater than about 10% by weight in the composition, largely transparent at the
wavelength of light used for reaction of the multiphoton reactive composition. Such
particles include but are not limited to metal oxides (such as Al;03 ZrO; TiO,, Zn0,
Si0,, and silicate glasses), metals, and metals alloys, as well as other sufficiently
transparent non-oxide ceramic materials. An additional consideration in choosing the

30 inorganic particle(s) can be the temperature at which the material can be sintered into a

dense norganic structure,
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exanple, from TPL (Technol ogies to Products), Al buquerque, NM Materials
Modi fication, Inc., Fairfax, VA, and Nanophase Technol ogi es Corporati on,
Burr Bridge, 25 IL) or fabricated using techniques known tgqtfmsgpkilled
in the art and/or described in the pertinent texts and literature (see, for
exanple, R A Andrievsky, "State-of-the-art and perspectives in the field
of particul ate nanostructured materials", J. Mater. Sci. Technol. 14. 97

(1988)). O her | .#mon- anic i cl.es include magnet netal s and
nmetal  all oys |§@Fm%ll ﬁlglg%osﬁﬁ{%rgmfﬁ?@ HE A5 H’Sthf BBt %bt T Co3Pt), FePt

i nt er met al tollédaf Ele@PoxidéﬁQfd?eE&mpla,rtdarE&Bhﬁ)ma eedinia, NhlE.ﬂla exRorgnd ternary

al l oys of Ca/,Fe/ N ne r | o rticles can have a
shell of a° ’Eé%g‘ﬁd”“r?ﬁtf’éﬁné‘l"gg hragf? %%et“giaﬁf%ot@étcoﬁ%%}paweécw MAR 2007
from oxi datricRide esSetahlITaGMRld skideakitH GifRSert @BnereRECRRANGY sfiieh, L¥aP! e using
techni ques, described in European Patent Aippl ication No. EP 0 977 212 A. It

will Be apﬁlélr“éﬁf‘ cerg o AROXIRS Pl &g tyme (Precass P Qma&e“@éﬁ]ﬂe&ﬁhﬁ"t&ypﬁél axide) nor gani ¢
particles cafich %&&%kd%%?zd@gm%@c%eﬁﬁﬁ Iy Bkl Q)htggﬁgvé?ﬂo" oi ni tiator

system (for exanple acting 5 as an el'éctron a ce to terfere with
the mul ti ptaioiial paritles tmltbﬂ&bmdospﬂof dngers bl ﬂmlleﬂ'hatleltm(éntdaéy,ambi nati on of

the partic | Nox nic L es, and hotoinitiators can
pr ef er abl yllyl%)ﬁac16 0S e“%‘%tr T arggr%?l rghlfcﬁh ?Vgiefléwnﬁélghtp"}s? 4 féé: PQFI Bm?}mé??er abl e t hat
the col | oi thalcompssitionl a8 cherangt Atsizchverdgeiphoic didingeéry Gotbout BTN N
substantial | y non-a icle ag gation can result in

r e t ed, as
preci Pi t at P%Wme‘ewogg |“BFF°“d?re raatyafﬁ'ﬁ’ﬂ Aoy h&?@‘&%tqrﬁtosaépumogCOQ ty.

Phot or eact h(@meRFD AR ﬁr@l%?abl)nﬁénﬂ%m 19%5ﬁdn§élt§§tok5’b¥hﬂg§0%a§&9§t€:§nt ially
nonodi sperse or a substantially binodal size distribution are preferred.

Thus, a paleppatatien 9f codsidebpsirecled haying dhie ppagifieddizesrapgyinipstbe i n preparing the
COnposi t i Ogiﬁt&fe%glp@ccgﬂﬁ’ B QE14NC quﬂg&tﬁﬁg&eﬁ%f hér&?%eg?cms %m%{;élh&l es (for

exanpl e, I'spersi'ons of 1 norganic Iqui'd nedia),
especi al | y Swabil compbsiaersmpinoeize siattérow. of lighiScihg ﬁml psxomamdnmngpm@eased by a

f d de.h |
(aner € vat er - sevtabana By hefmbe it cbheinstll B2 cmlrattif yhate"” °
l'iquids ar® ithpedhddinedl ﬁﬂopﬁflessﬂidﬁ)rM&ﬁﬁletotth@fabhéuudistmtﬂlmSut}npdrudas bot h

wat er and an organic ||lquid). Se for, exanple, the descriptions of the
t echni quesNahde-P8F 31§ ngfi reited 1R, ab@rgmgmaﬂwiewrtw%sev@ EEnchs, |°g<‘r§ctra°nd 4,522, 958

(Das et al jpky|dtngMeiekoedl trld) R8@e@LtiE R cBRontfe, refractory, chemically active,

biocompatible, or luminescent properties; and particles for enhancing mechanical strength

20 and toughness. Examples of such functional ceramic particles include MnFe;Q4, SmCoOs,
NdFeB, PbZry 5T 504, BaFe;;019, BaTiOs, SrTiO3, MoO3, WO;3, SiC, Si3N4, MoS,,
Fe;0;, Fe;04 and Cas(PO4);0H. Ceramic particles can be obtained commercially (for
example, from TPL (Technologies to Products), Albuquerque, NM; Materials
Moadification, Inc., Fairfax, VA; and Nanophase Technologies Corporation, Burr Bridge,

25 IL) 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 field 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 (CoPts, CoPt, CosPt), FePt intermetallics (Fe;Pt,

30 FePt, and FePts), 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
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20 Iler in The Chemistry of Silica, John Wley & Sons, New York (1979). Due
to their surface chem stry and comercial availability, silica hydrosols are
preferred for use in preparing the conpositions of the invention. Such
hydrosols are available in a variety of particle sizes and cdh&hibldt i ons
from for exanple, Nyacol Products, Inc. in Ashland, M.; Nalco Chem cal
Conpany in Qakbrook, Ill.; and E. 1. 25 duPont de Nenours and Conpany in

W I mngton, Del. Concentrations fromabout 10 to about 50 percent by wei ght
of silica immwidatiomr Buchenegnalid yartid@foah be pichhred BsteRRbpBLLARSBIiqudsr oM about
30 to about,_ 50 i ght percent bejn eferr as there is less water to be
renoved) . fl?scrd%egﬁl;‘gafwg?qfﬁ?tWHL@gBF OC%OEg”'é}%ared, for exanple, by
partially neuthaliil B Mghasdht BUHRQKIScS M tHE L@ haPler@h t?‘)éﬁ%’fiindf@{n?é pafididscate with
acid to a pH.of about 8 or 30 such that the resulting sodi um content of

9
the sol uti 61 P&rackysh eemmponsps of th(e nyBtiphetan mhgtoinidatghtystsmsEat esamploditing oxi de) .
Q her gret hads, dfctBh GRRploPGndiihikGae Wﬂrtﬁéﬂhnﬁphéteﬁ-pﬁﬁggpl hééregct% MAR 2007

el ectrodial ysis, ion exchange of sodiumsilicate, oa%(/isﬁ s of siTicon
conmpounds, Thereforti the oprabingionof thel rertentan inoggahicqerticias end deonilbgehtdry | | er,

supra. Pre the r iye resin.sol nerally requires that at

| east a popﬁ@hj‘t%@rﬁ]ag p regﬁrfl ?@?g “OF°Y e oﬁ”&lé%?fﬁzﬁ%ﬁ'i cles be nodified so as

to aid in the dit$sogirbietableythafihd dodiofdapmrtidlalbeselativdhenifersiinsizd Md surface
nodi fi cati on can, be eﬁfect ed bgqt%ﬁri ous different nethods which are known

in the art MEgLRPsARially POR3RReEY! o ASRATE e RBETRRATPT A P U D PECHITAYes
descrigoed pdliakibr;or P@FamaNe Sncrehs@R kol s okik ?\:’h%)thcﬁéb@tlée Rdpodend 'Q@lﬁ(liiﬁé al .). For

exanple, srlica particles can be treate monohydri c al cohol's;” polyols,
or m xt ur eBtiglerdiaviste A ybetmsialls mpnodispsatewr aseitantiplvabipodilsigedtisritmtider

condi ti ons at ' f - icles
chem cal | yaﬁgﬁégﬂ%\%&t ﬁhé§§?8§%P38F35%§8?§%3§ u?:cggssfgr? 5521539 %Q%H%gﬁést er
groups. Theomspsitiaoeoiohe sivkntoa iftdudecbhar invegaaic prtiodka)(fqparimple eslloidan al so be

G R T AT T NENE CITE e
for exanpl Such soks@ambé plcparad Bpa vIRULE S tadiRiapall ie achrial bachnsgvllieh t he surface
of the parti cldggﬁggwﬂ% éﬁlccher{i cal bontﬁ ficoval ent or ioni g% orr by. a strong
physi cal bBRY Ter WAt SETYE T A T ad msdrimg BeRIosHls PrlsTe praan
resin(s). [[Hea48MedVah niMQIORIWhAL R lloRidtROEER AN udeE 86BMWAAS and an
organic liquid). See, for example, the descriptions of the techniques and forms given in
1.8, Pat. Nos. 2,801,185 (Iler) and 4,522,958 (Das ¢t al.) as well as those given by R. K.
20 ller in The Chemistry of Silica, John Wiley & Sons, New York (1979).
Due to their surface chemistry and commercial availability, silica hydrosols are
preferred for use in preparing 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, l1l.; and E. 1.
25 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
neuntralizing an aqueous solution of an alkali metal silicate with acid to a pH of about 8 or

30 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,
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When aromatic ring-containing epoxy resins are utilized, surface treatnent
agents which also contain at |east one aromatic ring are generally
conpatible with the resin and are thus preferred. Simlarly other netal

oxi des can be treated with organic acids, (for exanple, 20 oIe:%@ @l or
the organic acid can be incorporated into the conposition as a F@%Z ant .
In preparing the reactive resin sols, a hydrosol (for exanple, a silica
hydrosol) can generally be conmbined with a water-m scible organic liquid
(f or exanpleiectradialzsis otrobychamgehd sodiamisiieate Ketiohysis afrsiliebt corhpjundsyednd opt i onal |y
(i f al cohol,.i sed. as the qrqganic |i.gujd a surface treatnment agent such
as an orgar%ibsgﬁflg%ocfe%@éazﬁ@tcg?%r ?FS&T’% ‘92)#1:‘361 SUBIY/ or the 25 surfacg

treat ment f ageﬂt Pfh@arfagemeft?é lraﬁ.cﬁ)& rtdﬁ_ﬁﬂclaligﬁn@ﬂl}arﬁ@guﬁ t}(gs?tu@hﬁs!napoﬁb?beast a o
portion of the rface of the particles is nmodified sufficiently to enable
Phe f or mat B! dedperrac padiclet peaodifed 19 B4y a\galbzm KPR 06 Rewi t h

reactiye r gﬁhmes i h8 F &AL suhfie ABBUMBAtioR can B SRR BNALiBEs diff§RhtTeNt agent
is selected so as to provide particles which are at [east about 50 wei ght

per cent nretisdthaslg wdech(akpknoayreimsheeart. §9dej Hayxampde, shepruethes mpdification | east about
30 75 weig e I e { nmount

suf ficient qécgﬁﬁpﬁse&ggﬁ?éﬁgpﬁIggtggfj\gi?’@gng%m&g?@fé%w%géb?ﬁr %Q{- rent agent.)
The resul ti ng nFet exampicasilithpatides candateded oith emmekyduatatohbly, i, bt ati on or

by azeotropi.c distillation.and can then be 37 0 .MAR 2007 i,ntai ned at a
t enper at ur émé?‘fesft%‘?cogzgﬁ%r aé’?  ABBUTAAFOIRETY 6]190%9?);)‘&’1?[0%?“%&?“? %ngél? npl e,

about 124 hQusi] bRupNDINE stfffclof BRipaAitics Qhengit 1B bond Wethagtionn) grofipsttie al cohol
and/ or other surface treatnent agent with chem cal grOUpﬁ@i?l@gt he . surface of

the parti clrsaducasirgicgbenied sgengfowsy Abbiiblce b Prigie A ) BEHLE have
surface-attgg E@gbé’{reﬁé{.ﬂ’ ARG 8t QQ&Q%S%Q%&T&)F, gl)kgf QRSsilatsSRialigkerred to

herein as "substantially 1ndrganic” particles). The resulting organosol can

t hen be contylsibadesybt iatkoxe alkyisiaes.@s withaiter chrmior gampenndp, fgued@mp&oved by,
for exanple, usjng.a rotary evaporator.. Pre Y, ¢ ¢ liquidis
%ag{){ltﬁgatﬁnal },c% e capglﬁf: 8? eg%{:}élﬁ%éorlgg Elﬁpacy b)% %P?aﬁ%gggﬂi &

renmoved byoﬁ vacuaum ure su rent to renove even
tightly- batiadickiadoat (dovalangmamgci @ by Ststromppiygiclitved, addviiénpeckemicaly can

o i 21 g CABVAHEHIRE ARG B, At Sy RTORT oo RO RN m ¢ he
art such asyhal dromhtid AifieonBaifiah bpdRylrbdiitue BilaheRdEhce tFlathhdhgagedrstwhici ng or
any other halls%r::orsltgglaa{t lerzstxolng %ro%gi%eri%z afeagr:m?rgll)lzj gggpa}ti len\}fi%(h tﬁl? (raesinna%rd%?entll'lgs
preferred. Similarly other metal oxides can be treated with organic acids, (for example,
20 oleic acid), or the organic acid can be incorporated into the composition as a dispersant.
In preparing the reactive resin sols, a hydrosol (for example, a silica hydrosol) can
generally be combined with a water-miscible organic liquid (for example, an alcohol,
ether, amide, ketone, or nitrile) and, optionally (if alcohol is used as the organic liquid), a
surface treatment agent such as an organosilane or organotitanate. Alcohol and/or the
25 surface treatment agent can generally be used in an amount such that at least a portion of
the surface of the particles is modified sufficiently to enable the formation of a stable
reactive resin sol (upon combination with reactive resin). Preferably, the amount of
alcohol and/or treatment agent is selected so as to provide particles which are at least
about 50 weight percent metal oxide (for example, silica), more preferably, at least about
30 75 weight percent metal oxide. (Alcohol can be added in an amount sufficient for the

alcohol to serve as both diluent and treatment agent.) The resulting mixture can then be

heated to remove water by distillation or by azeotropic distillation and can then be
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particles with the reactive species. 15 Preparation of Milti-photon Reactive
Conposition The reactive and optionally non-reactive species, inorganic
particles, multi-photon photosensitizers, electron donor conp£@8®§ ﬂ?

el ectron acceptors can be prepared by the nethods described a 8&

ot her nmethods known in the art, and many are comrercially avail able. These
conponents can be conbi ned under "safe light" conditions 20 using any order
and manner of conbination (optionally, with stirring or agitation),

al t hough |mammusameatdmrmefoﬁrfamxamﬁfermamh@ for & péreodaTdict beipd, stability
st andpoi nt% add the el ectron accePt or last (and after any heating step

that is op hoah%ﬁ ]P‘i}‘r%@éﬂati’l%t}\ea{ﬁ‘?cpplﬁ gre heﬂinéf'é%ﬂ“&]tl) Irihtlcdohard/@oissnent s) .

Sol vent cagrfage H&RMentlal Ig%{hr@lgmcg[ E‘rplg i n so as
to not reactr appr ecf%b ?/ W th thle cég b ﬁ’grgtés@%)%wﬁfeth%gér%gg% ﬁ%ﬁ%\g@e Sui t abl e
sol vents i WYE@}@SOlfC@mPexlagrpméwleawéththeve sifedd-atacktdre verfacartdndeiedroanid ri | e.

The react S Lf. can rretl nes, ser e.as a solvent for the
ot her corrp%%g S@g&%ﬁrrédtt%%e%hne"ﬁt g&os}%mtl fe MUY rﬂ‘? )phot oinitiator system
are present | n Iﬂmmhgmrg:mlow cet fhes bé ventdnmiunitsa (casidatiinest @bemahic

General ly,,. mul t%mp oton eactl ve conpositi on ontains from about 5%to

about 99. 7'@% IPRE BBl oi SR 0TS E PRIoK Gt eahlyithecorgamindignio it 0. 01 %

to about 1R%cbyd weh@hﬁ% RhdeP DEuin t%ﬁ@nﬁh@&r@%@ﬂﬁ%ieﬁ! 16 9EmodeNeh BERBLY, from
about 0.1 %to about 5% nore preferably, fromabout 0.2%to about 2% ; up
to about 1@@5?0%]3@%@@#@%@“@@%%5éﬂ‘é@ﬁwmt%ﬁ@ﬁ g@@ﬂﬁ%bmlec@és@ 0 MAR
2001 40( pr efap dbbimizd FBBvaRAYHIIL whith ably, from
aboutwo.l (%to agl?)lz E:?Iggv; wgagro%%al%)oﬁxtﬁglgﬂ%g%ﬁﬂce oﬁ?fﬂfi /SB wei ght of one
or nore elé&@mmwehfcmeﬁrpmbmmnehee&ﬂaﬂublyas Ha&IOMIaigoMolellhﬁg tBIalzeludert 5% based
uponthetota oSl ti i he t.otal

wei ght of Cont ﬁ}étﬁl?p &go(fr t glégl?e\?emx)mg THe“Phot %?Je]%é? 323 1&‘8?%6‘8‘& tionis
| oaded wi tﬂsnnb:ﬂémﬂmh@:@]:n%@l@des?.S % by volume of inorganic particles. A

wi de variety of additives can be included in the nulti-photon reactive
conposi tions, dependi ng upon the desired end use. Suitable additives include

sol vet s, nghmmhs)m.ﬂﬁtmmbnm%écOmp%hbﬁl zers, pignents, dyes,

t hi xot I’Opl C agents, I ndlcators,
The reactive and optlonally non-reactive species, inorganic particles, multi-photon

photosensitizers, electron donor compounds, and electron acceptors can be prepared by the
methods described above or by other methods known in the art, and many are
commercially available. These components can be combined under “safe light” conditions

20 using any order and manner of combination (optionally, with stirring or agitation),
although it is sometimes preferable (from a shelf life and thermal stability standpoint) to
add the clectron acceptor last (and after any heating step that is optionally used to facilitate
dissolution of other components). Solvent can be used, if desired, provided that the
solvent is chosen so as to not react appreciably with the components of the composition.

25 Suitable solvents include, for example, acetone, dichloroethane, and acetonitrile. The
reactive species itself can also sometimes serve as a solvent for the other components.

The components of the multi-photon photoinitiator system are present in
photochemically effective amounts (as defined above). Generally, the multi-photon
reactive composition contains from about 5% to about 99.79% by weight of one or more

30 reactive species from about 0.01% to about 10% by weight of one or more
photosensitizers (preferably, from about 0.1% to about 5%; more preferably, from about

0.2% to about 2%); up to about 10% by weight of one or more electron donor compounds
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10 inhibitors, stabilizers, ultraviolet absorbers, nedicanents (for exanple,
| eachable fluorides), and the |ike, The anpbunts and types of such additives
and their manner of addition to the conpositions will be famliar to those
skilled in the art. It is wthin the scope of this invention taq el
nonreactive polyneric binders in the conpositions in order, for exanple, to
control viscosity and to provide filmformng 15 properties. Such polyneric
bi nders can g ng ally be choosen to be conpatible with the reactive speci es.
For exanpl &r é’@ {)’rr@?‘incabﬁi‘trﬂdbﬁéo thoat 1Qpianere praftrebly freh ebefd Yslabentt that i s
used for t I bV j i.onal_.groups that
can adversglﬂ?f ﬁgﬁ‘o gnciﬂ)o'? ﬂg?ﬂéﬁﬁﬁ E@g?%?z&%@ﬁ%éﬁﬁrﬁoré gfaégt%(limv%%%pﬁ%éi es, can be
utilized. Birefdrebly, Gam abeutdX 1% to siwuti%) Basedvepophthe ©til wakiheof wlidchitkve desired

filmform rLie olution 20 rheol f or exanpl e, nol ecul ar
wei ght s be?&v\]élgoﬁmg)géﬁtat 1%,}8%&%3@1%? B%Wﬁben%a(ftﬁ%ﬁgé,“ SOL‘?"@éer ably between about
10, 006G and 500, Tiphdalréaptiss camporitioh &f 16adal with Heevess @D 18bad 75 4 ByA8RinRNd

250, 000 daltt.oné%_‘y Sui.tabl e pol yneric binders include, for exanple,
pol yst yr en& MYEMIE RALASS et hacryl ate), pol y(styrene)-co-(acrylonitrile),

cel | ul ose acet ag eviddowrifyadraddiag dali 8e tckRed BULE ARIERLNANY RAGHVE POl yneric
bi nders, if present, can be included 25 in the conpositions up to 90%

pr ef er abl ycaipprosiionsdigpapding uppethedasired enpuseo Sa0oblpgdditiedsgdudsfsotviarisit ot al
conposi ti og; i QL Q. 0 : b [ ct] fofel itions can be
appl i ed ongléueﬁ{ssij%gl? gr’%tugfégi ? M%%’szle%séﬁ fgmgllfltg’aaﬁggc[)lﬁg(gh%gcr %gén’%{ﬁ’ ‘g“?‘%a%%r i cation

met hotds. Tinbibitorspsiahitizeon slteaividd ebsodem, medichyerdoédi axgmpit, ladsbikuch as spin,

knife, barg revers ol. nd_knurled roll.coatjng, 30,0r, by appl.ication

met hods s ub ATk Se)d?@ﬁf‘%hifé’i S {i,a“ HPS%,?%@& ﬁd&g“ﬁ? Ay &E’tﬁf‘%laﬁf‘% %oating and
the |ike. Alditmnatiewehypositig willrReIshiliaon tkas skifedpnhé &d dr op-wi se. The
substrate can olbe mde of any suitable materi al (e.(le., gll ass,  fused silica,
or silicon) andtESaftithereenepiays mventignte pghyde neprggriiye RPlY@eyePINdey Nof fi | ns,

sheet's, ang@bARssithins fip6Asn f&l%pgmé,ngcmmvik%iég%é foGitb Al ARk AL On and
the method of exposure to be utilized. EXAMPLES 5 Unl ess otherw se noted,

cheri Bal s propaitiesn Sunk pelyapit bindoe ren geoanaly b¢ elidsen todeaiomphlitde fMitbheAl dri ch
Chenmi cal %acti#sﬁ%k%@r ex%ple?’%l%m%rié gik&erm%t a1 'il?{hle&me solvent that

is used for the reactive species, and that are free of functional groups that can adversely
affect the course of reaction of the reactive species, can be utilized. Binders can be of a
molecular weight suitable to achieve desired film-forming properties and solution

20 theology (for example, molecular weights between about 5,000 and 1,000,000 daltons;
preferably between about 10,000 and 500,000 daltons; more preferably, between about
15,000 and 250,000 daltons). Suitable polymeric binders include, for example,
polystyrene, poly(methyl methacrylate), poly(styrene)-co-(acrylonitrile), cellulose acetate
butyrate, and the like. Suitable nonreactive polymeric binders, if present, can be included

25 in the compositions up to 90%,; preferably up to 75%; more preferably up 1o 60% by
weight of the total composition.

Prior to exposure, the multiphoton reactive compositions can be applied on a
substrate, if desired, by any of a variety of application methods. The compositions can be
applied by coating methods such as spin, knife, bar, reverse roll, and knurled roll coating,

30 or by application methods such as dipping, immersion, spraying, brushing, curtain coating
and the like. Alternatively, the composition can be applied drop-wise. The substrate can

be made of any suitable material (e.g., glass, fused silica, or silicon} and can be chosen
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avai lable from G ba Specialty Chem cals, Tarrytown, NY under the trade
designation CA 7460. Diaryliodoni um hexafl uoroanti nonate salt was
commercially available from Sartoner Conpany, Wst Chester, PA ;M}\(ﬂ@ 7t he
trade designation CD1012. Al 10 preparations were perfornmed udd ge
lights to prevent premature curing of the conpositions. PREPARATORY EXAMPLE
1 The two-photon sensitizing dye, bis-[4-(diphenylamno)stryl]-1-(2- 15

et hyl hexyl oxy), 4- (et hoxy) benzene was prepared as follows: OHI~/~ " 0 HBr
P(CEt), BfrorhemalldettiedeofidilmsOsheets, and @heDsuxfades2depbhdihgupénGhe pdrtio)l@0P ~O

PO(OEt)i O/, .N. 3 1- et -4- ( 2- et hy). hexyl oxy) benzene (1) 40 3 0 MAR
2007 A m'?&pﬂga&logﬁnit}\?&%}g@%ﬁ%ﬂ%F&ﬁ%.u%lll ﬁ 0.8 nol), dry potassium
carbonate (166.7 g, 1.2 not), acetonitrile (800 nL), and 2-ethyl hexyl

brom de (1%%@ §.8 not) was stirred nechanically and heated at refl ux
for 4 days® E ooling, the mxture was diluted with water (1.5 L), and

then the or ganignpRaaRrVRe nsePhahRAlk udddan %l&%ﬁlek ARIcomsera@xly acted 5 with
hexane, and the conbi ned organic layers were washed two times with 1.0 M
NaOH available from Aldrich Chemical Co., Milwaukee, WI. Borate salt was commercially
available from Ciba Specialty Chemicals, Tarrytown, NY under the trade designation CGI
7460. Diaryliodonium hexafluoroantimonate salt was commercially available from
Sartomer Company, West Chester, PA under the trade designation CD1012. All
10 preparations were performed under safe lights to prevent premature curing of the

compositions.

PREPARATORY EXAMPLE 1
The two-photon sensitizing dye, bis-[4-(diphenylamino)stryl]-1-(2-
15 ethylhexyloxy),4-(methoxy)benzene was prepared as follows:

0

OH
P(OEL),

HBr 0
e — —_——-
fomaldehyde xﬁ
0
2

Y 0
e U0 o'

X

o
s

0

1-methoxy-4-(2-ethylhexyloxy)benzene (1)
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and water. After drying over MgSH, the sol vent was renoved under reduced
pressure to give an orange oil. The crude product was distilled under

reduced pressure to give 152 g (80% of a clear oil. (bp 135-31@%@ 0.4
mHg) . 10 2, 5- bi s(br omonet hyl ) - 1- met hoxy- 4- ( 2- et hyl hexyl oxy) beh 84 Z@Q)
m xture of |-nethoxy-4-(2-ethyl hexyl oxy)benzene (50.0 g, 0.21 not),
par af or mal dehyde (30.0 g, | not), acetic acid (100 nL), and HBr (30%in

and. the par af or ALPRGHY AC+ mirResrsal (e Erghi Y goiiesish cerame out i on

After 4 h agf1.20ndD, aédmlma@snom)m 21cﬁh}qm5;ﬁ@kohmer(@mtge@v%{cﬁ)wz{s%mwe
m xt ure was dl‘l ut ﬁé&lt'lh met hyl ene chloride (500 nL), ~"and the organic |ayer

was washed "Mpaee Htadrt Wﬁl“ér orthdpysnd Bengophing dha mixtee wandiHosBWItAf t er
drying overy I es L), taﬂ@ tl%ﬂlﬂ‘{@&tgaﬁ’i@ﬁha{s@ WQ%’ §é aldfade 'Th%{' %ﬁg@ Ia&r R’?als %xtrééﬁld | ow

solid was obtai ned which was recrystallized fro
yel | owf whi taéth hsmeand(thqccan@neMg%xc laggys Meteemacd el tymes w1th 1 o M NaOH

2, 5-bi s(chlLoy g ( benzen

synt hesi zehXQ %cg%;r ﬁ%}rdtj%qgr oég)e%%érbe‘%&le%ab%gwaé e&é%éﬁ gergecﬁ'@fﬁr?)%meﬁﬂosphl ne
derivative g(\@)anAramgxbl]lr Fhotruds probis (ak tistiltsdainkyl rpduicedpicsainy todei{e2i 2%

et hyl hexyl b (2 8 d triethyl phosphite (37.4 g,

0. 23 not) @@é))ﬁ ﬁlrp?,'lglsg')%g gratn(g?ff2 ]%ﬂn)ter cool ing, the product was
heat ed under hi gh vacuum to renove residual triethyl phosphite. A thick oil

was obtai ned which slowy crystallized after several days and was used
wi t hot? f urt her 28dtis(braaemerhy i -mpthoryii(dwihydhexylogy)bgozens (B 0 MAR 2007

mxtlre of photb T der | Ve AAar PR By ndoh T, ppplgneene (4) To 2
di pheny! anpaefoenzldeidehyde0 610meY, agetiagid(tafoiD), andritBrdB9*tisaeaipddofidr an (400
T e 2SR BOORE 98 T Bh l I BpRl o,
t hen t he sdisvendd ssaplatapmy gidle uma@nge sohgioh MATMAL Bat 101N thelrkaovas waslded to t he
resi dl115€, aggolg t% rm)ri(ltteunrq:?ergf\c@rse. %E: En?:\(i:t%r%%ass %\llh?treg with methylene chloride (500 mL),

and the organic layer was washed three times with water and once with saturated

NaHCO;. After drying over MgSQ,, the solvent was removed under vacuum. A pale

yellow solid was obtained which was recrystallized from hexane to give a yellow/white

powder (71.6 g, 81%).

20 Alternatively: 2,5-bis(chloromethyl)-1-methoxy-4-(2-ethylhexyloxy)benzene can

be synthesized according to procedures in U.S, Patent Neo. 5,189,136.

Phosphine derivative (3)
A mixture of 2,5-bis(chloromethyl)-1-methoxy-4-(2-
25 ethylhexyloxy)benzene (28.26 g, 85 mmol) and triethyl phosphite (37.4 g, 0.23 mol) was
heated to reflux for 6 h. After cooling, the product was heated under high vacuum to
remove residual triethylphosphite. A thick oil was obtained which slowly crystallized after

several days and was used without further purification in the following step.

30
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times with nethylene chloride. The conbi ned organic | ayers were washed with
brine, dried over MgSO4 and the sol vent was renoved under vacuum The crude
product was purified by columm chromatography on silica gel using 30/70

met hyl ene chl ori de/ hexane 10 to give a bright green solid (14.38M4R 2880 .
PREPARATORY EXAMPLE 2 Preparation of the silica-epoxy sol is described. 100
g of NALCO 2327 (approximately 41% aqueous di spersion) from Ondeo Nal co
(Naperville, IL) was placed 15 in a round bottom flask. A prem xed sol ution
of 225 grans of Bis=IAddipheyylamingstayibl-(2rathythe@silogy)atienethoxy)benzene (4)

tri met hoxyphenyirsi Lang (& | S .0f. Si er am of 'silica) was added
under medi um ag#?gtl onreoo\% ggsfmégrd?%gahg? k%ﬂ&%&d?{e@méh% resul ting

non- aggl ondiphtmihmiscbentaldehyda sl 2tiday, a8l | aim&Y-aAb Gryftewratgpifeh (EI0GRLY) Wk hour s
and then dri to yield a white, .. p I . T&g/treated silica was_added to
de- i oni zedaéé &rop f?djog“%’f’f“ité’él’t"t"bdeégm ifetrgpydegtyrantg gt By Téirred for
3-4 haur s, mdretiRRtiAELd R ol abtobmAtmpRRATe BRFR HAbNWES: WYEEMb G underThe
silica was filtered off, washed well wth additional rinses of de-ionized

wat er, andY2pme Vale{A0Q A weg adder fte, the vesidug) and dhesmixturg waes extnsted s2Gra 5%
sol i ds) usiipg@s &idi ik | : m; : for 5
m nut es. Thle ?e]stgint&:ﬂlr%&l gi%fsllgg?girglgerc\}ag%ll%é\?re%g%yfzse‘gﬁg%ﬁ %\A‘/’Z‘Qg lft?rgwéit for a
m ni mum of digdoovgo eSO Théthdiselyent svas remvevsd hinder epmuint, Hitewgidegmeduei wason Gel man

et or m neal B PR b B EAG len S nSRE (oG DR TR ERIFG 10 o of

si | i ca wastoagidedbrighy geeS folgl (0f1.4¢wc86%4@). | phati c epoxy resin avail able from Dow
Chem cal (Mdland, M) under 30 the trade designation ERL-422 1, m xed wel |
and vacuum stripped while slowy heating using a rotary evaporator and oil

bat h and nprEfpaAREPORY EXAM@I E3tri pping tenperature of 130C for 30
m nutes. 0.26 grans of 1,4 butanediol and 1.54 of HELOXY 107 (Shell 42 3

0 MAR 2007 Chefrepairtjongditke silirarepaxded isdssaribed HiQmolNSE68 3327ni xt ure and
s, 191 B eny Bl 00, YRRy FLBPIES o120, VB R mxe
15 in a round bottom flask. A premixed solution of 225 grams of 1-methoxy-2-propanol and
5.04 grams of trimethoxyphenylsilane (0.62 mmols of silane per gram of silica) was added
under medium agitation over a period of 5-10 minutes. The resulting non-agglomerated
solution was heated at 90-95°C for approximately 22 hours and then dried to yield a white,
powder. The treated silica was added to de-ionized water (100 g sitica to 300 g of water),
20 vigorously stirred for 3-4 hours, and then allowed to sit at room temperature overnight.
The silica was filtered off, washed well with additional rinses of de-ionized water, and
dried.
The treated silica was dispersed in acetone (20-25% solids) using a high shear
Silverson L4R mixer set at 3/4 speed for 5 minutes. The resulting dispersion was covered
25 and allowed to sit for a minimum of two hours. The dispersion was filtered through one
micron Gelman acrodisc, 25 mm glass fiber syringe filters, and the percent silica solids
determined.
A sample of the above silica/acetone mixture containing 10 g of silica was added
to 4.87 g of cycloaliphatic epoxy resin available from Dow Chemical (Midland, MI} under
30 the trade designation ER1.-4221, mixed well and vacuum stripped while slowly heating
using a rotary evaporator and oil bath and maintained at a final stripping temperature of
130°C for 30 minutes. 0.26 grams of 1,4 butanediol and 1.54 g of HELOXY 107 (Shell
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EXAMPLE 3 5 7.5 g of the silica-epoxy so] prepared in Exanple 2 was conbi ned
with a solution of 0.075 g of CD 1012 and 0.036 g of

Bi s- [ 4- (di phenyl am no) stryl]-1-(2-ethyl hexyl oxy), 4- (nethoxy)benzene (from
exanpl e 1) dissolved in 0.25 g tetrahydrofuran (Burdick & JadKk¥En007
Muskegon, M) and 1.0 g of 1, 2-dichloroethane. The solution was speed m xed
at 3000 rpmfor 90 seconds using a FlackTek Inc. 150 FVZ speed m xer and
then spin 10 coated on to silicon wafer that had been pre-treated with

2- (3, 3- ep?ﬁﬁwa&)w&emhyn addedy this hish Mssapity dxtere(amd nuxed folr 8 imutesvan 30M0A) . The
coated wa tslg,qk?j | 0,: - I .Ut es renove
the resi dugflésug\fﬁ%grl:y&r}%%ﬁghkure ?IjlePdmm?%f g)k%gésg&ﬁ%éésp%gﬁggo%% {r%lantﬁ%% %P%)SO

m crons. Twdicphpweighpol yneri zati on was perforned using a di ode punped
Ti:sapphire 15 |l aser (Spectra-Physics) operating at a wavel ength of 800 nm
pul se w dt I?:‘T)&,«Q@PEESD‘“ se repetition rate of 80 MHz, and beam di aneter of
appr oxi mat el'y rum The optical train consisted of |ow dispersion turning

mrrors, a beamygxpsmpiesil QPL4 t ; ' ower,
and a 60X m cr oscoge ob'lel%a?éib\?e?%w&agg)@gg&%%ﬁats\&tsﬁgﬁlxlinéi?ﬁih%?gmﬁﬁde P
Sﬁrrplzg. Thef 8085 ageCPoREY andld]. 93pey fBis-tA-{hiphenrlapine)sierd] - 6 - ey hadoydéi t i on of
t he m cr, i ive | : J t the
resi n/ waf er(&?{rﬁl?%ﬁ?%%ée%q?ﬁ}eﬁ “Su lsef’s g# g&g\%s&?bz\? teﬁ%ﬁé‘?%@bl@%@@%oused beam
at nom nal gcksat) Munskegon, M3) ang 120 g cDhpdichlorauimine.oTheshlutpnasdsspetlagecd o expose

an array of m cr.on, W de bars with m aci.ng. A second | ayer of
per pendi cu |35$&8 arg fQ\Q%O Sé’ﬁ(ﬂﬁjg &8 8 F&ﬁckf%ﬂgc'ag%ﬁwi eed Fgﬁ“gt‘m? QVB PP Each

i ndi vhglual cbaed wo® saichn Setkrihat habbeb pecreuidngitt 1163, 8ep@8cpnche®Pyi Ng over 25
by one micron after each pass. second coated wafer was expose

1 : A t .
nomi nal 'y ZﬂUltﬁﬁFWPWSiﬂﬁ“ea(Cﬁéﬁ% duHyteyns b m Thy caatedyatersyysra teg spft g@‘%g thucture.
The di nensi;gRg c0fviher BOIiAMd BY&hoveNBE re¥i@sal 3bh&ah ede biRcurdd InSMRRLL:At € was

0.25 mm by 0.25 nm For each successive layer z-axis position was nmoved up
by 15 m cr ores appraximhately €hgridionsnd wi dth were adj usted to be 80% of the

Yo 20 | S A A RS 83 S PO 9 20

15 laser (Spectra-Physics) operating at a wavelength of 800 nm, pulse width 100 fs, pulse
repetition rate of 80 MHz, and beam diameter of approximately 5 mm. The optical train
consisted of low dispersion turning mirrors, a beam expander, an optical attenuator to vary
the optical power, and a 60X microscope objective (NA 0.85) to focus the light into the
sample. The average power delivered to the sample was 16 mW. The position of the

20 microscope objective was adjusted to set the focal point at the resin/wafer interface. The
substrate was moved underneath the focused beam at nominally 170 mm/min using a
computer controlied, 3-axis stage Lo expose an array of 20 micron wide bars with 20
micron spacing. A second layer of perpendicular bars was exposed 15 microns above the
first layer. Each individual bar was exposed by raster scanning the stage and moving over

25 by one micron after each pass.

A second coated wafer was exposed at nominally 240 mm/min in a pattern to form

a 3 layer pyramid-like structure. The dimensions of the bottom layer that was attached to
the substrate was 0.25 mm by 0.25 mm. For each successive layer z-axis position was
moved up by 15 microns and the length and width were adjusted to be 80% of the previous

30 layer. Each layer was created by raster scanning the stage, moving over by one micron

after each pass.
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Fol | owm ng exposure, both wafers were baked on a 110 C hot plate for 5

m nutes and then the unreacted resin was renoved by devel opnent in propyl ene
glycol nmethyl ether acetate and isopropanol rinse. The sanpl g B lightly
coated with AuPd and exam ned using a scanning electron mc W The
devel oped nanoconposite lattice 5 structures had good structural integrity.
The undercuts were clearly visible and the wwdth of the lines was within
10% of the specified target dinmensions. The pyrami d-like structures also
showed good di natlomingatxpbiude bothywafirs sterqiiuked oipa Wes @ betgrlate tbrSmmitnwes si des  of
each | ayer nd de eI e at f the

st ages dur?ﬁr?gﬂ%natggg?ﬁéés[%daﬁ#ﬁg“H%&Eiﬁ?(/g%ﬁﬁ?pqen lth)r%py mgthﬁl[ ering of

t wo- phot o nethmlaym lag€ dopropans rihee. fhe Barapleowak agﬁﬂlycoaladamgﬁﬂhlfd and

t hree- di nensi onal structure |ls demonstr at eﬂ1 %’[tl ce structures created
in exanpl &85! émﬁgas{saégnr}gﬁe SN SHCT9EPRY n ecfie’f BP<E, nANACOMRPSIERHICE ur nace
(Models #3- 3RRidh @gmm&w iRkgauf TR ehdefelis Wiké AbaL _If‘ﬁgibfétana(ﬁ@: Wadfnor 2

hours, and then slowy cooled to roomtenperature. They were

re- exam ne®f tsling V@S%@thOrt/goéthéét’qcé't?dﬁ@ré?té’é,fé@]@@m Thepxramiskliks rrenS| onal

| attice st I

EXAVPLES: 20 T & el (ad ApRAT RN, IS PRtk B b Bk o1 o

m cr oact uatfmeach laperdha s efiabuitd t@rﬁccmmand decldratiofod ¢hic saﬁmts darorgyhsgre est er
avai |l abl e 55 Sart oner Conpany (West Chester, PA). SR368 is

tris(2-hydr oxye% hyl) isocyanurate triacrylate that is commercially

avai labl e from Sartomer Conpany (West Chester, PA). NANOCATTM magnetic iron
25 oxi de iﬁ b&é}iﬁ fl ow ng powder of 40-60 nm di aneter nanoparticles that is
commer ci al ﬁ fabl e from Mach | (King of Prussia, PA). Stock solution A
16 25% PMVA ( 120 0080 sinteinlTor 600 phcksh (6,0 SRAQ08 10 EShrh SAnIREES, 30

0. 25% Bi s-[ 4- (di phenyl am no) stryl | -1-(2-ethyl hexyl oxy), 4- (et hoxy) benzene
(4), 0. 5% ngEawf threggdignensiona sguqitlrem dmsastrrete By lslrgtincares cesidiined and
stirred Unbibuott 3 ROTRIRBFANT: R9PHIiRTh F0b ROKAL PBan fLhicSe asldfhs-355 referred

to as stoc
15 Degussa-Ney, Bloomfield, CT) maintained at 700 °C for 2 hours, and then slowly cooled

to room temperature. They were then re-examined using a scanning electron microscope.

The three-dimensional lattice structure including the undercuts was observed to be intact.

EXAMPLE 5
20 This example describes the fabrication of a polymer magnetic microactuator.

Resin Preparation:

SR9008 is a trifunctional acrylate ester available from Sartomer Company (West
Chester, PA). SR368 is tris(2-hydroxyethyl) isocyanurate triacrylate that is commercially
available from Sartomer Company (West Chester, PA). NANOCAT™ magnetic iron
25 oxide is a free flowing powder of 40-60 nm diameter nanoparticles that is commercially
available from Mach I (King of Prussia, PA).

Stock solution A:
16.25% PMMA (120,000 g/mol, Aldrich), 19.0% of SR9008, 19.0 % SR368,
30 0.25% Bis-[4-{diphenylamino)stryl]-1-(2-ethylhexyloxy),4-(methoxy)benzene (4), 0.5%
CD1012, and 45% 1,2-dichloroethane by weight are combined and stirred until a

homogeneous solution is obtained. This mixture is referred to as stock solution A.
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44 3 0 MAR 2007 Stock solution B: 42% of SR9008, 42% SR368, 15% NANOCATTM
and 1% oleic acid (Aldrich) by weight are conbined and then blended on a 3
roll mll until no large particulates are 5 present and the reséﬁ gﬁ@@z}xrs
transparent. The resulting mxture is referred to as stock sol |M .
Stock solution C 20 % PMVA (120,000 g/nol, and 79.34 % Al drich), 0.66 %

I rgacure 819 (Ciba, 10 Tarrytown, NY) 1, 2-dichloroethane by weight are
conbined and allowed to stir until the catalyst is thoroughly dispersed. 15
g of this solution is conmbined with 7 g of stock solution B and bl ended on
a 3 roll mdihuBlidibn & honogenous m xture is obtained. The resulting
solution is colTéected as stock solution C. 15 Spin coating and

magnet i zation: TRYrrfSRI0EHH2HaBRIES, bi% NANGOAT™)nd 0%dkdleag atid€nidiior) b0
mnutes in a.3. 1 mxture of .. sulfurjc i 8% .sol yti on)  and hydrogen

per oxi de (%/gh sté{euctoﬁqtghnelﬁﬁnﬁ%ff&eflgﬁ %ﬁr@ﬁﬁkwfaﬁéﬁwﬁﬁuﬁ?&wec h dei oni zed
wat er, sri ngir@dgntagahe redih Bppea@pfa@iARAL. , TR MRMRWAWE refdfr¥d tol& sRicRNOt e
adhesi on of the curable conmposition to the silicon surface, the cleaned 20
silicon vvafsglr“go%ﬁe dip coated in a 2% by wei ght sol ution of
3-(trinmethoxysi)yl)propyl nethacrylate in slightly acidic (pH 4-5) aqueous
et hanol (190 proof). The slides are rinsed briefly in anhydrous ethanol,
cured for HtodssalutienCin a 130 C oven, and then allowed to cool. A portion

of stock sol uti gpofnij i n [ .Sh waf er in 25
coated to form gﬁtﬁ? orgn@l F'm eﬁ%ﬁ@r%’%%a eﬂr‘/&q%ﬁa“pﬁdc&%%shqaﬁ}lrgﬁg%%g’coat ed
waf er 19 s sdfatrytobakN¥) il j2-dichlonethatcobyr eeipveard dvenbinsliafd allowal et entil the
(approximately 2 hours.at .80 C), . and., then cooled to.rq tepperature. A
portion of cgﬁaéétkls Q’HFQ}{@E’,«F@C{%&@}i‘%%@é&oﬁﬂ%lsﬁﬂ@bﬂﬁﬁiv@@?%Bgsgg‘éf, waf er and
spi n coat eqoluforf BlaRd BleE@&dHh 3 AVBHIIARET PXoMBeRbs niR it BroBRsned! Nihek on top of
the first layer. The wafer is then soft baked again in an oven to renove the
so resi dualfssgBingsplutonisgolesiglas sock sddadan §n the film The coated wafer is
then pl aced between the poles of a permanent nmagnet such that

15 Spin coating and magnetization:

Thin silicon wafers are cleaned by soaking them for 10 minutes in a 3:1 mixtwure of
sulfuric acid (98% solution) and hydrogen peroxide (30% solution in H,O), followed by
thorough rinsing with deionized water, rinsing again with isopropanol, and then blown
dry. To promote adhesion of the curable composition to the silicon surface, the cleaned

20 silicon wafers are dip coated in a 2% by weight solution of 3-(trimethoxysilyl)propyl
methacrylate in slightly acidic (pH 4-5) aqueous ethanol (190 proof). The slides are rinsed
briefly in anhydrous ethanol, cured for 10 minutes in a 130 °C oven, and then allowed to
cool.

A portion of stock solution A is dispensed onto a primed silicon wafer and spin

25 coated to form a uniform film, approximately 40 microns thick. The coated wafer is soft
baked in an oven to remove the residual selvents (approximately 2 hours at 80 °C), and
then cooled to room temperature. A portion of stock solution B is dispensed onto the
dried, coated, wafer and spin coated to form a second layer approximately 10 microns
thick on top of the first layer. The wafer is then soft baked again in an oven to remove the

30 residual solvents and remove stresses in the film.

The coated wafer is then placed between the poles of a permanent magnet such that

the magnetic field lines are parallel to the substrate. The assembly is placed in a 50 °C
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the magnetic field lines are parallel to the substrate. The assenbly is
placed in a 50 C 45 3 0 MAR 2007 oven for 24 hours to allow the magnetic
nanoparticles to align with the field and then cooled to room § eR@RnAHUT €.
The coated wafer is then renoved for the assenbly. The pernmanent nmagnet has
a magnetic field strength of at |east 0.5 Tesla and an operating
tenperature of at least 80 'C. 5 Exposure: Two-photon polynerization is
performed using a tunable di ode punped Ti:sapphire |aser (Spectra-Physics)
oper at i ng a‘fenafgﬁr%}&u@ﬁ@ta!io‘aﬂhm@gmm ngygpayticias Wrahign 06th theficlpahdden epet i ti on
rate of 80cd¥r o Weﬁgﬁ%}r@r TS cRARE WK TBIE Yertovllor TR, Qgﬁﬁlga’ll'helo train
consists of low dispersion turning mrrors, a Peam expancfer, n opti cal

at t enuat or pargananhmagndh baopmipgrelic fiokdetrengiindf & dasiUDX Tesld andarespetating i cr oscope

obj ective f the light into the sanple. The average power
delivered {e%l@)\?%tégé?éfr% egsﬁ@gﬁS MmN  The position of the m croscope objective

is adjsusted to set the focal point at the resin/wafer interface. Referring
to Figures_3A-3B, the coated wafer is noved underneath 15 the focused beam
at 50 nmf nE¥P°8¥eng a conputer controlled, 3-axis stage to formthe body

505, flexible prmgﬁotééﬁol$aerié%@n isARoRNdBRAONuf /M @BdSHdnpedne hei ght of
the body is 40 mcrons. The laser output is then tuned to 755 rimand the

aver age poWheseppidiedaseePredra-Blbfsicolapsting ¢t E0avelengthad 890 bsy, pelsewidh Mfved under
t he focuse it A9 r . 7....The height
of the curg’ r%g}e %e?]még |smld(;MEr#’cl?%ﬁls. gr @%E@g ’6%‘553@"39%% %%Ol%tﬁgln

devel Wped frain poropid diew glspersion teting migtier beacedxatiedes e oplitadarehutitor todr y
slowy at roomte rature. T er and m.crostructure are aced on top
of an’ el ec‘f%%é’ﬁg&?gﬂ eraf"?dg%gg)}é\@ Impctpiog HE”H‘?%P%E@FCLP&”F&@@‘ 15%4@ 9s

appr oxi nat gkys tat iightesto it JahpleC e QUeragd 1R WEF BEIRARIIUS HR sainple iOPS@Wed under a
m croscope_as the current supplied to the el ectromagnet Is slowy 25

i ncr eased. ThaRostioB of e dnigiosings obiegivaitiaduted tasef thsdosplgionh arbgi on 512, are

observed tQginQakdreabrrRld! RRferRhARFiABed NE3IBUNLE Bhfted WattNSWRASE Hndeltath
el ectromagnet is removed and a permanent bar magnet is slowy brought close

to t h@ undée fasnfeddsamfat fhmoyplirousingheomputer controlled, 3-axis stage to form the
body 503, flexibie prongs 518 and 520, and extension region 512. The height of the body

is 40 microns. The laser output is then tuned to 755 nm and the average power adjusted to
approximately 50 mW. The substrate is moved under the focused beam at 10 mm/min to
form the cured structure 517. The height of the cured region 517 is 10 microns. The

20 exposed wafer is then developed in propylene glycol methyl ether acetate and allowed to
dry slowly at room temperature.

The wafer and microstructure are placed on top of an electromagnet and aligned so
that the microstructure 500 is approximately aligned in the center. The microactuator is
observed under a microscope as the current supplied to the electromagnet is slowly

25 increased. The flexible prongs 518 and 520, and extension region 512, are observed to
deflect out of plane as the current is increased. The electromagnet is removed and a
permancnt bar magnet is slowly brought close to the undersurface of the wafer. The
microactuator is observed under a microscope as one pole of the bar magnet approaches
the bottom of the wafer. The flexible prongs 518 and 520, and extension region 512, are

30 observed to deflect in and out of plane as the magnet is moved to and away from the

structure.
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m croactuator is observed under a mcroscope as one pole of the bar nagnet
approaches the bottomof the wafer. The flexible prongs 518 and 520, and
extension region 512, are 30 observed to deflect in and out g@g@k@ﬁg as the
magnet is noved to and away fromthe structure. 46 3 0 MAR nunber
of enbodi ments of the invention have been described. Nevertheless, it wll
be understood that various nodifications can be nade w thout departing from
the spirit and scope of the invention. Accordingly, other enbodi nents are
wi thin the scopenuptber phembaslienis alihe inyemrtion have Beeo dpgsRbed OYevedhalessBt 1. A
mul ti - phot I I Sl.1 ] L.Si0g; : : organic
reactive §%ggF§§§&%é§j%ﬁg§?@P§%ﬁgﬁgﬁﬁgﬁg%%#ﬁ??%i?gngé%?%ﬁ?%gﬁgﬂgc) a

pl ural ity spirtsubsbantf tht inventioy ganodingdy; bihel ashodivhanseara withes thasdopebfes have
an aver age gﬁ@;icle size of |less than about 10 mcrons in dianmeter and
wherei n t H&° RUPYIESBTSn reactive conmposition is such that nulti-photon 10
reactive radiation will induce a reaction in the nulti-photon reactive
conposition that produces a material having solubility characteristics
different fromthose of the unexposed nmulti-photon reactive conposition. 2.
The mul ti-photon reactive conposition of claim1, wherein the particles are
15 substantially nonodi sperse in size. 3. The multi-photon reactive
conposition of claiml1l, wherein the particles are substantially binodal in
size distribution. 20 4. The multi-photon reactive conposition of claiml,
wherein the particles have been surface treated. 5. The nulti-photon
reactive conposition of claim4, wherein the surface treatnent is selected
fromthe group consisting of silanization, plasma treatnment, corona

treat nent,
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25 organic acid, hydrolysis, coating, and titanation. 6. The multi-photon
reactive conposition of claiml, wherein the photoinitiator system
conprises a nulti-photon photosensitizer and an el ectron acceptor. 30 7. The
mul ti-photon reactive conposition of claim®6, wherein the syStlefRf 08t her
conprises an el ectron donor. 48 3 0 MAR 2007 8. The nulti-photon reactive
conposition of claim®6, wherein the nmulti-photon photosensitizer has a

t wo- phot on absorption cross-section greater than that of fluorescein. 9.
The mul ti-photon reactive conposition of claim8, wherein the nmulti-photon 5
phot osensitizer has a two-photon absorption cross-section at least 1.5 tines
greater thamaiM$rat of fluorescein. 10. The nulti-photon reactive conposition
of claim®6, wherein the photosensitizer is capable of sensitizing

2- et hyl - 41 6 AgPYEPDPOR FEACH e RgRopLign omBAiTge under conti nuous 10
irradgation '(ag RN VVRE RA%0 rdRRespthat overl aps the single photon absorption
spectrum of the photosensitizer V\,ﬁen (a) 0.01 parts of the photosensitizer
are added t®)a& pdgphgionphploinitiaersaiterirayds. 0 parts of a 5% wei ght by vol ume
solution in t -. cul ar wei ght, 9.0-13.0% hydroxyl
content pol ygﬁﬁm%&oﬁﬁé?ﬂggg @%g?@?#ﬁ%%, hyl ol pr opane tri nmethacryl at e,
and 0. 03 peheran therpettivyds-hdydan dvbrabe pdrticle it of lessehimydbous i micaaisrie; (b) the
resul ting cFOl L{t ion is kn{'hf e-(ioaf)ed onto a 0.05.mm CI%aF1 pol ei_lter filmusing
a knife oPFPTE S G edsBRmuILPPOIR CAEVE SPTRBYIAT 36 T i BYC-PR88r ed with a
0. 05101 N CAHRE r4AQkiye SR Indasyereadtion M e aade phdteh rdabveiong@siivh aseft and
tacky coating with mninmumentrapnent of air and exposed through an

i mage- bearAAfcet aRaferalityying splubilingeharaggnstics ddferey fropohessof dhe ykepeeht | ght
froma tunﬁ@ti%oiohgwcus@wﬂ%s%@.vi ding light in both the visible and
ultraviolet range to provi de exposed and unexposed areas; and (c) the cover
filmis renoved and the coating is treated wwth a finely divided col ored
powder to det erﬁ%%lﬁ%g&tﬂﬁréﬁ%&rc%ﬁ:me{‘GlFéf My %Eﬁﬁ#&gﬁh}[ic@ggﬁre .
essentially only to the tacky, unexposed areas of the coating, providing
a vi stal iswbygstedy nespdisgirsegn sioe.

3. The multi-photon reactive composition of claim 1, wherein the particles are

substantially bimodal in size distribution.

20 4, The multi-photon reactive composition of claim 1, wherein the particles have been

surface treated.

5. The multi-photon reactive composition of claim 4, wherein the surface treatment is
selected from the group consisting of silanization, plasma treatment, corona treatment,

25 organic acid, hydrolysis, coating, and titanation.

6. The multi-photon reactive composition of claim 1, wherein the photoinitiator

system comprises a multi-photon photosensitizer and an electron acceptor.

30 7. The multi-photon reactive composition of claim 6, wherein the system further

comprises an electron donor.



that in the stencil and indicating that the photosensitizer caused the
polynerized areas to be essentially tack-free. 11. The multi-photon
reactive conposition of claim®6, wherein the photosensitizer is 30 selected
from Rhodami ne B and (i) nolecules in which two donors are cOBNEBtBH to a
conjugated it (pi)-electron bridge; (ii) nolecules in which two donors are
connected to a conjugated it (pi)-electron bridge which is substituted with
one or nore electron accepting 49 3 0 MAR 2007 groups; (iii) nolecules in
whi ch two &ccepthémislinpboten faeetecadmpesitioefitlaigdt sdeiein thpimuliepeatbnon bri dge;

and (1) PHoRGHIRRe Koty 6RnbR DA ARs AR BNAREEA ol Do fRkugated 1

(pi)-electron bridge which'i's substitute ne -or  nor Sl'donating
groups. 5 12. The multi-photon reactive conposition of claim1l, wherein the

phot osensig i zerp,] & mne,.B. 13 .The l.ti- photon reacti ve conposition
of claim 1?' V\/nerl;hgi%%mﬁggt?rég’@? tll‘(/eecog}%w@%ofi%ga'msgeﬁ@g}t&&’dthf W%’Ph%toﬁr oup

consi st i ngphofosasitizealie s, twophb@a BydoaitRs crosi-yocaoe s, leSP O SitBSes gydafitlthant O et hers,
cyanat e eshae(r%?ﬂgand m xtures thereof. 14. The nulti-photon reactive

conposi ti oA P&, wherein the electron acceptor is selected fromthe

group consisting of iodoniumsalts, chloronmethylated triazines, diazonium
salts, sulfoniumsalts, aziniumsalts, triarylimdazoly] diners, and

mi xtures 15t N&EgBylti-phgtonrgetivg |compesiinoel ¢laiar 6 whergbnihe sihofosensgizecisai m 7,

wherein the el . _qlrig?]%;il_ T .he i sting
of am nes, amcgg%sb?&g%ggr}g%m%?eas, sqgsl %l?(rtf?% ko(?(g%ﬁagglf) gﬁﬂg%l%e?rg{eggﬁ@?&%al ts of
ferrdeyani de, imsbgrdni & acimdvaength trangsathias overldphi the asibglai phogei chbs@2fticaand its
salts, salts of xant

es, . salts of e'il(h | en iamn %}etraaoeti,c acid, salts
of (al kyl)"(ar§fy" 't?%ﬁié’éosf’?fltizewl%e“ )ay Snaﬁﬁc%al%o ntfE, PARICSF I ESE AR i s
i ndependent | y addddomentefirsotutianeogaiatngyd.0 patsadtkay $% (weghti sUolithy sol08HZY) )
aryl, and al karyl oups OSfée rocene, and m xtur tHereof. 25 16. The
mul ti - phot on r”é%lﬁapg(/%&goq% i’dopdli"fﬁ?ﬁ”]aé Iwﬁlgm’f?b“tj@n@f%é}y rqxﬁlemﬁ&l“f P@V@Q‘conpri se
a netal oxi debufyrile03l pard tARkAYoFrbgife ufhetBaPAReOXAT6.08 §afFCmEmYIOf6.a] . 17.
The mul ti-photon reactive conposition of claim16, wherein the particles are
15 bis(trichloromethyl)-s-triazine;
{b) the resulting solution is knife-coated onto a 0.05 mm clear polyester film using a
knife orifice of 0.05 mm, air dried for about 30 minutes, covered with a 0.05 mm
clear polyester cover film placed over the dried but soft and tacky coating with
minimum entrapment of air and exposed through an image-bearing stencil for three
20 minutes to 161,000 Lux of incident light from a tungsten light source providing light
in both the visible and ultraviolet range to provide exposed and unexposed areas;
and
(c) the cover film is removed and the coating is treated with a finely divided colored
powder to determine if the colored powder will selectively adhere essentially only to
25 the tacky, unexposed areas of the coating, providing a visual image corresponding to

that in the stencil and indicating that the photosensitizer caused the polymerized

areas to be essentially tack-free.

11.  The multi-photon reactive composition of claim 6, wherein the photosensitizer is
30 selected from Rhodamine B and (i) molecules in which two donors are connected to a
conjugated 1 (pi)-electron bridge; (ii) molecules in which two donors are connected to a

conjugated 1 {pi)-electron bridge which is substituted with one or more electron accepting
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selected fromthe group consisting of A1203, ZrQ2, Ti2, Zn0O, Si 2, BaTi OB,
Bazr O3, 30 SrTi 3, W2, W3, Fe203, Fe304, MFe2O4, PbZrosTi 0. 508,

BaFel2G0 9, Cr02, Cr233, Co, WMO02, M@3, SnCoGs, and m xtures thereof. 50 3
0 MAR 2001 18. The nulti-photon reactive conposition of clagmnMig,iBherein
the particles conprise netal oxide. 19. The nulti-photon reactive
conposition of claim1, wherein the material has 5 reduced solubility

characteristics .c,$ﬁ_g?r ed to the unexposed nulti-photon reactive
conposi ti ofFOUBY (THRRlsHIcE in Whigh Bre scsariens gee coprAsissite R6AniBgated AIMH-1, wher ei n

the at | ea%kctﬁﬁ'iﬁarfd?@%ﬁ‘(ﬁ) nORLGIE Mﬁcl@tv\ﬁ)‘%c@%t&s %&%h%t@%&gﬁgrﬁgg&éd)m the
o] bl e 0 oners

group consistin addi ti on-pol yneri za nonomner s,

addi t i on- p8l(pirelerzebhredge Whienie substimthdi withorre po mpreeleaainl dengolgyprens,
cationically-polynerizable nonomers, cationically-polynerizable oligoners,
cationically- polynerizable polyners and m xtures thereof. 21. The

mul ti-gphot 0R r edled inulei-ghoasidtive BorBfostioaioftlhim WMeFRIdI tHR@halbsdRast: i9ne
reactive pecies is a non-curable reactive polyner whose solubility is
i ncreased égB‘fi’“&E‘? - or radical-induced reaction. 22. An article
conprising: (a) an at least partially reacted organic species; (b) a

mul ti-photon photoinitiator 20 system and (a) a plurality of substantially
i norgani c part i EneBultipheton igagtine coyapasition ©F clabw &, whereiy dreagectivaspdciisés si ze of
| ess than ] o oo O r i [.cl -nresent in
t he corrposieét?‘igb(glﬁ'tr(li fé(?n ?Eﬁ‘%@%ﬁ? . C?A) yﬁw\?b‘ﬁgmrr%&?lg%s’%g.rrgdf%’ee%g)rﬁtalg’a"gﬁ of claim
22, wher ei pthehecypremie tstets, spdanigwres shesmfect ed from the group consisting of
acryl ates, methacryl ates, styrenes, epoxies, vinyl ethers, cyanate esters,
and mxtures thereof. 30 24. A nethod for making an organic-inorganic
conposi te ¢onprTisd mghi-photon reactive composition of claim 6, wherein the electron acceptor is

selected from the group consisting of iodonium salts, chloromethylated triazines,
diazonium salts, sulfonium salts, azinium salts, triarylimidazolyl dimers, and mixtures

15 thereof.

15. The multi-photon reactive composition of claim 7, wherein the electron donor
compound is selected from the group consisting of amines, amides, ethers, ureas, sulfinic
acids and their salts, salts of ferrocyanide, ascorbic acid and its salts, dithiocarbamic acid

20 and its salts, salts of xanthates, salts of ethylene diamine tetraacetic acid, salts of
(alkyl},(aryl)mborates (n + m = 4), SnR4 compounds, where each R is independently
chosen from among alkyl, aralkyl (particularly, benzyl), aryl, and alkaryl groups,

ferrocene, and mixtures thereof.

25 16. The multi-photon reactive composition of claim 1, wherein the particles comprise

a metal oxide, a metal, a metal alloy, or a non-oxide ceramic material.

17. The multi-photon reactive composition of claim 16, wherein the particles are
selected from the group consisting of Al;O5, Zr0,, TiO,, ZnO, §i0,, BaTiOs, BaZrOs,

30 SrTi0:, W05, W03, FegyOs, FesOq, MnFe 04, PbZrg sTig 505, BaFe 3049, CrO,, Cry0s, Co,
Mo0O2, Mo0O; SmCoQs, and mixtures thereof,
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(1) providing a nulti-photon reactive conposition conprising: (a) at |east
one reactive organic species, $1 3 0 MAR 2007 (b) a multi-photon
photoinitiator system and (c) a plurality of substantially inorganic
particles, wherein the particles have an average particle Siﬁ@ 4 s than
about 10 mcrons in dianmeter; 5 (2) irradiating the nulti-photon active
conposition mﬁth sufficient light to at least partially react the
conpositio hat a material havin solublllty characteristics different
from thosebof {8 MR ?fgwahweﬁom@ﬂ@%w fekpim oy MherB MBS PAOR Fmpssbduced;
and (3) repamigrgiea sol ubl e portion of the multi-photon reactive conposition
fromthe 10 resulting conposite. 25. The nethod of claim 24, further

conpri sing subjecting the conposite to a sufficiently elevated tenperature
for a suffjgci e a0 z re ' d to at
| east pargﬁallgmfuse pﬂggﬁh%?ﬁglegxﬂ%%&o%(ﬁfﬁgﬁ%g'ﬁg%ﬁ&ﬁ m?ﬁﬁ%%%@ l§’:ﬁlnereln

t he cbnpogidused ssolwbditi deharncieris@aspermapaade tofthe etypweed abwuiphs08 Caethd about
1400 C fo% ﬁEBHEo@ hours to about 48 hours. 27. The nethod of claim 25
further conprirsing doping the pyrolyzed conposite with 20 an agent sel ected
fromthe group consisting of netal salts, fIUX|ng agent, dyes, so]-gel
precur sor nonetallic precursors i nations thereof; followed by
D eoU SO Sy O GROTTA LS BLESAL S0 800 B SO o L ek 0t ol

wherei n th;@c&éswélart@ra%gﬁiﬁecﬁs)Wédt@ieﬁmﬁ@ieogtoﬁ{%b&ﬁlsub%bf &ddi@én-gty fleriiBrax, and
sodi um phosphate, 29. The method of claim25, further conprising the step of

si nt dPi ng MPEMERS ucidgitiontRdyaerizablae C&W@“‘F@np@ﬂﬁ‘t“@ﬁ‘éob’mq‘%l?]‘éntp BEehi eve a
substanti gl 1bfn1@a@lg§56{l)|}rﬁjt?{z§ﬂe'nﬁmz'bﬂﬁﬂ' Eatidhic B b1 6 enz%gleaﬁt ofieR, BRIARdIRS claim

25, wherein the es have an average particle SIZ from about’ 1 nmto
about 150 pelymerizable polymers and mixtures thereof.

21.  The multi-photon reactive composition of claim 1, wherein the at least one reactive
15 species is a non-curable reactive polymer whose solubility is increased upon acid- or

radical-induced reaction.

22.  An article comprising:
(a) an at least partially reacted organic species; (b) a multi-photon photoinitiator
20 system,; and
(a) aplurality of substantially inorganic particles,
wherein the particles have an average particle size of less than about 10 microns in

diameter, and said particles are present in the composition at up to about 65% by

volume.
25
23.  The article of claim 22, wherein the reacted species is selected from the group
consisting of acrylates, methacrylates, styrenes, epoxies, vinyl ethers, cyanate esters, and
mixtures thereof.
30 24. A method for making an organic-inorganic composite comprising:

(1) providing a multi-photon reactive composition comprising:

{(a) at least onc rcactive organi¢ species,

51



52

10

15

20

25

30

30 MAR 2007

{b) a multi-photon photoinitiator system, and
(c) a plurality of substantially inorganic particles,
wherein the particles have an average particle size of less than about 10 microns in
diameter,;
(2) irradiating the multi-photon reactive composition with sufficient light to at least
partially react the composition so that a material having solubility characteristics

different from those of the unexposed multi-photon reactive composition is produced:

and

(3) removing a soluble portion of the multi-photon reactive composition from the

resulting composite.

25.  The method of claim 24, further comprising subjecting the composite to a
sufficiently elevated temperature for a sufficient amount of time to pyrolyze the reactive

species and to at least partially fuse the particles.

26.  The method of claim 25, wherein the composite is heated to a temperature of

between about 500 °C and about 1400 °C for about 2 hours to about 48 hours.

27.  The method of claim 25 further comprising doping the pyrolyzed composite with
an agent selected from the group consisting of metal salts, fluxing agent, dyes, sol-gel
precursors, organometallic precursors, and combinations thereof; followed by sintering the

doped pyrolyzed composite.

28.  The method of claim 25, wherein the fluxing agent comprises boron oxide, boric

acid, borax, and sodium phosphate,

29.  The method of claim 25, further comprising the step of sintering the structure for a

time and temperature sufficient to achieve a substantially consolidated inorganic structure.

30.  The method of claim 25, wherein the particles have an average particle size from

about 1 nm to about 150 nm.
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