WO 2005/ 012450 PCT/ US2004/ 022595 RADI ATI ON- CURABLE POLYURETHANE BACKGROUND
OF THE INVENTION 1. Field of the Invention This invention generally relates
to the manufacture of a radiation-curable polyurethane such as a

pol yur et ha&%z?@oﬁl@ﬁe ol i goner by the reaction of a pollyq.llr/gz @@92555

pr epol yner n-acrylic nmononmer. Radi ation curabl e polylurethanés have
application in, e.g., coatings, adhesives, sealants and photolithography.
2. Description of Related Art Radi ati on-curabl e pol yuret hanes are well known

and can be fornmed from 1%&%&@&%@‘&?%@&%@@&” et hane prepol yner and
e_

an acrylic nononer wth isocyana reactive groups such as hydroxyl groups.
Acryl ati on of pol yurethane prepolyners is widely wused in UV-curable
t echnol ogy, see U.S. Patent Nos. 4,775,727, 6,171,698 and 6, 316, 105, all of

whi ch are i%%(&&ﬁ{ &%@Mflgﬁer ence in their entirety. Advantages of
pol yur et han | ude durability, excellent nechani cal
strength anq‘ §%@e(1rf!th%rl ‘%R{i&si on 15 resistance. Radiation cure technol ogy,
i.e., cure by - gh{1 or electron beam provides efficiency, environnental

bénef it (1ow VOC) anqh%(f%gt%%igéﬁeg’mg?‘él?t%ctg gﬁ rr%gllzfgct&%%?a Pafdia ig@éu?efbileal ), as is

t
evi denced by the grow ng ap at esives and coafl ngs technol ogi es.

Radi ati on curabl e formul ati i necl crylate qli rs. . jve acrylate
di l uents, ZBOI%I(%‘I%%I?erfF{RJagta(?P@G%%%& éiaﬁli%% o\%%rxerfl\i%?h grr%%ﬁgnn%ry O%If%g’%%'en seconds,
wi t hout pol and Celfltﬁaildlila% cost

luting the air, .and costs. CXher advantages include
reduced énerpbeﬁ"lg‘gﬁrs%’ﬁb%W%W, oaoer, Radianqn Qyratls pofy -afe%WZW%%ﬁISO
PCT/ US2004/ 022595,  singl.e co nent terials, and room tenperature cures
(M Szycher >& Bﬁse?J}gs‘ﬁéhsﬁgglﬁka“g(g}‘gggﬁw&' hanes," CRC Press, 1999,
p. 16-1).
2. Description of Related Art
Radiation-curable polyurethanes are well known and can be formed from
10 isocyanate-terminated polyurethane prepolymer and an acrylic monomer with isocyanate-
reactive groups such as hyd‘roxyl groups. Acrylation of polyurethane prepolymers is widely
used in UV-curable technology, see U.S. Patent Nos. 4,775,727, 6,171,698 and 6,316,105, all
of which are incorporated herein by reference in their entirety. Advantages of polyurethane
acrylate oligomers include durability, excellent mechanical strength and superior abrasion
1S resistance.
Radiation cure technology, i.e., cure by UV-light or electron beam, provides
efficiency, environmental benefit (low VOC) and economy (low or acceptable cost of
materials), as is evidenced by the growing application in adhesives and coatings technologies.
Radiation curable formulations include acrylate oligomers, reactive acrylate diluents,
20  photoinitiators and additives. Materials can cure in seconds, without polluting the air, and

cutting costs. Other advantages include reduced energy consumption, greater productivity,
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Whi | e several ingredients are usually involved in the radiation cure
formul ati ons, acrylate oligonmer is the major building block used to control
the final cured 5 properties. It is also usually the |argest volune

conmponent , ywH3hosR P! € 30-60%in coating applicati OnsPC’lﬁZﬁQ@M?D 595 the
versatile chemstry of polyurethane acrylates, it is possi 0 produce

ol i goners Wdsfd cBmphidft fAHaR! Mldqaionp(e%@rstue%m &@c@z;dheﬁt'sz?afergﬁsm%e&e fromthe
vari eties of choi ces of iIsocyanates, polyol backbones, and acrylic nonomers.

Furt her tod@gilw[qe@,g,;egQQR@fprgqu9§ga?Kg>Qpe such as varying the chain | ength,
the | evel of unsaturation her” functional paraneters, wll result in

coatings with a varighye s@%rﬂ%g@é@l'ie%'&&%sﬁaﬁ?‘id%l@éd in ﬂgrsk%tno%l%l?t'e' cations of
pol yur et hane acryl ates include for exanple, abrasion resistant fornmulations

for PVC anc#otfnl@aﬁilbnst hdr@igte OMRAR: AR LA Duil Y, m' ?%it?{%ﬂoﬁmﬁﬁnaﬁ@ﬁire@“ nting

inks. Due to their excellent adhesrion an rty, ey are suitable
for a vayi fes. T Bl SLakP AR Vo lufRSh &E&Sfu,éa R #5606 incB8tinaVC

pol yestZ{ ?‘l;r?(ﬁlgegn poS ;uragf anﬂzgc*s eatﬁ“ ?oth ° F‘puret anen ac;yl at es
of fer excel] glqgam%r{gpghness chem cal resistance, and adheS| onto difficult
substrates g The i socyanat e-term nated pol yuret hane prepol yner
conventional |y used B&aus@@ﬁﬁgv@ﬁtlfet}ﬁerﬁﬁ%ﬂ leurglilar@ aE@la@crs 1?%%@5%%1&5

di i socyanate nononer(s), e.g., aronatic 20 d| I socyanates such

di phenyl met fane. dig oﬁx@&m%tvﬁde(\l\!@é ofﬁr%éx‘t‘i‘e@el\/ﬂhl'ﬁ%?i%){sa&ﬁtc&né EQh)che or

par a- phenyl'ene di i socyanat e (PPDI) or aliphatic diisocyanates such as 1,6
hexanet hyl i 1 Rhexy. 1 i nat e
(H 2MDI), ?\;slgf) egrof)%g | I soc a&ﬁ% éo yc?%%&% 2? tElrcgﬁl %H%n%c )éﬁiane

A A R PO,
pol ycar bo”a&ﬁ’ r?&ncg&layﬁa e?e'rsa%f’r.@ m?é{sﬁ%wniﬂah@ Ffﬁm?a‘?l t% x% Lymers of

et hyl ene oxi de an prop eneé oxi cyana rm nat ed

pol yur et han@th@rr a%Bﬁ’cJaX(gFE ?pociﬁﬁetpa%e E&?lgt%se{HclB(% fgnoerx%p]e, abrasion resistant

formulations for PVC and floor tiles, wood coatings, overprint varnishes and printing inks.
Due to their excellent adhesion and flexibility, they are suitable for a variety of flexible

15 plastic substrates like plasticized PVC, polyester film, and polyurethane leather cloth.
Polyurethane acrylates offer excellent toughness, chemical resistance, and adhesion to
difficult substrates as well.

The isocyanate-terminated polyurethane prepolymer conventionally used is

based on the reaction of a molar excess of diisocyanate monomer(s), e.g., aromatic

20  diisocyanates such as diphenylmethane diisocyanate (MDI), toluene diisocyanate (TDI), or
para-phenylene diisocyanate (PPDI) or aliphatic diisocyanates such as 1,6 hexamethylene
diisocyanate (HDI), dicyclohexylmethane diisocyanate (H,,MDI), isophorone diisocyanate

(IPDI) or trans-1,4-cyclohexane diisocyanate (CHDI), with an organic polyol, e.g.,



acryl ate-endcapped oligoners for radiation curable applications, they are
nore comonly 5 used without being reacted with an acrylate and w t hout
bei ng radiation cured. More often, they are polynerized with a non-acrylate

curative apg MWsihays radiation, to formsolid polyurquﬁ%ﬁn@h%%ggﬂers. Such
non-acrylate curatives are comonly aliphatic diols (e.g. 1,4- Dbutanediol)

or aromati Cp(ﬁ%t?tf%nﬁgg'l §1§ eter f?&%}?ﬁhﬁ%ﬁ% %%l?és?e&,tﬁagféﬁ%nq{e%@Eégwa?%)acto tbe use of a

nol ar excess 11S0C S | ormng t

| Socyanat - LGL AR EfRAL K ShARRE: BIRRhY UL 8 RXBRCLRIgIYBb PRI eact of

di i socyanat nmononer, resulting I n potentra ra I ene issues.
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pol yur et hane prepol yners wi'th a reduced "conten unreacted diisocyanate
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di i socyanat e nonomner prepari ng pol yur et hane astoners, better

hygi ene, pr ﬁ%fa%ip&ﬂm@ﬁz%gwitﬁ%oﬁf‘? 0L G ve RS RS H&{i‘iﬁ@orﬁ{&ﬂﬁ?!&h@ved-
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Prepol yners fromthose dii socyanate nonomers Wt ghest  vapor

pr essur es, Q@g\grgthér{égla%@%e§&ch*?1¥£15f‘rf\§te QR i ccaﬁmgnly alﬂcéﬁgt(if drir’clg%r%eir"ﬁ)' , _and

| PDI, have of fered comercl a i'n reduced unrea cont ent

from such SQus 6658830 RRLAN: EofBhyienBISSAE oARfgan Cyanani d Conpany

and Air Products S WwWe I'n contact and inhal ati on of

di i socyanat e nnnoneHﬁeagg%aggﬁgggggggm 6%?%“5§9M5%@%ﬁﬁﬁkgﬁb%kﬁ9nt anount of

attention has been given enova unreac m pr epol yners.
Vari ous t hods t.0.r r T L0 pr rs are
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PCT/ US2004/ 022595 " X . 4, 06 ynmers with
ess than 0VEBRpesieHig t pdGuarnaltaniggciis Woay, b RERGY ™!

| socyanat e- tmeaﬁmoré%ﬁveeq dﬂgoec%?lla% onSmd tct> ;bol)%rertﬁa%g &%8'01&9&% %ﬂfx a (r)JdugeE &Sntent

of unreacted diisocyanate monomer. See, e.g., British Patent No. 1,101,410 and U.S. Patent
Nos. 4,182,825; 4,288,577, 4,892,920; 5,202,001 and 5,703,193. It is advantageous to have a
15  polyurethane prepolymer with a reduced content of unreacted diisocyanate monomer in
preparing polyurethane elastomers, in that, better hygiene, processing ease, and mechanical
performance are achieved. Prepolymers from those diisocyanate monomers with the highest
vapor pressures, hence the greatest hygiene concems, e.g., TDI, PPDI, HDI, and IPDI, have
been offered commercially in reduced unreacted monomer content from such sources as
20 Crompton Corp., Baxenden, American Cyanamid Company and Air Products.
It is well known that both skin contact and inhalation of diisocyanate
monomers must be avoided. As a result, a significant amount of attention has been given to
the removal of unreacted TDI from prepolymers. Various methods to reduce the unreacted

TDI content in prepolymers are known and disclosed in, for example, U.S. Patent Nos.



di i socyanat e nononer have been known for at |east 35 years. However, such
prepolynmers 5 have not been previously endcapped with acrylates to form
radi ati on-curabl e pol yurethane acrylate oligomers. Only conventi onal

pr epol ymergoWhdshi A8 unr educed content of diisocyanat e granaiBsohave been
used for this purpose. There has not been any known reason up to now to use

prepol ymer s3 Wgt$),83 153406 Gich 400 0B TOYM BN inersSHifRG&s fah ¥ 8 Qi) CONVeErts any
free diisocyanate nonomer t0 its nonvolatile acrylate di adduct. The hygiene

to issue asg@@init 8l chhhbchifaviivil il e free diisocyanate mononer in the
starting prepolynmer was thereby elimnated in the resulting

acryl at e-endcapped 0k Q¥BYanatEIMRMEEA prefolyiiss WitV RERE S4HidA bisiteg9l y found
that there is an inprovenent in acry]i)at e- endcapped ol i gomer when the

starting i s@eyanghenbfmnitt RAL 8EnRhGRPloY f8dast 33 yQJrs._tﬂi‘&‘wevEr?H}éHFQp&m&s monorrer
type. The acrylate-endcapped oligonmer has a significantly [ower 15

viscosity, gRdnbeadstvideeaiapitd Wit aQ5khieY bl @@ktionlcufibleofaReahy I €MRI NS
essentially constant over a broader range of shear rate. Radiation-curable

conposi ti on At SveARGANS Epolyrs Bl utleducdl Eontdnst curing, |ow
pol I ution a?lcdrﬁlgtg\?vﬁ%%gt . @Al?pdst \ét ed g%gp\?e){ﬂ%sadi atniuor?-l(l:ur g%nlté@pol yur et hane

acryl ate ol lORKRLS. AbRorlRalbed1Sd Tl s pRAIROTRAL s PR KA at i ons,

but pol yurethane 20 acrylates, |1k Iation curable’oligoners, are
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application possible for an user. There are various nethods of reducing

t he vi scosi . 3 i : Iy stk Y. & Technol ogy
of W & EB For ?rrtuslaa Frgénﬁgs Cy%lbdgtg'?sr%g’,% T ﬁtggc’“égﬁgﬁt l?dé d{‘/’gﬂ}?fer&%,h&%'f"g%g. ne

200/ 012350 BT Lt ) G520 ARy R nom R e e
of fer. Unf O,Ehtreféggglﬁﬁﬁatec% iﬁ%esrg%l}{ﬁp%éyl gn&ﬁ%rgyﬁg%%ﬁgg at nospheric pollution

and can con teto anma - ‘Anot is the addition of water

to the formulation. [REER: 8l R i&h bh RufRYRN Bt thefell Sn MptdRHentSHCh as | ow

cost, non-

acrylate-endcapped oligomer when the starting isocyanate-terminated prepolymer is of the
reduced free monomer type. The acrylate-endcapped oligomer has a significantly lower

15 viscosity, and broader Newtonian viscosity plateau, i.e. viscosity remains essentially constant
over a broader range of shear rate.

Radiation-curable compositions are advantageous because the materials are
fast curing, low pollution and low cost. As stated above, radiation-curable polyurethane
acrylate oligomers are one of the major components of these formulations, but polyurethane

20 acrylates, like most radiation curable oligomers, are highly viscous. Diluents are thus
generally required to make the thin film application possible for an end user.

There are various methods of reducing the viscosity of acrylate oligomers, see
G. Webster, Chemistry & Technology of UV & EB Formulation of Coatings, Inks & Paints,

Volume 2, p.259. One method is the addition of an organic solvent, which detracts from the



flammability and non-toxicity. However, there are several disadvantages such
as poor 5 conpatibility with the oligoner and hi gh heat of vaporization
| eading to difficulty in renmoving the water fromthe matrix. A further

met hod i s (e aésihishon of reactive diluents which are f’é”@FEﬁbJ/MZﬁgryl ic or

nmet hacrylic nmononmers. These reactive diluents are conpatl
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on the final properties nay be positive, ers my e deS|ra
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unreacted di |l socyahate nononer contént 1n p ur et haneg prepolyners. Anong

the vari Qus . dRiRligGERIRmIENAL HaNE: 9&?&@@%&9%%@:@&% § to reduce the

quant ity of “urreac monoreri c dirsocyanate content in prepolynmers are

processes of,, g@%?ﬁ]@%@%m deebk ! A Ridther r{xétﬂ@d?é’tﬁ?&fdﬁ?oﬂ%?reaéﬁvggﬂlems' m

evaporators, l'at1 on tEC ni ques, vent extraction nol ecul ar

si eves. For wﬁ?ﬁg@ ’lcaljyanal!:%% %{hfé}%w najnst ; 8%%591'6§C(Ell\/9§1 nt® afdc gcl%let o reduce

t he anount 11 ng a prepolyner tion

product undg, rmvél%(h t?%:}]gd d??tem%ﬁ % sttt &IV (N Pmisfeddimra glq_%)rleq,l ?}joses a

met hod for the r ea ted I'1 socyanat e nononer

prepol VI s o yFAHE LR e BLBI IR, LAARI B nBERYuS ?thasa "comound

that boils a ure qgreater-t

di i Socyal?at G ﬂlaJ PlF@tagg hFE& 1t? of t%? d&u%ﬁ d’h?egé r%)?c?é %B%{\t? %ﬁ?&ar&c? ﬁdUCI ng the

anount resia socy ymers by

codi St 11 ng L 861490 15 Y. 599%% 350, F fﬂfmos%g g@@g%}cl goduct 1

t he presence 0 inati on wo_ i nert vent s 8t inert
sol vent a bailin M/the Ol|l poi nt of the diisocyanate
nononer andﬁpﬁgﬁég%gnﬁsmg% Ipmhv ventmﬁ’énot edes“q%?llng poi nt above the

boi [ing point of t he\)gmouss%(r: g‘srs]c%thaverg)een meloped that attempt to reduce the presence of

unreacted diisocyanate monomer content in polyurethane prepolymers. Among the various

15  processes that have been developed in attempts to reduce the quantity of unreacted
monomeric diisocyanate content in prepolymers are processes or methods that use falling
film evaporators, wiped film evaporators, distillation techniques, solvent extraction, and
molecular sieves. For example, U.S. Patent No. 4,182,825 discloses a process to reduce the
amount of diisocyanate (TDI) by distilling a prepolymer reaction product under vacuum

20  conditions. U.S. Patent No. 4,385,171 discloses a method for the removal of unreacted
diisocyanate monomer (TDI) from prepolymers by codistilling the prepolymer reaction
product with a compound that boils at a temperature greater than the boiling point of the
diisocyanate. U.S. Patent No. 5,703,193 discloses a process for reducing the amount of

residual organic diisocyanate monomer (PPDI) in prepolymers by codistilling the reaction



U S. Patent No. 4,061, 662 discloses a process for the renoval of unreacted
tol uene 5 diisocyanate from prepol yners by passing the prepol yner reaction
product through a columm containing nol ecul ar sieves. U S. Patent No.

4,288,577 Qichbofsmot he removal of unreacted et hyl enep®igéAo4a2850Y!
i socyanate) (MDl) via solvent extraction with hexane. O these processes,

di stillati oproliset fh tHiEBsehiteB?h @smBRHi oA Bf R0 BeRRONEHAWith HREMIiRH oL ARN sol vent
extraction or nol ecul ar sieve adsorption. There is no need to io

subsequent | ya$@Pa50AlR pmebaiwmers&uﬁ%@mt 8f thb@ilsodyhhad BRI} adtakSREonA0l vent or
nmol ecul ar sieves. However, in the distillation of diisocyanate nononers

f rom pol yur glehafneent REVERQ! BOTRE Hointdbele thePIIRzIbIAE SIhdQIBbcyRRiteMBioaRE t O prevent
deconposition reactions in the prepolyner. Distillation wthout use of

sol vents i s Usd. PReRNGS bt 0b1,662@iscloft® a PRIcYH FR tHRaGRo VAT TRANNIEN t5luviet h reduced
unreacted diisocyanate 15 nononer content that have been described, there

remai ns 8 NQggchte FomMpRlyhRR1S PEBRAL the prPHPAS rhdcBbh HH&Rt @fough a column
pol yur et hane-acryl ate oligoner that 1s made from such a reduced unreacted

di i socyanat @oR4ifiRe b [¥elar sih&y &f QPatentiNo. 13K, 7 ARCIBRY BRISHRALS uhiRadd® abl e to
produce a | owviscosity pol yurethane acrylate oligoner w thout any of the

above not ed metiyfeht 6idlatgheisi isvdyahate) VDI vid ®Bivektdktfichiéh WitehealRve stated
advant ages of pol yurethane acrylate 20 oligoners. r SUMVARY OF THE

INVENTION It is an oljfegdse frocdsde€ disNAIh isQNmich sitpRY hitiemére E@dbmickion- cur abl e
conposition of |ow viscosity prepared by reacting a pol yurethane prepol yner

contai ni Ng qechBgitcRsh RBARREacti®f orbiviRMat file BisbHAEH ANRfcAs ADRGIRT W th an
acryl ate possessing reactive functionality. -6 WD 2005/012450

PCT/ US2004/ Qgmedlrntly depdrate he R¥hSh& Wod! cithdi(Bimdble) hékand RWRALr Bl RaPr OVi de a
radi ation-curable conposition of |ow viscosity prepared by reacting a

pol yur et hang;epése BRIWEIE! in BfRMAsAIIAHoRIf Bisocyanate monomers from polyurethane

prepolymers, high temperatures must be avoided to prevent decomposition reactions in the
prepolymer. Distillation without use of solvents is simpler still.
Of the polyurethane prepolymers with reduced unreacted diisocyanate

15 monomer content that have been described, there remains a need for a radiation-curable
composition such as a polyurethane-acrylate oligomer that is made from such a reduced
unreacted diisocyanate prepolymer. Therefore, it would be advantageous to be able to
produce a low-viscosity polyurethane acrylate oligomer without any of the above noted
difficulties, while still maintaining the above stated advantages of polyurethane acrylate

20 oligomers.

SUMMARY OF THE INVENTION

It is an object of the invention to provide a radiation-curable composition of
low viscosity prepared by reacting a polyurethane prepolymer containing a reduced content

of unreacted diisocyanate monomer with an acrylate possessing reactive functionality.



reduced content of unreacted diisocyanate nononer (e.g. by vacuum
distillation) with an acryl ate possessing at | east one hydroxyl
functionality. 5 In keeping with these and other objects of the invention,

there is pyevi@ERtgy radi ation-curable polyurethane prqggyaRdedidadshe process
whi ch conprises: a) reacting at | east one diisocyanate nononer with at | east

one polyol to provi Ae paRRUMHEHNSIR RVeaRGH ¥ PRVide @ MddiBh-B&atier eact ed

di i socyanate monomer; b) renoving unreacted diisocyanate nononmer fromthe
pol yur et hangmiasifiéEdraby RdosityOprifa@dibtl eaRttig ¥ oK LR AER RERPMeY BRfaithg 4 educed
unreacted dii socyanate nononer content, and; c) reacting the pol yurethane
prepol yner giude@dstE@tofinteaaed @lodthrafeQfohamad (6.g. BYDAOR digMRt&NWithad h an
acrylic nononer to provide radi ati on-curabl e pol yurethane. The foregoing

pol yur et hangyTRY pbts&siR@hti&kons hpke fuhidhaigher, ester, 15 caprol actone,
carbonate, etc. Elther aromatic or aliphatic diisocyanates can be used in

the excess amount OWfieepiRewRIPMYRlafd otfld?8bjERN Sithd idbdnBo thetd1€p@diiu&nLyanat e
nononer to the one or nore polyols (i.e., the nolar ratio of NCO groups to

CH groups) aaRtisROESId fohireiasbrodicdd bythe QW widbh domprkdsh about 3:1 to about
20: 1 being preferred. The excess anmpunt of diisocyanate is used for the

pur pose of favoring E)h%acftﬁhg@ﬂ'&is%he@fiso@y'hnht%%M@fﬂétv@ﬂ]@meé@bneip‘é%m@nate 20

structure. The un-reacted diisocyanate will be renpved by vacuum
di stillatioproafib §bolw}@thadérp%%@lhh‘]@ﬁfont’éﬂﬁx@hhx@ﬁbtdd&lii?&?ﬁwtegﬁdﬁbxﬂ&;t he product |ow
free i socyanate prepolyner. These prepolyners have residual diisocyanate

nmonorer |evel < 2% By ?écnﬂfvﬂalg|u¥reaét@lQiY15&?ﬁ1at€Qno¥aor%r e elp&hhangeacryl ate
oligoners are nade fromthe reaction of low free isocyanate prepolynmer and

acryl at ey Tlal%%ar R g RIBHIS @%Lﬁetm%%reﬁ@%ér%‘freidﬁbeghﬁr@é‘&édrdﬁs@ aldRomer/ WO
2005/ 012450 P yUSZO 4/0255 5 a narrower nol ecul ar weight distribution. It

has been fouffent Ras, they offer a reduced viscosity and a broader plateau of
Newt oni an vi scosity conpared to that of oligomers nade

c) reacting the polyurethane prepolymer of reduced unreacted diisocyanate
monomer content with an acrylic monomer to provide radiation-curable polyurethane.
The foregoing polyurethane may use polyols chosen from ether, ester,

15  caprolactone, carbonate, etc. Either aromatic or aliphatic diisocyanates can be used in the
excess amount over the polyols. The molar ratio of the diisocyanate monomer to the one or
more polyols (i.e., the molar ratio of NCO groups to OH groups) can range from about 2:1 to
about 30:1, with about 3:1 to about 20:1 being preferred. The excess amount of diisocyanate
is used for the purpose of favoring the formation of an isocyanate-polyol-isocyanate

20  structure. The un-reacted diisocyanate will be removed by vacuum distillation after the
prepolymer reaction is done, giying the product low free isocyanate prepolymer. These
prepolymers have residual diisocyanate monomer level < 2%. Preferably, they are <0.1%.

Polyurethane acrylate oligomers are made from the reaction of low free

isocyanate prepolymer and acrylate. These oligomers are more regular in structure and have



fromthe conventional route. This novel oligoner gives the radiation curable
i ndustry the opportunity to elimnate or reduce the amount of diluents in
application forrmulations. 5 BRI EF DESCRI PTION OF THE DRAWNG Fig. | is a

graphi cal gep@ldisen of the conplex viscosity vs. shearpd@dtBodsRbases
radi ati on-curabl e pol yurethane acryl ate oligoner based on reduced free

NDNONEr  pr epRdWBY molbddlad #Ei2hdRMRR ¥, thhat Blen fdunY At i@ ofEdPakdGuERL hane A,
prepared in Exanple 6, infra) and a prior art radiation-curable

pol yur et han@sifyahdh Brofddr PRIBI of NENEShiA VisER MY EIMPaRAA thh ST SN @itk Emake
term nated prepol yner fromwhich unreacted diisocyanate has not been renoved

( Pol yur et hapém bhe cBiveR@NEIdoltd) TRNRAEIipoHeer EXITRE RdMlion dubdbleandusBERER! PTI ON OF
THE PREFERRED EMBODI MENTS A radi ati on-curabl e conposition is one that can be

cured by ul §gprawiQheSlinkihdér reddte Bk BRSO dNEAN in Apli¥dtRh GorRblaBEHIEr S are the
maj or conponent of radiation-curable 15 conpositions. They are forned, as

st at ed abovgrigrERCRIETIOREGE TAR D¥AWBREYanat e-t erm nat ed pol yur et hane
prepol yners and an acrylic nononer containing reactive functionality such as

carboxylic acid, hydr@xyis agnghigdlcaifpariddi®df elyHpIet NaRenPYeedrat®iosa her ei n can
be obtained by reacting one or nore polyols wth a diisocyanate nononer by

procedur es kaRwsh-duabledRIyaFdthané¥chMtélbIBmbDbabdd®n 24ubHdETe RionbRM PRipbYRer &
pol yur et hane prepolyner is formed by the reaction of one or nore polyols,

e.g., polyehgtrdaaliial thR MR GPctyurdbhanb ABprbatddan EX&§3S6 Y hddSmpanat e
nononer, such as TDI. Optionally, the reaction of the dllsocyanate with the

pol yol has & 5@laM&DPsurARARN urdiHafs & at§bl%bm@t%a§gdr5§tcgwent%ﬂhlﬁﬁc§qn§t@d di met hyl
pht hal ate. -8 WD 2005/ 012450 PCT/ US2004/ 022595 Both aliphatic and aromatic

oA R i g e T A i N
p- pheny! ene i, SAGKER G alcBPREdmpat@hé BERBIANI SpEyanate (TOD), hexanethyl ene
DESCRIPTION OF THE PREFERRED EMBODIMENTS
A radiation-curable composition is one that can be cured by ultra-violet light
or electron beam. Acrylate oligomers are the major component of radiation-curable
15 compositions. They are formed, as stated above, from the reaction of isocyanate-terminated
polyurethane prepolymers and an acrylic monomer containing reactive functionality such as
carboxylic acid, hydroxyl and amine.
The polyurethane prepolymers herein can be obtained by reacting one or more
polyols with a diisocyanate monomer by procedures known in the art. According to the
20  present invention, a polyurethane prepolymer is formed by the reaction of one or more
polyols, e.g., polyethers and/or polyesters, with a large excess of diisocyanate monomer, such

as TDI. Optionally, the reaction of the diisocyanate with the polyol has a solvent added

thereto such as dimethyl adipate and dimethyl phthalate.



di i socyanate (HD'), tetranethyl xyl ene diisocyanate (TMXDI), isophorone
diisocyanate 5 (1PDI), dicyclohexyl nethane diisocyanate (H12MDI), and
m xtures thereof. Suitable polyols for use herein are typically high

nol ecul ar wey Bbdoipbyol s i ncluding, but not limted topcPedNaldIsws,
pol yesters such as, for exanple, polycaprolactones, polycarbonates, or

hydrocarbon pol yol s e dlighaic iR £6HAtRIdiivvejBkEs JaABYLsed SdiRABlARYand@0 tO
about 12,000. It is to be understood herein that all references to nol ecul ar

wei ghts and monBm&rd Birnva 1 28ind WBit@IknS dadobyanateIeT), aMedigiay I tRGE idocyaRiight s and
nunber aver age eqU|vaIent wei ghts, respectively. |If desired, |ow nol ecul ar

wei ght gl ycoMDIPp-phédyRhSdiisBeydnate @PPHObRdeRE difsbdy@hate (TODI), AkametiPleRc Ul ar wei ght
from about 60 tgﬁgboat 250, can gé i ncl uded. Hi gher nolecula?? wei ght

pol yol s, e. @iisocldHa@@HDBYieiinethy IR tiisacyaddd @MXISH, idopRitbRmucyZialk t 0 about
12,000, can also be used to prepare the prepolyner of the instant

invention, RrgfgarRMIdhekIReBMe iRy dna e aMbD, alnggiitedtheief ght of about 400 to
about 6000 and nore preferably a nol ecul ar melght of from about 500 to

about 4000. The pr ef eguitgle pANoYohRE h@gh}lﬁ'tﬁ)lcﬁﬂﬁhl@ﬁ)h%(e@m&’ra%]@hk gdIgls et her

polyols represented by the general fornmula HOQRO" H wherein Ris an
al kyl ene r adhdhing, Bit né: lindte@¥o, foly&mdrd) cﬂys’%fefériﬁch&lcfoﬁéi@m | o8/ c@rolictbres,such t hat
t he pol yet her polyol wll have a nu average 20 nol ecul ar wei ght of at

| east about RBRarbdfArRs r ngiraea}bkyb@ﬁtﬂﬁﬁabmgaa@ley‘garsw?gher ihi; frbAQWoLL 160 PONEeNnt s
of pol yurethane products and can be prepared by the polynerization of cyclic

ethers, e. g.apo@tliKpbENELs BBARTerstadihein/thR LB refdéddytb MeehiRelsightsdnd the |ike by
met hods known in  the art. Exanpl es i nclude those pol yet her pol yol s

avai | abl ¢ as, Iﬁﬁ@.&%fgﬁtsE&Nﬁ@bmlvamgesnolécmm@gmmh néberRMrigeCqRodifR! s of
propyl ene OX|de and et hyl ene oxide from Arch Chemcal. -9 2005/ 012450

PCT/ US2004/ Og& res;sé%ﬁ'\fey IPast&sme«rma&bMpmgm@@cmorqh&@lemewc&@m bR
reaction of dibasic aci e.g., adipic acid, glutaric, sebacic, or phthalic

acid, with diaghg a%cebulefsvel%r@rroﬁ&s&mb@m BRYIERR beHoHRE , Hikh V@Y ene
egcoI | , 4- but anedi ol hexanediol, and the |ike. Mnor ampunts of

weight polyols, e.g., those having a molecular weight of from about 250 to about 12,000, can
also be used to prepare the prepolymer of the instant invention. Preferably the polyols have a
15 molecular weight of about 400 to about 6000 and more preferably a molecular weight of from
about 500 to about 4000.
The preferred polyether polyols are poly(oxyalkylene) ether polyols
represented by the general formula HO(RO),H wherein R is an alkylene radical, of 2, 3 or 4
carbon atoms and the value of n is such that the polyether polyol will have a number average
20  molecular weight of at least about 250. These polyalkyleneether polyols are well-known
components of polyurethane products and can be prepared by the polymerization of cyclic
ethers, e.g., alkylene oxides, and glycols, dihydroxyethers, and the like by methods known in
the art. Examples include those polyether polyols available as Terathane PTMEG polyols

from Dupont and Poly G polyols of propylene oxide and ethylene oxide from Arch Chemical.



units of higher functionality such as glycerol or trinethylol propane may

al so be enployed. 5 Polyester polyols are comercially avail able and i ncl ude
such polyols as Fonrez polyester polyols from Cronpton and as Rucof | ex

pol yest er wely®lg24ks om Bayer. Pol yester pol yols can al seigs20meshs om

caprol actone or dinerized unsaturated fatty acids. Useful

pol ycapr ol act one- bastebfd@blyedtes pblpalk cahebe bbteinddINMm he kot o of Hibaxia 49ida;

Pol ycar bonat e polyols are al so useful and are available, e.g., as Desnophen
i 0 2020E f r ogn dpiescid, glubeic, ssbapio) or@hthalafacid] witH dicls saeh 9, f@lesampis ktighiendDai cel
(Japan) and Ube (Japan). Suitable hydrocarbon pol yols include those
produced fr gpedhutZagtbpiene ghvel 1,4bltenedin], 1 BeileyanBilolf andnheIiket Miter ansoudlts KF asol from
Kaucuk (Czech Republic). Preferred polyols of the current invention include
pol yt et r anetditg loéhighee funetionglity swhas §liPdeMEQ) trimpilylppagpand rapt adods emplogddy car bonat es
and pol yesters derived fromadipic acid. 15 The polyol of the instant

i nventi on cBslyder polgpdsre catrhacialtf avhilale andineladd sach polyailsgh Fopeez pollyested S

previ ously described, and | ow nol ecul ar wei ght polyol. An aliphatic glycol

i s the pref pslycddfrbro@ramyt@cant as Rweflghgolypatnpolyols GomtBalgtre al | phati c pol yol s are
et hyl ene glycol, diethylene glycol, triethylene glycol, tetraethylene

gl ycol, propyl ene gl Palgdster polpalogylainbe madeyfmal caplotakfotieog\dirasiized)| ycol ,

neopentyl glycol, 1, 3-butanediol, 1,4-butanediol, and the like. In 20

gener al , t hensemiagddtfatgfacidheUdeOivpoindapoitk@ne-vaedpolyopdhahale tieltONEpdwIno nor e
than 20% of the conbination of high nol ecul ar wei ght polyol and | ow

nol ecul ar wWabgMowp FHolyoirbonkleeoyoifaeraise dseful amdyee availdbld, 6.1 bdDa&mopliea

conbi nation; nore preferred is 0-8% Wen form ng the pol yurethane

pr epol yner , 2e20B8dtom Baki. Mther dupptiers biysimidan ghargals fncinde Bdiclit)apinladddtebout 30: 1

di i socyanat e/ pol yol and preferably about 3:1 to about 20:1 -10 WD

2005/ 012450 (Jepah). Usiakld hiizataibn palydlsiacydnbdsepiodicygdirom Sutadiemamailstechs The
reaction is typically carried out at a reaction tenperature ranging from
about 50C t @olgBalfioml SHomePindfkeasabirgm Khdtek ((adtitRepublicy Reefetrédqmdlyolstof tHoy

mai ntai ning the reaction tenperature at about 60 to about 110C with

agi tation. currentinvention include polytetramethylene ether glycols (PTMEG), polycaprolactones,

polycarbonates and polyesters derived from adipic acid.

15 The polyol of the instant invention can be a combination of high molecular
weight polyol, as previously described, and low molecular weight polyol. An aliphatic glycol
is the preferred low molecular weight polyol. Suitable aliphatic polyols are ethylene glycol,
diethylene glycol, triethylene glycol, tetraethylene glycol, propylene glycol, dipropylene
glycol, tripropylene glycol, neopentyl glycol, 1,3-butanediol, 1,4-butanediol, and the like. In

20  general, the weight of the low molecular weight polyol should be no more than 20% of the
combination of high molecular weight polyol and low molecular weight polyol. The preferred
range is 0 to 15% of the combination; more preferred is 0-8%.

When forming the polyurethane prepolymer, a mole ratio ordinarily ranging

from about 2:1 to about 30:1 diisocyanate/polyol and preferably about 3:1 to about 20:1

-10-



When the preferred nole ratios of isocyanate to polyol are used, the 5
pol yur et hane prepol yner can be of |ow viscosity and prinmarily conprises the
uret hane-linked adduct of diisocyanate-polyol-diisocyanate structure

(ternmed heyp®iloszadh ABA structure, where A denotes dipEpggsanabsysand B
denotes a polyol). H gher nol ecul ar weight adducts containing two or nore
pol yol noi etiisesyadsit@pdlyqiitiatdmmedndaisTicatdctiahik pituly dacriddRaraasaction scosity. The
invention results in a radiation-curable polyurethane that has a 10

si gni fi cant teynperaducacking Bao sholiy50a6 tocabopdL@d. tPeefératdy, altel redaeticnuis abtied out
conpositions where the wunreacted diisocyanate nononmer is not renoved from

t he pol yur ebhaniataprigpbd yeaion: Empemtuteait aboeeddtto alghut i@ @wipegitatier. Wit h t he
acrylic reactant The viscosity of the radiati on-curable polyurethane herein
can range from about Va0 thepreityed moROMO of pecyaateatb poiyol aBisedaki@d  pref er abl y
from about 1000 to about 20000 cps, depending on the diisocyanate nononer,

t he 15 pol yeblyastlaiteheepalymyt @hbe sfibe eisadity al priatilyasmpiises the njeehasd-limked at  whi ch
viscosity is nmeasured. A diisocyanate: polyol nole ratio of at |east about
3:1 or greatéduct @didsosydnhte-pbiyolrdiikdcpamatefstractire (1eimed peéreipas ymARA s{ratdrer r enoval

of free diisocyanate nononer) with NCO content of at |east 70%% of the

t heor eti cal wNa@ Acdenbesdiisbtnate g BaleddBd agolyuljt Higheratidlecnlaeveighthldyucat | east

80% of the theoretical NCO content for a pure ABA structure. 20 If polyol
B has a f uncbitsifiag twojor@forpolfonmbietaale ofiddlignds Ak dd dliatredsadvisdowsy.
unreact ed NCO groups, one on each of the termnal A noieties. The internal A
noi ety in the ABABA Taddhveitioh &Sulitn & agatidi-dreablepoBattane N®agsi oup. Theref ore,
t he ABABA adduct has a |l ower NCO content than the ABA adduct. Accordingly,
in a pol yur efghifidgntly pédagsalvysossity sidasiparad foakdiatioh c@abloéonposicastvedreAhe t he

rel ative content of ABA to higher nolecular -11 WD 2005/ 012450

PCT/ US2004/ Qa=59& divsaiygiate mdhdimertis ndt #dindved fleh e pblyedthbie prépelyebiand ent  of

the m xture. By enploying a |arge nolar excess of diisocyanate over polyol,
formati on ofredctuighie prelgbigher MBABA ati$lidHestitdit. ZEHE .viscdity afthe fallidBéd-akdbdn, a
di functional polyol having a nunber average nol ecul ar wei ght of 1000
polyurethane herein can range from about 500 to about 30000 cps at about 50°C. and
preferably from about 1000 to about 20000 cps, depending on the diisocyanate monomer, the
15 polyol and the acrylate selected, as well as the temperature at which viscosity is measured. A
diisocyanate:polyol mole ratio of at least about 3:1 or greater favors the formation of a final
prepolymer (after removal of free diisocyanate monomer) with NCO content of at least 70%
of the theoretical NCO content for a pure ABA structure and preferably at least 80% of the
theoretical NCO content for a pure ABA structure.
20 If polyol B has a functionality of 2, then each ABA and ABABA adduct has
two unreacted NCO groups, one on each of the terminal A moieties. The internal A moiety
in the ABABA adduct has no remaining unreacted NCO group. Therefore, the ABABA

adduct has a lower NCO content than the ABA adduct. Accordingly, in a polyurethane

prepolymer substantially free of unreacted A, the relative content of ABA to higher molecular

-11-



and HDI having a nol ecul ar weight of 168 will provide an ABA adduct having a
nmol ecul ar 5 wei ght 168+1000+168=1336. The adduct woul d have two NCO end
groups, each being 42 daltons. Thus, the NCO content woul d be

2(42)/ 1336wm Re/d194sot he ABA structure. Simlarly, an ARAPOs2904018808 €
possessi ng a nol ecul ar wei ght of 2504 will have an NCO content of

2(42) 1 2504=3e3a0AddUdN can bé ddt@mirRE by the NCeldofieht oNEPniAINe € BY ehployihf & 1HBA Or
ABABA adducts. 10 The NCO content of a prepol yner can be determ ned by known

titration mldaesss of disocyadste WS HoLydSBmafor 3 TAvhdRidie A BN B mifimizYy. FTI R The
pol yur et hane prepol yner prepared in accordance with the present invention

general |y coRLAIRStradoh,AldgRancioRl Pély@ ha ik Saeiberchveth geSREYANA WRighiyTQo®r nost or
substantially all of which will be renoved therefromprior to reacting the

prepol ymer whd ADI Rink% nfldcMlat Weip RO M68will Prooide hreABXAHdWRE havingaasdi&dlar
di i socyanate nononer can be readily achieved, e.g., by distillation.

Di still atsi onveagtj 3WEIID+1d8at 336 aMhdRdesk ol 8&ve ltwo NDOIead dupk cadR Bfny/4cUUM
noderate tenperature, and short residence tine is advantageously used in the

di stillati omaltdapeTrals] tRINCEH@bntent TP Be 2@DNE1 38646, 395 for &3 ABA §tak@ek. film
distillation systemcomercialized by such sources as Pope Scientific,

Inc.; Artisaimilaget ABABA stitburé pdssedngey méditar eifdet-of 2500 wifl aadlagiNCdd S., I nc.;
I nCon Technol ogies, L.L.C.; Luwa Corp.; UCInc.; or Buss-SM5 GrbH for this

pur pose. Conbhteid QEH42D5HE=3504) ThidtiSkRRd 1RoREQNNEOTohtBR fordRNABS og0Nbi ned i n
series are preferred because they can reach | ower operating vacuuns of from
about 0. 001 Apn@bedducts,. Torr. Preferably, the systemis a wped filmvacuum
distillation process. -12 WD 2005/012450 PCT/ US2004/ 022595 Unreacted

di i socyanat e nononer 8MdWEcohichi dTRPEEpdIyMENChTR: ReliEctaken Btapal ymer at a
pressure of from about 0.001 to about 10 Torr and at a tenperature ranging

from about 8§Qhdd§ eaRauleseiHein AT Re@bED2ILYordy FRIRI essure of from about
0.01 to about 0.1 Torr or below and at a tenperature of from about 100C to
about 160C or bel ow. TH3Qolyurethane prepolymer prepared in accordance with the present
invention generally contains a large amount of unreacted diisocyanate monomer most or
substantially all of which will be removed therefrom prior to reacting the prepolymer with the
15 acrylic monomer. Such removal of unreacted diisocyanate monomer can be readily achieved,
e.g., by distillation, Distillation equipment that can be efficiently operated at deep vacuum,
moderate temperature, and short residence time is advantageously used in the distillation
operation. For example, one can use an agitated film distillation system commercialized by
such sources as Pope Scientific, Inc.; Artisan Industries, Inc.; Canzler GmbH & Co.;
20  Pfaudler-U.S,, Inc.; InCon Technologies, L.L.C.; Luwa Corp.; UIC Inc.; or Buss-SMS GmbH
for this purpose. Continuous units with internal condensers that can be combined in series

are preferred because they can reach lower operating vacuums of from about 0.001 to about 1

Torr. Preferably, the system is a wiped film vacuum distillation process.

-12-



5 inportance of m nimzing high tenperature degradation of polyurethane
prepolyners is described in British Patent No. 1,101,410, which recommends
that distillation be conducted under vacuumw th an evaporative tenperature
pr ef er abl ywondes011486C. U. S. Patent No. 4,182, 825 descrpdiess2bdamrsse of
evaporati ve jacket tenperatures of 150-160C for TDI prepolyners. U. S.

Pat ent No. 5, 703, 193Unesetniisctgshajeatdiemericampastgiped o thelpdBQiuetiame |t 1S
desirable that in operation of agitated filmdistillation equipnent, the
condenser t pipetyradrar €preBire bhford alsdut 0.0@( te atpat Hi Tdnens bt Atbapdratil@dagihgl ow t he
evaporative tenperature. The condenser nust also be cold enough to

ef fi ci ent| yfroonabein 8¢ Cao bisua2i0P@lahy prafetablyfat egedire 8Hyraabdue0.0 hpabout A 1condenser
tenperature of from about 50 to about OC or belowis preferred. 15 If the

r ecomendedTeit bi Yeiwthd conEinperane of frem abmie r00ed to dbb 168°E1 @ below( Phepol ymer)

will typically contain |ess than about 2% by weight of free (i.e.,

unr eact ed) inthortsiee yfunAiirRiziig highempefatued Rpatdtiyn bsdyutdiane pepiimds 5% by wei ght
of free diisocyanate nononmer and nore preferably |ess than about 0.1% by
wei ght of f deeridtirsBeysaPake N DOMes10, wiith re@ainteadk thdt ldatiBitioh ppesidgtitddsocyanat e
nononer can be used to produce nore prepolynmer. 20 CGenerally, the resulting
pol yur et haneénder ep0lny Wh an svapdrathe endeanira/prafe@sl iyder | THAC U OIS aaxére tlo.

di i socyanat e nononmer content and hi gh NCO content (preferably 80% or nore of
t he theor ettjiend25Netdribatheust of @apdritve ARt @mpetatites 6f) 150Tl66°Qofot YDIF et hane

prepol yner containing |ow free diisocyanate nononmer is thereafter reacted
W th an acr plepglym@nangrPapasises 03 g93atcomaraded gutket tedgetatweoff 120 | onal ity, -13
WO 2005/ 012450 PCT/ US2004/ 022595 such as carboxylic acid group(s) or

hydr oxyl joand/ or am né igdeiighiethat iSofietatibd & agiCated fila disiaipAeqspmenglthede vi nyl
carboxylic acids, acrylic acid, nethacrylic acid, am no al kyl acryl ates,

am no al kyl comedtaceypaitas forhyediigikpabkatlicagt@abyut 830S belby dicexykdtiyé

nmet hacryl ates and hydroxyal kyl al kyacryl ates such as hydroxyet hyl acryl ate,
hydr oxyet hy ltenipeiafuae myd ein@enser must also be cold enough to efficiently condense substantially all

free diisocyanate vapor. A condenser temperature of from about 50 to about 0°C or below is
preferred.

15 If the recommended stripping conditions are observed, the residue
(prepolymer) will typically contain less than about 2% by weight of free (i.e., unreacted)
diisocyanate monomer, preferably less than about 0.5% by weight of free diisocyanate
monomer and more preferably less than about 0.1% by weight of free diisocyanate monomer.

If desired, the stripped diisocyanate monomer can be used to produce more prepolymer.

20  Generally, the resulting polyurethane prepolymers will have low viscosity, low unreacted
diisocyanate monomer content and high NCO content (preferably 80% or more of the
theoretical NCO content for the ABA structure).

The polyurethane prepolymer containing low free diisocyanate monomer is

thereafter reacted with an acrylic monomer possessing at least one reactive functionality,

-13-



5 hydroxypropyl acryl ate, hydroxypropyl - met hacryl ate, hydroxybutyl acryl at e,
and the like, and mxtures thereof Hydroxy functionality is preferred. As a
result of the reaction of the |ow free diisocyanate nononer polyurethane

pr epol ynmer , ) acrylic nononer, the pol yurethane
V\Wz{t{ 112480 P YiR5259S

endcapped wt groups contai ni ng ethyl eni c unsaturation. Advantageously,

the ratio ofychUNGidcna! dld hyvlro®y1 A , hey; 1 mononer to
t he availab“g NCO 8oﬂtent%g?s?ggﬁg&ﬁﬁbréﬂ%gﬁﬁhggﬁéggpﬁwg?é¥gwﬁron1about

0.9:1 to ab@dhorderdindiu@\inyPE£E&EALL Vs LB 30O Wetrke PR abid SmBBAM, 1. 100 1. The

tenperature of this reaction can range fromabout 30 to about 90C and

preferably fromeaRRto 1 h@nRRMs, Iéﬂ@x%'% h&ﬂ%i Mydr%@lkﬂrmmcsflait&gh@i tors of
nme

free radical reactions Such as 4 1 hoxyphenol " can be added to the

reaction of wheRRINKIRHIANSuIN SR fhy 130 ke Yth{imet{lORRHEr Wi th
hydr oxyl fun%tigna#itg at a Fevelggfﬂgoypp%fto%i%) ;'&efght&baéed on the

entire aRbuRiqfypld ﬂaé{ﬂ%}ﬂy@ﬁxﬁr&ﬁy}’-ﬁl@mac@lﬂe Q%Idrggrbgtyﬁé%lt&’ §1§c§tg§ﬁl&bar@5

dibutyltin dilaurate can optionally be added, ., Up to about 3% by

wei ght of the, @9$5£ﬂ2Pgh%*yﬁﬁ“m“?“9§%*k*@9’ t he pol yuret hane of the present

i nvention displays t roperty o having a hi gh Newt oni an pl at eau.

Exampl es (1-8) ar e | 14 USLLAL! e lioh Bn{ RYI AL LA AR fomfBbYBELALRANE Of

the invention and Conparative Exanpfes | - are 1llustrative o pri or

art, i.e., il i, o d e fromthe
! gﬂ:%%l?ep iBaAhd & 19'&0%&9%%@5&%5&9&7@{ F‘g?'{'&% Jd?%ﬁééog\?ﬁ

pol yur et han ol ymer prior to reacting er wt i C nononer

to formr ad@%E@%ﬁ&%@%@%lepfg(?ll'n%%ﬁrrﬁ{gﬂaﬂg\zanfa%e%us\w? t%qgﬁ{&é‘%%ﬁ&ahtg, eé%(’a.mﬂ es:

PCT/ US2004/ ow ng abbreviattons 'are used Int

TD : Tol H)en% l){ QEURNAY e omefrothe J%ilpa'ﬂl%ﬁ\)do Egﬁehmedpjoily%%%ﬁ@at e LFMDI: Low
B eny ne te

free 4,4"-Di | et I'1 Socyana
prepolymer is from about 0.9:1 to about 1.2:1 and preferably from about 1.05:1 to about

1.10:1. The temperature of this reaction can range from about 30° to about 90°C and
preferably from about 50 to about 70°C.
Optionally, one or more inhibitors of free radical reactions such as 4-

15 methoxyphenol can be added to the reaction of the polyurethane prepolymer and the acrylic
monomer with hydroxyl functionality at a level of 50 ppm to 1% by weight based on the
entire amount of the reaction mixture. One or more catalysts such as dibutyltin dilaurate can
optionally be added, e.g., up to about 3% by weight of the reaction mixture.

In addition, the polyurethane of the present invention displays the property of

20 having a high Newtonian plateau. Examples (1-8) are illustrative of the radiation-curable
polyurethane of the invention and Comparative Examples I-VII are illustrative of the prior
art, i.e., where unreacted diisocyanate monomer is not removed from the polyurethane
prepolymer prior to reacting the latter with acrylic monomer to form radiation-curable

polyurethane.
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5 PPDI: p-Phenyl ene diisocyanate HDI: 1, 6- Hexanmet hyl ene dii socyanate PTMVEG
1000: MW = 10009/ nol nom nal. Pol ytetranethyl ene ether gl ycol
(Functionality 2.0) PBHAG 2000: Pol yester of butanedi ol /hexanediol (at 40/60

nol e rati omgkqosgﬂ sqdi pic acid (Functionality 2.0) havipeéedssbs 2000g/ nol
nom nal . L 2- roxyet acryl ate  2- roxyet nmet hacryl at e
1 nal d yet hyl yl HEMA: 2- Hyd yet hyl h yl

EXAMPLE 1 is Thi s examplf@loiidgubbreditiess dirbesep mafegxaimplen of a radi ati on-curabl e
pol yuret hane acrylate oligonmer using HEA and reduced (Il ow) free TDI

prepol yner from PTVEGDIoTykneidiisocgaaer dance with the invention. A

pol yur et hane prepol ynmeb!: wes-Diphepd nethatpydiisdegangieng first 562 parts TDI, then
1000 parts PTMEG 1000FMIZ0 LW free d,4aDipbdnghmetizme tliisotyahdtask equi pped with a
nitrogen 20 sweep, arPPagi p-Rhotylenadiisbyammenet er, a heating nantle and a vacuum
source. The nol ar ratHRi: df6-HémethgeldeikCGy{nhlence t he equi val ent rati o of NCO
groups to OH groups) RASEG1000: MW = 10eGahdl aomitklX Palyetrwasthyie@tegtdr flgrol 6 hour s
at 60C under a vacuum of 1-10 Torr during the | @Binctidmality 2t@) renove entrai ned
gases. The crude readiBHAG 2000t Polyestansf Hun@edighecaskiadatt4nmo ugie atio ped film
25 evapon@t or to renpveandrndpaatiddFuhBlionality 2 0Ekaying at MW of2X0g mdlnohgmlor | ess;
j acket tenperature ViBA120@droryethytendenser tenperature was 5C. The stri pped
pol yur et hane prepol yrigEMaontiidragethyd asthhdidme 0. 1% free TDI, and had an NCO
content of 6.10% This is 93% of the theoretical value of 6.58%for

prepol yner of pure TDI - PTMEG TDI structure (1278 MW when PTMEG is 930 MA.
-15 WD 2005/ 012450 PCT/ US2004/ 022595EXAMPLE |

15 This example illustrates the preparation of a radiation-curable polyurethane
acrylate oligomer using HEA and reduced (low) free TDI prepolymer from PTMEG polyol in
accordance with the invention.

A polyurethane prepolymer was prepared by charging first 562 parts TDI, then
1000 parts PTMEG 1000 (930 MW) to a batch reaction flask equipped with a nitrogen

20 sweep, an agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of
TDI to PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 3:1. The
reaction mixture was heated for 6 hours at 60°C under a vacuum of 1-10 Torr during the last
hour to remove entrained gases.

The crude reaction mixture was then processed through a wiped film

25 evaporator to remove unreacted TDI monomer; vacuum was 0.04 Torr or less; jacket
temperature was 120°C. and condenser temperature was 5°C.

The stripped polyurethane prepolymer contained less than 0.1% free TDI, and
had an NCO content of 6.10%. This is 93% of the theoretical value of 6.58% for prepolymer

of pure TDI-PTMEG-TDI structure (1278 MW when PTMEG is 930 MW),



The stripped pol yurethane prepol yner (1000 parts) was charged to a batch
reaction flask equipped with a dry air purge, an agitator, a thernoneter and
a heating mantle followed by the addition of 177 parts of 2-hydroxyethyl

acrylate. ¢o\Rbdassphenol (200 ppm, an inhibitor of fgeeysBeH BN
reactions, and 0.5%di butyltin dilaurate, a catalyst for 5 urethane

formati on, vere ¢ henrddgfies TARAC IR0 RSl BeBol Gl | cast 2

hours at 80C until the % N ess .1 % as determned by titration

and the peakadibn H@Qeq&*b&apﬁﬂﬁr&)ﬂal%réehﬁl a%Ta{tB §@1@§r{o‘iﬂéf@r and ¥heYtirgGRsME Y of the

acrylate oligoner was neasured by a Brookfi el d viscometer at various

t enper at ur efpllovdd Wﬁ%& Y =| W&Eh&drlkye&yp&m ad-MéoRpReRl @ob | | ustrates

the preparation radi ati on-curabl e polyurethane acrylate oligoner in

accordance Wrﬁ)hantlhﬁblwr'opfreear‘é@wal l'ea&tons | 0153% anulyRRAQUARAL &-cafaBitTHNAL ed
pol yur et hane prepol ynmer from whi none of the unreacted diisocyanate

MoNoNer s ﬂ%@gmak@m?& thb?:eaqdéfdo TREFeXtiBh Fikdle waORRYRA tdr @dst 7 Rburddepol yner
with 15 PTI\/EG pol yol . A pol yuret hane prepol ymer was prepared by chargi ng 374

parts TDI, &@@%uﬂt@?@@ & Was 1B 0190 d(‘.t@mn% thridh Rt Pedk@Ridn flask

equi pped W|th a nitrogen sweep, an agitator, t hernoneter, a heating

mantl e and gs}3cdBnIRUFaR- spéEB@mn’@l‘m@«fxscBﬁt&lo@th@ﬁcryllt@bhﬁd?ne?%@@ba(sﬂ:@@ﬁﬁat he
equi val ent ratio of NCO groups to OH grolps) was 2:1. The 20 reaction

m xt ur e wasghertddyvitQmeRr NAUfisus HmpPQ@freand Wi th a vacuum of 1-10 Ton during
the last hour to renove entrai neé) gases. The foregoing prepol yner was
conbi ned with 250 parts of hydroxyethyl acrylate, followed by 200 ppm

4- met hoxyphenol and 0.5%di butyltin dilaurate. The reaction m xture was

heated fgr at |east 2 hours atc-GpARATIVE EREMHIBGO was | ess than 0.1 % as
-16 WO 2005/ 012450 PCT/ US2004/1022595 determned by titration and the peak

of NCO di sappear ed ofpishgmpaldite SRR M Eratddthe preparation of a radiation-curable

polyurethane acrylate oligomer in accordance with the prior art, i.e., using an isocyanate-
terminated polyurethane prepolymer from which none of the unreacted diisocyanate
mononier is removed. HEA is used to acrylate the conventional TDI prepolymer with
15 PTMEG polyol.
A polyurethane prepolymer was prepared by charging 374 parts TDI, then
1000 parts PTMEG 1000 (930 MW) to a batch reaction flask equipped with a nitrogen
sweep, an agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of
TDI to PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 2:1. The
20  reaction mixture was heated for 6 hours at 60°C and with a vacuum of 1-10 Torr during the
last hour Vto remove entrained gases.
The foregoing prepolymer was combined with 250 parts of hydroxyethyl
acrylate, followed by 200 ppm 4-methoxyphenol and 0.5% dibutyltin dilaurate. The reaction

mixture was heated for at least 2 hours at 80°C until the % NCO was less than 0.1% as

-16-



viscosity of the acrylate oligonmer was neasured by a Brookfield visconeter
at various tenperatures. 5 EXAMPLE 2 This exanple illustrates the
preparation of a radiation-curable polyurethane using HEMA and | ow free TDI

pr epol ymer wi 4obs/ 176G pol yol in accordance with the i npMeRtis064/028595
pol yur et hane prepol yner was prepared by charging first 562 parts TDI, then

10 1000 par tgerilvESy §0420n aABMBe PAK of RCO dRa@pedied &ARE FTIR shbod&ln. aueli pped with a
nitrogen sweep, an agitator, a thernoneter, a heating nantle and a vacuum

sour ce. Thevignkiy offtie dcBy14¥ olighfabr W nBIMES bl B BRRAEIN Qis@biet @l WAbust at i 0 of NCO
groups to OH groups) was 3:1. The reaction mxture was heated for 6 hours

at 60C and wpflefawgesvacuum of 1-10 Torr during the |last hour to renove

entrai ned gases, 15 The crude reaction m xture was then processed through a
wi ped film evaporator to renove unreacted TDl nononer; the vacuum was 0. 04
Ton or less; the jacket tenperature was 120C and the condenser tenperature
was 5C. Fhe stripped pol yurethane prspoipter contained | ess than 0.1% free
TDI, and had an NCO content of 6.10% This is 93% of the theoretical value

of 6.58% for prepol yngf ex&%l@fﬁlu@ﬂdfe@tb@ﬁe'ﬂﬁME@fJ@Hiaﬁ&ﬁM&bWO&g@mge MV when
PTVMEG is 930 MAN. The stripped pol yurethane prepol yner (1000 parts) was

charged to @sRAHERIA R QT Ry RSthy itPEE 1196 E&lyawac@sﬁa&ymman agitator,
a thernmoneter, and a heating nmantleé followed by the addition of 198 parts

of 2-hydroxygtiw, met hacryl ate. 4- Met hoxyphenol (200 ppm), an inhibitor of
free radical reactions, and 0.5%dibutyltin dilaurate, a catalyst for -17

eacti on mxture was T e o e P e e e e DR oD s
I ess thap 0.306ass FEMEGN0BEG3OMW) th & BitkiPRacBBHindsR equisRK with a NeEgen

sweep, an agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of

TDI to PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 3:1. The

reaction mixture was heated for 6 hours at 60°C and under a vacuum of 1-10 Torr during the

last hour to remove entrained gases.

15 The crude reaction mixture was then processed through a wiped film
evaporator to remove unreacted TDI monomer; the vacuum was 0.04 Torr or less; the jacket
temperature was 120°C and the condenser temperature was 5°C.

The stripped polyurethane prepolymer contained less than 0.1% free TDI, and
had an NCO content of 6.10%. This is 93% of the theoretical value of 6.58% for prepolymer

20 of pure TDI-PTMEG-TDI structure (1278 MW when PTMEG is 930 MW),

The stripped polyurethane prepolymer (1000 parts) was charged to a batch
reaction flask equipped with dry air purge, an agitator, a thermometer, and a heating mantle
followed by the addition of 198 parts of 2-hydroxyethyl methacrylate. 4-Methoxyphenol

(200 ppm), an inhibitor of free radical reactions, and 0.5% dibutyltin dilaurate, a catalyst for

-17-



di sappeared on the FTIR spectrum The viscosity of the acrylate oligoner was
nmeasured by a Brookfield visconeter at various tenperatures. 5 COVPARATI VE
EXAMPLE 11 This conparative exanple illustrates the preparation of

radi ati on- %@bg,@uﬁgol yur et hane using HEMA and conventi paglisabide2pdegPol yrrer
wi th PTMEG pol yol . A pol yuret hane prepol ymer was prepared by charging 374

parts TDl, tB@Ehe fdithaliOl) VeRARdn2IBEMERR ARG hH%ERe MUhehRd BorRak&h2 hRCkT on fl ask

equi pped with a nltrogen sweep, an agitator, a thernoneter, a heating

mantl e and goreagtiume BNEE Reas nIJaehamh%asm@éﬂnﬁne@fby nmon aRd %I&!Ea@om%@ce the
equi valent ratio of NCO groups to OH groups) was 2:1. The reaction m xture

was heat ed figfppbhrdaQhifk PR GRS IhaREUHTb e derifle T0Rndk b fledbliga biast  hour

to renove entral ned gases. 15 The foregoi ng prepol yner was conbined with 280

parts of hygdrryad N¥domeFBitNAGIY tedtpBratufeg! | OWed by 200 ppm 4- met hoxyphenol and
0.5%di butyltin dilaurate. The reaction m xture was heated for at |east 2

hours at ;80C until the % NCO was | ess than 0.1% as determned by titration
and the peak of NCO di sappeared on the FTIR spectrum The viscosity of the

acryl ate ol i goner was measur ecGdNp Bt QPKE Bt bl sgonet er at various 20
tenperatures. -18 WD 2005/ 012450 PCIT/USZ20047 022595 EXAMPLE 3 This exanpl e

11 ustrates the prepanathfifhedihe afBlikhaf i aikeoRol NUERhAAR. USi ng HEA

and low free TDI prepolynmer with HAG 2000 in ‘accordance with

nienton B e BUSHOLNTR MboROpia egoging 1175t 20z
glycol, 1850 MA to A ﬂ%ﬁlufetfhane prepolymer was prepared by charging 374 parts TDI, then
10 1000 parts PTMEG 1000 (930 MW) to a batch reaction flask equipped with a nitrogen
sweep, an agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of
TDI to PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 2:1. The
reaction mixture was heated for 6 hours at 60°C with vacuum of 1-10 Torr during the last
hour to remove entrained gases.
15 | The foregoing prepolymer was combined with 280 parts of hydroxyethyl
methacrylate, followed by 200 ppm 4-methoxyphenol and 0.5% dibutyltin dilaurate. The
reaction mixture was heated for at least 2 hours at 80°C until the % NCO was less than 0.1%
as determined by titration and the peak of NCO disappeared on the FTIR spectrum. The

viscosity of the acrylate oligomer was measured by Brookfield viscometer at various

20  temperatures.
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reaction flask equipped with a nitrogen sweep, an agitator, a thernoneter, a
heating mantl e and a vacuum source. The rati o of butyl ene/ hexanethyl ene in
t he polyol was 4/6. The nolar ratio of TDI to PBHAG (hence the equival ent

rati o of NyQ 9IRSt 0 OH groups) was 3:1. 10 The reactdcqiydshosiobdsss Was
heated for 6 hours at 60C and under a vacuum of 1-10 Torr during the | ast

hour to renove entrained gases. The pYAMIPLE @action m xture was then
processed through a wiped film evaporator to renove unreacted TD nononer;

the vacuum was 0. 04 TioRks &REmpl€ Bfistradd hejpPephralion dr & PHARKISH- é’tfr@olé’\ﬁ(ﬁ yutdfdaeand the
condenser tenperature was 5C. 15 The resulting prepol yner had 3.67% NCO

content, 96%@f HEAGNk fEOf&t TMPrepolyMbUGHFBIBAG2000fiRicchiaaReMym®ie of pure
dii socyanate pol yol -di i socyanate structure (2198 MV when pol yol is 1850 MN

and free TDineamdent was <0.10% The stripped pol yurethane prepol ynmer (1000
parts) was charged to a batch reaction flask equipped with dry air purge,

an agitator, a ther noABIQErethR GredoldRatvidd GrefRET hyEcha Q ﬁ?&]tb SRks D1 e
addition of 106 partsﬁgf?&Z hyd(réoeﬁ?ygl'?hyl gc?? aty:c thoxyphenol (200 ppm,

an i nhi bi t orjog$ pafrfs@@WA@D@@poI&&ﬁﬂEde%ﬁameﬂﬂ@n@acﬁpﬁéjgli%ﬁf Y830 Mwdid AbHipt e, a

catalyst for urethane formation, were then ad e reaction m xture was

heated for atacligpfidsk 2quispel Vithh nit®Ba sWidpl An doiR07a NP 0AREr | AR B hR0D. 1%@as
determned by titration and the peak of N -19 WO 20057 012450

PCT/ US2004/ 0243 9acuuflisS @B ek %ogﬂbw&emaﬁaew@ﬁé mmpo%ﬁwysl@@omewomf the
acrylate oligoner was neasured by a Brookfiéld viscometer at various

tenper at ur es, COMPARATLIEGTIANNECAhicR ol NeOTRAIALY U gRpTRls | | ustrat es

the preparation of a radiation-curable pol yuret ane using

convent i gpal TpERacREERRLYOREs Nhibd¥oPSRAR R 60°¢Qhd uficPOl XM LIRNETRE @mgymsr was
prepared by charging 188 parts TDI, then 1000 parts PBHAG 2000 to bat ch

reaction fl agki,auiRBRshoth bitamedkdsboen sweep, an

The crude reaction mixture was then processed through a wiped film
evaporator to remove unreacted TDI monomer; the vacuum was 0.04 Torr or less; the jacket
temperature was 120°C and the condenser temperature was 5°C.

15 The resulting prepolymer had 3.67% NCO content, 96% of the theoretical
value of 3.82% for prepolymer of pure diisocyanate-polyol-diisocyanate structure (2198 MW
when polyol is 1850 MW) and free TDI content was <0.10%.

The stripped polyurethane prepolymer (1000 parts) was charged to a batch
reaction flask equipped with dry air purge, an agitator, a thermometer, and a heating mantle

20  followed by the addition of 106 parts of 2-hydroxyethy] acrylate. 4-Methoxyphenol (200
ppm), an inhibitor of free radical reactions, and 0.5% dibutyltin dilaurate, a catalyst for
urethane formation, were then added. The reaction mixture was heated for at least 2 hours at

80°C until the % NCO was less than 0.1% as determined by titration and the peak of NCO
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agitator, a thernonmeter, a heating mantle and a vacuum source. The ratio of
i 0 butyl ene/ hexanet hyl ene in the polyol was 4:6. The nolar ratio of TDI to
PBHAG (hence the equivalent ratio of NCO groups to OH groups) was 2:1. The
reacti on mpgiai9019xs heated for 6 hours at 60C with a Magussgy@izashs 10 Torr
during the last hour to renove entrained gases. The foregoing prepol yner was
conbi ned wi tdisagpd2repau the FOR dpyatuax yie higdositastitiyel adtytate Jligbheawed naysuzd®yppm

4- met hoxyphenol and 0.5%di butyltin dilaurate. The reaction i 5 m xture was
heat ed for drodkéiakitvis2orhaetrasvagibuIOpeaintred. t he % NCO was | ess than 0. 1% as
determned by titration and the peak of NCO di sappeared on the FTIR
spectrum The viscosity of the acrylate oligoner was neasured by a
Brookfield visconeter at various tenperatures. 20 EXAMPLE 4 This exanple
illustrates the preparation of CaMPARATIVNEOBXAMPBBIRE pol yuret hane using HEVA
and low free TDI prepolynmer with PBHAG pol yol in accordance with the
inventions -20 WO 200idbadnatiEtiny$2liodia22 b Plepardtinoif ¥ detibetaatde epol ymer
was prepared by first charging 282 parts TDI, then 1000 parts PBHAG2000 to a
bat ch react iptyufettaskusagUHEpad convebticnal T B HEPERNmeMeGPBIXG palgolt at or, a
thernoneter, a heating mantle and a vacuum source. The ratio of

but yl ene/ hexamet hyl ene polurtthghe pedpylgmeas plpired Byhehaigilga 88 patsiTIahenTDl t o
PBHAG (hence the 5 equivalent ratio of NCO groups to OH groups) was 3:1. The
reacti on m xt000 parwe@B HAEA108d td DatchGedotini fRasladquippéd aikich nifickeh sweepaamuum of 1- 10
Torr during the last hour to renove entrained gases. The crude reaction

m xture was dghaor, phetamsesd, dHaitthiggiunte aid @@ekuliinlsbarcee Vip @itiator t o renove
unreacted TDI nononer; the vacuumwas 0.04 Ton or less; the jacket 10

t enper at us e tdgentAanrihglehdia tiqdUONSAI4:d MNP BloRt tatie ofESI th EBHAG (hence the

equivalent ratio of NCO groups to OH groups) was 2:1. The reaction mixture was heated for
6 hours at 60°C with a vacuum of 1-10 Torr during the last hour to remove entrained gases.
The foregoing prepolymer was combined with 132 parts of hydroxyethyl
acrylate, followed by 200 ppm 4-methoxyphenol and 0.5% dibutyltin dilaurate. The reaction
15 mixture was heated for at least 2 hours at 80°C until the % NCO was less than 0.1% as
determined by titration and the peak of NCO disappeared on the FTIR spectrum. The
viscosity of the acrylate oligomer was measured by a Brookfield viscometer at various

temperatures.

20 EXAMPLE 4
This example illustrates the preparation of a radiation-curable polyurethane
using HEMA and low free TDI prepolymer with PBHAG polyol in accordance with the

invention.
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The resulting prepol ynmer had 3.67% NCO content, 96% of the theoretical

val ue of 3.82% for prepolyner of pure diisocyanate-pol yol -diisocyanate
structure (2198 MW when polyol is 1850 MW and free TDI content was <0.10%
The strippa@d H0d0i4set hane prepol ymer (1000 parts) was chafgedod@a3s batch 15
reaction flask equipped with a dry air purge, an agitator, a thernoneter,
and a heating mantl e A jdlu-aMme plRyol vAasl plebdr&ibyQirst LRgiR@d §25paff TDI, then

2- hydr oxyet hyl nethacr%%%te. 4ngtﬂg§yphgﬁgl 8200 pp%)? éﬁ)inhiﬁﬂ}or of

free radi caliosaaet PRARG260U0 @ b&Bh @idabh Mdsk bquished JitF @hrogeh sebRhYSt for
uret hane formation, were then added. The reaction m xture was heated for at

| east 2 hourgitaddr, a BEHmothtet, la htdlig Hahfe@ni\@Sach@f Sovkdeamhdratio 48 as det er m ned by
titration and the peak of NCO 20 di sappeared on the FTIR spectrum The

viscosity ofpuf/RBe/R&aNERYI81Gh 'ue\%mgm Wi 8. MERSHb I8ty ofarDIRS POMAGRhdhcd/heCoOnMet er
at various tenperatures. -21 005/ 012450 PCT/ US2004/ 022595 COVPARATI VE

EXAMPLE 15V ThiiSal&? faRe bANC Oy A0 grohdswis 3L, €Phed BRiBE RBAr& hOHEaRl for
radi ati on-curabl e pol yurethane using MA and conventional TDI prepol yner

with PBHAG pofodiRlat 60°C RRY Midked Agifh &SROtV MR Eing8S aR HIPAD 8GndY ethiiedi Ng 188
parts TDI, then 5 1000 parts PBHA&000 (pol ybutyl ene-hexanet hyl ene adi pate

glycol, 185Q,0y to a batch reaction flask equipped with a nitrogen sweep,
an agitator, a thernoneter, a heating mantle and a vacuum source. The ratio

of butyl ene/ hexamet hyfgRgide Readtldg nid@hink Ylas WaSprdcesed THiGugARaged M@t i o of TDI to
PBHAG (hence the equivalent ratio of NCO groups to OH groups) was 2: 1. The

reaction m xdadoeathasrelRad @ileat@d TOI MOAInfer, Me VAN 4sHD (3 TORCH WA, @fe jakkdiO Torr
during the 10 last hour to renobve entrai ned gases. The foregoi ng prepol yner

was Corrbil@ed(er\‘if?]etréiuré%s PPt Sndthe Enakngor YéipBture watsh@cr yl ate, fol | owed by 200
ppm 4- met hoxyphenol and 0.5%di butyltin dilaurate. The reaction m xture was

heated for at |east 2rjRQasiRin@prefélfmdiMhd 3. 6TARCH DTN VRS, bfaBSthédiéRal0. 1%
value of 3.82% for prepolymer of pure diisocyanate-polyol-diisocyanate structure (2198 MW
when polyol is 1850 MW) and free TDI content was <0.10%.

The stripped polyurethane prepolymer (1000 parts) was charged to a batch
15 reaction flask equipped with a dry air purge, an agitator, a thermometer, and a heating mantle
followed by the addition of 119 parts of 2-hydroxyethyl methacrylate. 4-Methoxyphenol
(200 ppm), an inhibitor of free radical reactions, and 0.5% dibutyltin dilaurate, a catalyst for
urethane formation, were then added. The reaction mixture was heated for at least 2 hours at
80°C until the % NCO was less than 0.1% as determined by titration and the peak of NCO
20  disappeared on the FTIR spectrum. The viscosity of the acrylate oligomer was measured by a

Brookfield viscometer at various temperatures.
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as determned by titration and the peak of NCO di sappeared on the FTIR
spectrum The 15 viscosity of the acrylate oligonmer was neasured by a
Brookfield visconeter at various tenperatures. EXAMPLE 5 This exanpl e

i | lustrat esyd fwgs/prg@ar ati on of radiation-curabl e pol yurgtfas§@os@Ssessi ng HEA
and low free MDI prepolynmer with PTMEG pol yol in accordance with the

i nvention. A prepolynmer was praparsrabyEEXASpchar gi ng 1750 parts MDI whi ch
was dissolved in 1750 parts dinethyl phthalate, then charging 1000 parts
PTMEG 1000 (1000 MAThis@ompdiaive BxdnpGilistted hépkpesioh pPRGiatNH durableni t r ogen
sweep, an agitator, a thernoneter, a -22 WO 2005/ 012450 PCT/ US2004/ 022595
heati ng mantpbRuBihaneusing HBMA SiilbofientiohBIET DTPkepblymat with PBHA®polyel. PTMEG ( hence
the equivalent ratio of NCO groups to OH groups) was 7:1. The reaction

m xture was heated fQ{polfurdiRiae BrepdlyBQabiephrell ByaBARY 088 partd @DY,@endur i ng t he
| ast hour to renpve entrained gases. The crude reaction m xture was then

processed t hoowgis RBWAIBR000\ (pb1PBuby 1@ aBahRthPlknd QligaRFBNE!, WT0aaWYH &ch Yith nononer
and di nmet hyl phthal ate. The vacuumwas 0.04 Torr or |ess, the jacket

t enper at ur e WRBonlfICeAiPed WEh £AGERASREep! MIPRIt@! Athembaster @Geatind handd r i pped
prepol yner contained less than 0.5%free MDI. It had 5.10% NCO content, 91%
of the theorash¢ahuabhi&. The Bti6 OfbubydneMEapeihyeRsin e pplybBYAVIAl6: AT EGar VDI
structure (1500 MW when PTMEG is 1000 MW . 10 Then 1000 parts of the
stripped preap of BN tCEBNAG (fRGceahodqgRaledtirdtidlof NODI goompslto A1y grbdh) pag 1:5. of

2- hydroxyet hyl acrylate, 200 ppm 4- met hoxyphenol and 0.5% di butyltin

di | aur at e t orig rdaefichinik@achds eatdd faskhaRmat GU9€ GvithiatyRcudm@F Y- 18 Torr@AUfighe aN
agitator, a thernonmeter and a heating mantle. The reaction m xture was
heated fof aksth@R¥ reRoNUAtrBInga®9C, until the % NCO was less than 0.1 via
titration and the peak of NCO di sappeared on the FTIR

The foregoing prepolymer was combined with 148 parts of hydroxyethy!

methacrylate, followed by 200 ppm 4-methoxyphenol and 0.5% dibutyltin dilaurate. The
reaction mixture was heated for at least 2 hours at 80°C until the % NCO was less than 0.1%
as determined by titration and the peak of NCO disappeared on the FTIR spectrum. The

15 viscosity of the acrylate oligomer was measured by a Brookfield viscometer at various

temperatures.

EXAMPLE 5
This example illustrates the preparation of radiation-curable polyurethane
20 using HEA and low free MDI prepolymer with PTMEG polyol in accordance with the
invention,
A prepolymer was prepared by first charging 1750 parts MDI which was
dissolved in 1750 parts dimethyl phthalate, then charging 1000 parts PTMEG 1000 (1000

MW) to a batch reaction flask equipped with a nitrogen sweep, an agitator, a thermometer, a
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15 spectrum The viscosity of the radiation-curable pol yurethane was
nmeasured by a Brookfield visconeter at various tenperatures. COVARATI VE
EXAMPLE V This conparative exanple illustrates the preparation of a

radi at i on-wonadless®0 pol yur et hane usi ng HEA and converpdraiadosNB3Eer epol yner
wi th PTMEG pol yol. A prepolyner was prepared by first charging 500 parts

MDI, then 1GQ@nPakitk andd Metun 08iece( TRORIMMAt & MDIDBPEMBE®EAL @R f | ask
equi pped with a nitrogen sweep, an agitator, a thernoneter, a heating

mantl e and gquAGHtialSINC® grodpsao Bl @bupk)@bds 9: 10fTThdelctiod mililVEGs bheags t he
equi val ent ratio of NCO groups to OH groups) was 2:1. The reaction -23 WO

2005/ 012450 6 R6uké MIBADHtP2 2R98m oMl Xb FRuNBShORANEE t§ Rofe HAMMEd MsesB0C Wi th a

vacuum of 1-10 Ton during the |ast hour to renove entrained gases. Then to

the prepol ynmer above Thesuddvedcaesdmyurdd4 RarphsteRbd Moyt Mpy@hly! acryl ate,
foll owed by 200 ppm 4- net hoxyphenol and 0.5%di butyltin dilaurate. The

reactions 5 efpdfatér ® re@sveinrbac VDI mfonee afildiketh@Yhthalat. BRGactid Was t he % NCO
was |ess than 0.1 %via titration and the peak of NCO di sappeared on the

FTI R spect r gmy Toh@r MbsS$he Fickef tedfpefatie wdsag0°8tah® i CoHdSRE CreRPratufe&lab aore, Was
measured by a Brookfield visconeter at various tenperatures. 10 EXAVMPLE 6

Thi s exanpl e il ustrahesripfe pRbsIPAERb@IRedEss thah 83hAkde DL Ut éalse opo! yur et hane
ol i goner using HEMA and | ow Fr ee MDI prepolyner with PTMEG pol yol in

accordance NEJ tbnteh€919 BEIME tHobteticll RILROS BV For PREoIPMERAHEE MIYI-FIMBG- char gi ng
1750 parts MDI which was 15 dissolved in 1750 parts di nethyl phthal ate,

t hen char gi ngpl@8uearsos MW Meen BPUEGGLROOMWAN to a batch reaction flask

equi pped with a nitrogen sweep, an agitator, a thernoneter, a
10 Then 1000 parts of the stripped prepolymer above was charged first followed

by 148 parts of 2-hydroxyethyl acrylate, 200 ppm 4-methoxyphenol and 0.5% dibutyltin
dilaurate to a batch reaction flask equipped with a dry air purge, an agitator, a thermometer
and a heating mantle. The reaction mixture was heated for at least 2 hours at 80°C, until the
% NCO was less than 0.1 via titration and the peak of NCO disappeared on the FTIR

1S spectrum. The viscosity of the radiation-curable polyurethane was measured by a Brookfield

viscometer at various temperatures.

COMPARATIVE EXAMPLE V

This comparative example illustrates the preparation of a radiation-curable
20  polyurethane using HEA and conventional MDI prepolymer with PTMEG polyol.
A prepolymer was prepared by first charging 500 parts MDI, then 1000 parts
PTMEG 1000 (1000 MW) to a batch reaction flask equipped with a nitrogen sweep, an
agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of MDI to

PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 2:1. The reaction
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heating mantl e and a vacuum source. The nolar ratio of MD to PTMEG (hence
the equivalent ratio of NCO groups to OH groups) was 7:1. The reaction

m xture was heated for 6 hours at 80C with a vacuum of 1-10 Ton during the
| ast hour W@ 084e entrai ned gases. 20 The crude reactpc@mugivoslorsses was t hen
processed through a wiped film evaporator to renove unreacted MD nononer
and di met hylmigdifelvalk dtated 31 EhoGAGHBITCWAS a vacudsh of 0110 Tofr dufSSthe laitonrag ket
tenperature was 160C and the condenser tenperature was 20C. -24 WO

2005/ 012450 rBfove Un2R4/c822595 The stripped prepol ymer contained |ess than
0.5%free MDI. It had 5.10% NCO content, 91 % of the theoretical val ue of
5.60% for prepol ymer én pth@prdfdlyn2t Mote whdhagtd biciadpend dF209diyestyen PTVEG i s
1000 MN. Then 1000 parts of the stripped prepolyner above was charged first
followed 5 dbylaldflipnéd B 00 ppmayEHHRKYRERY hnd®4% amud Al daurd@ OTRABACtion

4- met hoxyphenol and 0,5% di butyltin dilaurate to a batch reaction flask
equi pped s toix@redvad hadtéd fordt Gast 2Bura @i 08, Qhtil tie % MO ABERhandNG Wa heat i ng
mantl e. The reaction m xture was heated for at |east 2 hours at 80C, until
the % NCO wagtidrema thehpik SI'NLO Siappdateld o tie PTTRSCthie TRAKc&¥ity DGR di sappear ed
on the FTIR spectrum The viscosity of the radiation-curable pol yurethane
was measur ecdadijtion-cBabie bl elelaneMds WeSGRIBY € Brodkfidl@visddufetet SRAHBL Ur €S.
COMPARATI VE EXAMPLE VI This conparative exanple illustrates the preparation
of radiati oneg@ptraltte pol yurethane using HEMA and conventional NDI

prepol ynmer with PTMEG polyol. 15 A prepol yner was prepared by first charging
500 parts MDI, then 1000 parts PTMEG 1000 (1000 MW to a batch reaction
flask equi pped with a nitrogen sweep, an agitator, a thernoneter, a heating
mantl e ang a vacuum source. The nol agxsmpbi@ecof MDI to PTMEG (hence the

equi valent ratio of NCO groups to OH groups) was 2:1. The reaction mxture
\tNas heated for 6 hourphigdxaRpleilWstdies\iRGupatatibn dfa illialiof-cakdble PPydreBareast hour

0

oligomer using HEMA and low free MDI prepolymer with PTMEG polyol in accordance
with the invention.
A prepolymer was prepared by first charging 1750 parts MDI which was
15 dissolved in 1750 parts dimethyl phthalate, then charging 1000 parts PTMEG 1000 (1000
MW) to a batch reaction flask equipped with a nitrogen sweep, an agitator, a thermometer, a
heating mantle and a vacuum source. The molar ratio of MDI to PTMEG (hence the
equivalent ratio of NCO groups to OH groups) was 7:1. The reaction mixture was heated for
6 hours at 80°C with a vacuum of 1-10 Torr during the last hour to remove entrained gases.
20 The crude reaction mixture was then processed through a wiped film
evaporator to remove unreacted MDI monomer and dimethyl phthalate. The vacuum was

0.04 Torr or less, the jacket temperature was 160°C and the condenser temperature was 20°C.
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20 renove entrai ned gases. Then to the prepol ymer above was charged by 274
parts of 2-hydroxyethyl nethacrylate, followed by 200 ppm 4- net hoxyphenol
and 0.5%di butyltin dilaurate. The reaction mxture was heated for at | east

2 hours at w@Dges/iitdsh! the % NCO was | ess than 0.1 via gddidbisanseand the
peak of NCO di sappeared on the FTIR spectrum The viscosity of the -25 WD

2005/ 012450 PCT/ US200¢ Qi2ighddprepoBtheAdon@ie € 1Esakdn®. 199 k¥ eI NRRE] 3vRs, Measur ed
by a Brookfield visconeter at various tenperatures. EXAMPLE 7 5 This

exanpl e i | | usto adrnt, ohe oﬂa&@maamti&aowwof@.60%9‘&6}&'\/&@@%@%@&}&@@7&{@@ hane
using HEA and | ow free PPDI prepolynmer with PTMEG pol yol in accordance with
the inventiMDI stAchfegPSUOMWIwwASTRIESHAI®I Mpy).f i rst charging 560 parts PPDI
which was dissolved in 1000 parts dinethyl adipate and 500 parts dimethyl
phthal ate, then char griag 100bGaRO8heaipped frop¥iimed s0e (Db Virst P116wdaat ch
reaction flask equipped with a nitrogen sweep, an agitator, a thernoneter, a
heat i ng nantdye 68pstsadf YAGHUKPeGOLRERcryTdE 2000 paf 4-mdthbBpRénol 430! 54 SILRYINEG ( hence
the equivalent ratio of NCO groups to OH groups) was 3.5:1. The reaction

m xture was Hrak@to { BitchGedtfol SasRtquiPed Wil H1dry ai Yukge,ah aditald), alt@éindimeeng t he

| ast hour to renove entrained gases. 15 The crude reaction m xture was then

processed t hin@ud@kuting WeRRd Thé teattioR WRRGE JaOiicale® fdr @NMBAE2 HEUr€ARDE ulfklle NONONEr
and di nmet hyl adi pate and di net hyl phthalate. The vacuum was 0.04 Torr or

| ess, the | aghato WATBREHRAK OGNS WastratidPindaRthehiner MO di8ppedred dn@RPRITRL Ur € Was
20C. The stripped prepolyner contained |less than 0.1%free PPDI. It had

5.75% 20 NGR:&RRL ant vis@ &fthd M@atloRReRBIE bOiRlreti e Was Aleasired 6Ya BRsokREIGPOI YTET
of pure PPDI - PTMEG

10 viscometer at various temperatures.

COMPARATIVE EXAMPLE VI

This comparative example illustrates the preparation of radiation-curable
polyurethane using HEMA and conventional MDI prepolymer with PTMEG polyol.

15 A prepolymer was prepared by first charging 500 parts MDI, then 1000 parts
PTMEG 1000 (1000 MW) to a batch reaction flask equipped with a nitrogen sweep, an
agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of MDI to
PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 2:1. The reaction
mixture was heated for 6 hours at 80°C with vacuum of [-10 Torr during the last hour to

20 remove entrained gases.

Then to the prepolymer above was charged by 274 parts of 2-hydroxyethyl
methacrylate, followed by 200 ppm 4-methoxyphenol and 0.5% dibutyltin dilaurate. The
reaction mixture was heated for at least 2 hours at 80°C, until the % NCO was less than 0.1

via titration and the peak of NCO disappeared on the FTIR spectrum. The viscosity of the
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PPDI structure (1320 MWwhen PTMEG is 1000 MY . Then 1000 parts of the
stripped prepol yner above was charged first followed by 167 parts of
2- hydroxyet hyl acrylate, 200 ppm 4-nmet hoxyphenol and 0.5% di butyltin

di | aur at e weo 200s@is8h reaction flask equi pped with a drypcaius204/o889s5 an
agitator, a thernoneter -26 WO 2005/012450 PCT/ US2004/ 022595 and a heating

mant | e.  TheradRAsH-tuedbldPokiutbiRnd\ass healerbyfaBrosdticli@Rsdmetei@Wruat 80C, unti |
the "% NCO was less than 0.1 via titration and the peak of NCO di sappeared

on FTIR speghpedures The viscosity of the radiation-curable polyurethane was
measured with a Brookfield Visconeter at various tenperatures. 5
COVPARATI VE EXAMPLE VII This conparative exanple illustrates the preparation
of radiation-curable polyurethane using HEA and conventi onal PPD

prepolymer with PTMEG pol yol. A prepsiamMmE mas prepared by first charging
320 parts PPDI, then 1000 parts i O PTMEG 1000 (1000 MN to a batch

reactionsflask equi pERid exdntple ifludirates B pRpsWRE Pf a Abiati@YukableQlolyurktHaher nonet er
a heating mantle and a vacuum source. The nolar ratio of PPDI to PTMEG

(hence the egri NBA @Rd loWwatek @PDI préfolink @UPBTIBG Golyer i dRd)dak@svithitle The
reaction mxture was heated for 6 hours at 80C with vacuum of 1-10 Ton
during the kgsitiohour to renove entrained gases. 15 Then to the prepol yner
above was first charged 244 parts of 2-hydroxyethyl acrylate, followed by

200 ppm 4- met hoxyphengirepdiehed wadprehakRa by kifst shafbidg®a0 i . PPDR@hicRREE i on  m xture
was heated for at least 2 hours at 80C, until the % NCO was | ess than 0.1

via titratdgsiaach 1008 pR@adiméehyl t€lArR 3PP Fets Qe phiBaldtd] |t1f8n$ﬁﬁ%ﬁg um The
viscosity of the radiation-curable polyurethane was neasured by a
Br ookf i elyd VO®GRRELEVIEG!10VE( DEEWS & 4 FIReLaafid fRSk equipped with a nitrogen
sweep, an agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of
PPDI to PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 3.5:1. The
reaction mixture was heated for 6 hours at 80°C with vacuum of [-10 Torr during the last
hour to remove entrained gases.
15 The crude reaction mixture was then processed through a wiped film
evaporator to remove unreacted PPDI monomer and dimethyl adipate and dimethyl phthalate.
The vacuum was 0.04 Torr or less, the jacket temperature was 120°C and the condenser
temperature was 20°C.
The stripped prepolymer contained less than 0.1% free PPDI. It had 5.75%
20  NCO content, 90% of the theoretical value of 6.37% for prepolymer of pure PPDI-PTMEG-
PPDI structure (1320 MW when PTMEG is 1000 MW).
Then 1000 parts of the stripped prepolymer above was charged first followed

by 167 parts of 2-hydroxyethyl acrylate, 200 ppm 4-methoxyphenol and 0.5% dibutyltin

dilaurate to a batch reaction flask equipped with a dry air purge, an agitator, a thermometer
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-27 WD 2005/ 012450 PCTI US2004/ 022595 EXAMPLE 8 This exanple illustrates the
preparation of radiation-curable polyurethane wusing HEA and | ow free HDI
prepol yner with PTMEG pol yol in accordance with the invention. 5 A

pr epol ynerwoasospigg@r ed by first chargi ng 882 parts HDIpctid®004090365 parts
PTMEG 1000 (952 MAN to a batch reaction flask equi pped with a nitrogen
sweep, an  agl 4 k@i mantlt. TETRIRBS EhixuRe WRREAOD MR NML® DA aB804@Ckk MhsOour ce.
The nolar ratio of HDI to PTMEG (hence the equivalent ratio of NCO groups
to OH groups) NBasval RsslthanlBvik @&&Hch @Ad theheak Uf RCOATapRALE6h FOR sPediml S at 80C
wi th vacuum of 1-10 Ton during the last hour to 10 renove entrai ned gases.
The crude r gaetikdbinafxietidatdasutble Polpiraffs $Q8mbAn Q8 hth @ Baddraeldaf i | m
evaporator to renove unreacted HD nononmer. The vacuum was 0.04 Torr or

| ess, the | agdehetedattPRuSMpEatM@S 120C and the condenser tenperature was 5C
The stripped prepolyner contained |l ess than 0.1%free HDI. It had 6.12% 15
NCO content, 94% of the theoretical value of 6.53%for prepolyner of pure
ABA structure (1288 MW when PTMEG is 952 MN. Then 1000 parts of the

stri pped prepol ynmer above wascOMBIRAHOEgedAMM@ld vaned by 178 parts of

2- hydroxyet hyl acrylate, 200 ppm 4- met hoxyphenol and 0.5% di butyltin
dilaurate to a bat ch ThRaehpR4tive basdpleaibrppetle pepatatidn Of Mdidlidn-Qtb@e, an
agitator, a thernoneter, 20 and a heating mantle. The reaction m xture was
heat ed for @blylredsie udinf BIEASana borf¥OGional PPDY préfodymeaiNPOTMES JoB®s than 0.1 via
titration and the peak of NCO di sappeared on the FTIR spectrum The
viscosity of the acrw gémlhdr §aNmepaviay Mesachargth 1Y patsBroakhdnelodo yirsconet er
at various tenperatures. -28

10  PTMEG 1000 (1000 MW) to a batch reaction flask equipped with a nitrogen sweep, an

agitator, a thermometer, a heating mantle and a vacuum source. The molar ratio of PPDI to
PTMEG (hence the equivalent ratio of NCO groups to OH groups) was 2:1. The reaction
mixture was heated for 6 hours at 80°C with vacuum of 1-10 Torr during the last hour to
remove entrained gases.

15 Then to the prepolymer above was first charged 244 parts of 2-hydroxyethyl
acrylate, followed by 200 ppm 4-methoxyphenol and 0.5% dibutyltin dilaurate. The reaction
mixture was heated for at least 2 hours at 80°C, until the % NCO was less than 0.1 via
titration and the peak of NCO disappeared on the FTIR spectrum. The viscosity of the
radiation-curable polyurethane was measured by a Brookfield viscometer at various

20  temperatures.
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WO 2005/ 012450 PCT/ US2004/ 022595 The viscosities at different tenperatures
of the radiation-curable pol yurethanes of Exanples 1-8 and, those of
Conparative Exanples I-VII are set forth in Table | below. TABLEI 5

Sanpl es Vi §&09hdM2456P 70C. 60C. 50C. 40C. Exanple 1, LFHRHRINESSEA 2, 500
3,860 6,840 14,080 Conparative |, conventional type 2,760 5,280 10, 120

15,880 Exanple 2, LFTDI/PTMEG HEMAgE %, 100 5,630 10,540 Conparative
1, conventional type 3,120 4,800 8, , 840 Exanple 3, LFTD /PBHAG HEA

8,460 14,440 22, 440 3k e ive |1 ti opal 8, 000
100, 000 196, 000 260,g%loég%fgrrp;m[gem%%h{%%u }‘lﬁ‘%ﬁﬁ@y%ﬁ/ﬁhgpgé’fi%‘g%‘%o 24, 550

33,660 Co i I i - E@E};g . 40, 000
Exanpl e S,HE%rr Iﬁ%ﬁ%%%&EE%?%?@%%ﬁgﬁgaéﬁ{??%8 Eg?ggggnégﬁ%g@gﬁ?ve V,

conventi onal, {¥ee 8,480 11,000 19,400 39,720 Exanple 6, LFMDI/PTMEG HENVA
3,400 6,240 11,960 23,640 Conparative VI, conventional type 3,560 6,720

Compar at Pve VI 1. consnrrans! type 10 000 Teers 4k 8 sH e i i e
CPEDL T PTVEGHRAG06 G2 B lo B 80terrendiBn 416 36if120 iR RAOEASLORL T cant

reductions | e viscosities o era pol yur et hanes nmade

from | ow {1 6elof QUANG DI FANIRRE b AGGARCRDRE Ml dilygRs 1 on

(Exampl es 1- as conpared w viscosities o he prior ar

pol yur et hangs) @ (ﬁ&@éﬁﬂé‘&ﬁﬁ\ia}’eﬁt @@&W@ ngoGpYItA oH groups) was 10:1. The reaction

mixture was heated for 6 hours at 80°C with vacuum of 1-10 Torr during the last hour to
10 remove entrained gases.

The crude reaction mixture was then processed through a wiped film
evaporator to remove unreacted HDI monomer. The vacuum was 0.04 Torr or less, the jacket
temperature was 120°C and the condenser temperature was 5°C.

The stripped prepolymer contained less than 0.1% free HDI. It had 6.12%

15 NCO content, 94% of the theoretical value of 6.53% for prepolymer of pure ABA structure
(1288 MW when PTMEG is 952 MW).

Then 1000 parts of the stripped prepolymer above was first charged followed
by 178 parts of 2-hydroxyethy] acrylate, 200 ppm 4-methoxyphenol and 0.5% dibutyltin
dilaurate to a batch reaction flask equipped with a dry air purge, an agitator, a thermometer,

20 and a heating mantle. The reaction mixture was heated for at least 2 hours at 80°C, until the
% NCO was less than 0.1 via titration and the peak of NCO disappeared on the FTIR
spectrum. The viscosity of the acrylate oligomer was measured by a Brookfield viscometer

at various temperatures.
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EXAMPLE 9 Not only is the zero shear rate viscosity of the radiation-curable
pol yuret hane herein inportant for efficient coatings application, for a
steady and fast application of coating to 15 noving articles such as fiber

it is advaRiadfaessh0 have a good rheology as well. It gesyydbRlieisos e
desirable to have a | arge enough Newt oni an pl ateau on a dependence of a

conpl ex viscosity V3Fhe$ﬂ€&ftie§ AldGferdnPehPruRX SR Bdiad dACulBR tf% ufetfall®s for
t he pol yuret hanes of Exanple 6 (Pol yurethane -29 WO 2005/0 1

PCT/ US2004/ Q2223rplesA)r8 #AKhERIIPBSAbaraRe ExadipRls & VY ard RotoyH et EvdRw.ar €
presented in Fig. 1. The rheological master curves of Fig. 1 were
constructed for the two pol yurethanes using a tine-tenperature-
superposition and the WIIlians-Landelviggrgry (W.F) equation. The tine
tenperature superposition (TTS) response of the pol yurethanes was
characterized virgagfy@gani ¢ rheologi cal” 5 anal Ygiddsity,ldfe POl yUT €T hanes wer e
tested on the TA Instrunents ARES rheometer bstareen 25s50com di apet er] pl at es.
The pol yur et han¢ Esaiprl1esFToePeMBPeHERdD bledsseen] i dve pl at pgssat 50@sesd | t hen
tested at a gap |GbmfardivalironvEhtong peei mens7énver e5,28¢st ed [ roono - 6Q 1588060 C at 5C
increments as a |Ewnete20bFTRI/PTMEGHEMAY be20een3,®01 to [1HEBOr adijans®ecilond and a
conpl ex vi scosi|Cymfaratiye haenventiomlyred. [Thid0 dat 4808t di f f $728nt téﬁ@@r at ures
wer e then shift ¢dxample25FIYPBRAG/HEM a nSPer | ffle byl Wsihg t|RESMLH
equat i on: | og( aTCSpmpapiralilopventionghiyper | 4BY00¢ 1) 100,000 T 1’%9901'- [ 290.908elr ei n ar
is the shift facFWP‘CdL%rW@QA‘é/F@Mﬁhe Kor@ﬁ: cofsfant s pHePST, i|3366e I ef erence

15 tenperat ure. FREPFRINGIX, co Lﬂéﬁﬂ# (P33P adi2$0008 IFjg. 1
shows the known Eé‘i“‘rpé‘aaf’d NRPIHME Gﬂstpbosi 900 at % 9 sheht!} %t e é‘;]g%t he absence
of a Newt oni an |cn 8‘3“%““”" ¥W9‘”“’£““° 30 o+ B2 begi-Re)- reist er
curve for Pol yur ;}D\]?;f P’ﬁ‘mﬁgwh 40 n) %%12% 1.969 23,640
y ompara%ve convcntlona type ,J:G 12,500 25,670

Example 7, LFPPDI/PTMEG/HEA | 2,540 | 4,760 8,600 18,640

Comparative VII, conventional type 10,000 10,720 16,980 38,260

Example 8, LFHD/PTMEG/HEA 640 1,100 1,840 3,540

These data show the significant reductions in the viscosities of the radiation-
curable polyurethanes made from low free isocyanate prepolymer in accordance with the
invention (Examples 1-8) as compared with the viscosities of the prior art polyurethanes

10 (Comparative Examples I-VII).

EXAMPLE 9
Not only is the zero shear rate viscosity of the radiation-curable polyurethane herein
important for efficient coatings application, for a steady and fast application of coating to
15 moving articles such as fiber it is advantageous to have a good rheology as well. Itis
therefore desirable to have a large enough Newtonian plateau on a dependence of a complex
viscosity vs. shear rate.

In this example, the master curves for the polyurethanes of Example 6 (Polyurethane
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an onset of Newtonian behavior at a relatively high shear rate of _10;
rad/s, indicating a 20 |l arge Newtoni an plateau. -30 WHAT IS CLAIMED IS 1. A
radi ati on-curabl e pol yuret hane produced by the process which conprises: (a)

reacting ajohfidnieqne diisocyanate nonomer with a conmbippgiysaieeizses hi gh
nol ecul ar  wei ght pol yol and a | ow nol ecul ar wei ght polyol to provide a

I th kA ted dii t wh [
Cach pol yol erEEnTRe pEAR ENTIBu I RIS Po RO a0 Voot or

pol ycar bonat,ﬁasfegglrﬁggﬁg! gg&g @&sfm@ed@&%&3&@g&ggetﬁgeggi%bﬁe}%@gm number

aver age nol ecu rom about ou renovi ng

un act 8 5 AAOBHAORLE FEORTRE, LARADE (ELIMLEIICES IEERRRURE, 1 © oo o
ST e hat SRR PLTE AL SB TET Bl ESNRC ho

e o UL BRSNS S AR R e
(oo o g AR Pt BB
tol [ dene i hSPEKENT) Bun AR 'L 806, LBAHANAS. of Glapamal byl Xy ene

di i socyanate, | Sop ocyanate I cycl ohexyl met’hane dii socyanat e.

pol yol 1 o rpreRe bd NPoBrhAtaRhar R b0 RPN e B 1S o

al kyl ene radj.cal.. and n is an.integer. I enough th ,t | yet her pol yol
has a number''& Se'Pgag i ]g%sﬂﬁeg'r ?hmee(lgglﬁ{ é@%gngtterquglé% S gﬁf)eﬁ%enfggt.eg?oél% "LFEOe

radi ati on-cugabl e pol yurethane,,o | ai m 3 wherein the polyether polyol is a
pol yt et rgﬂet oﬂ’éﬁggg Q'F%g\f]lu%%fh?&g& “H&°Fadi at i on- cur abl e pol yur et hane of
claim1 wherein the | ow nol ecul ar wei ght polyol is an aliphatic polyol

sel ected fromthe group consisting of ethylene glycol, diethylene glycol,

=log(7’(T))= -—CI(T—Tr)
nT,) C+(T-T)

log(e; ) (1)

wherein or is the shift factor,~C| and C, are the WLF conétants and T; is the reference
15 lemperature.

The master curve for Polyurethane B (prior art) in Fig. 1 shows the known
already higher viscosity at zero shear rate and the absence of a Newtonian plateau (shear
thinning from the beginning). The master curve for Polyurethane A (of this invention) shows
an onset of Newtonian behavior at a relatively high shear rate of ~10° rad/s, indicating a

20  large Newtonian plateau.



triethylene glycol, tetraethylene glycol, propylene glycol, dipropylene
glycol, tripropylene glycol, neopentyl glycol, 1, 3-butanediol,

1, 4-butanediol, and the like. 6. The radi ati on-curabl e pol yurethane of claim
| wherein the | ow nol ecul ar wei ght polyol is |Iess than about 20% of the
conbi nati on of high nol ecul ar wei ght polyol and | ow nol ecul ar wei ght -31
polyol. 7. The radiation-curable polyurethane of claim6 wherein the | ow
nol ecul ar wei ght polyol is up to about 15% of the conbination of high

nmol ecul ar i ght I | ow nol ecul ar wei ght polyol. 8. A
radi ati on-w‘g 1SRA A ne produced by the process which conprises: (a)

reacting at | east one diisocyanate nononer with at | east one polyol to
provi de a pol yurethane prepol yner containing unreacted diisocyanate

rmlnomsL : 1\!\h%cﬁétianichablp@lollyodetﬁaae pmhwatwlchémdsesf hﬁicﬁfc@ruﬁrisé@.ﬂﬁi Zti ng gf

pol yet her, pol yester ol ycar honat e, pol ycapr.pl act one.an hydr qcar bon

pol yol s havin 5%?@?90%?633%; a@g"%ﬁ‘%%&‘f’g%‘%'tgﬁtCOBlg'“PF%}ﬁngmﬁw[af0 about
12, 000, avwibhtpalyctamd 4 loer palésuts weighprdiyobto previde anpohjureteanefprepolyodeyest er  of
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with an acrylic nononmer "to provide radiation-curable pol yurethane. 9. The
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pr epol y mepbntest vithcmrgehiis medorhdérrto paivida raplatioesarablé poldurethahé.at i on. 11. The

radi ati on-curabl e pol yurethane of claim 10 wherein the process of

distillation is
2. The radiation-curable polyurethane of claim 1 wherein the diisocyanate monomer is at least

one diisocyanate monomer selected from the group consisting of 2,4 and 2,6 toluene
diisocyanate, 4,4'-diphenyl methane diisocyanate, p-phenylene diisocyanate, tolidene
diisocyanate, hexamethylene diisocyanate, tetramethylixylene diisocyanate, isophorone
diisocyanate and dicyclohexylmethane diisocyanate.

3. The radiation-curable polyurethane of claim 1 wherein the polyether polyol is represented by
the general formula HO(RO), H, wherein R is an alkylene radical and n is an integer large
enough that the polyether polyol has a number average molecular weight of at least about 250.

4. The radiation-curable polyurethane of claim 3 wherein the polyether polyol is a
polytetramethylene ether glycol.

5. The radiation-curable polyurethane of claim 1 wherein the low molecular weight polyol is an
aliphatic polyol selected from the group consisting of ethylene glycol, diethylene glycol,
triethylene glycol, tetraethylene glycol, propylene glycol, dipropylene glycol, tripropylene glycol,
neopentyl glycol, 1,3-butanediol, 1,4-butanediol, and the like.

6. The radiation-curable polyurethane of claim 1 wherein the low molecular weight polyol is less
than about 20% of the combination of high molecular weight polyol and low molecular weight
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acconplished through an agitated filmdistillation system 12. The

radi ati on-curabl e pol yurethane of claim 11l wherein the agitated film
distillation system conprises continuous units with internal condensers
that can be conbined in series. 13. The radi ation-curabl e pol yurethane of
claim 10 wherein the process of distillation utilizes a w ped film vacuum
distillation process. -32 14. The radi ation-curabl e pol yurethane of claim1l
wherein the renoval of unreacted diisocyanate nononmer fromthe pol yurethane
prepol yner reduces the content of unreacted diisocyanate nononer

pol yur et hane prepol yner to | ess than about 2% by wei ght. 15. The

radi ati opg ?grable pol yur et hane of claim 14 wherein the renoval of unreacted
di i socyanate nononmer fromthe pol yurethane prepol yner reduces the content of
unreacted diisocyanate nononer pol yurethane prepolynmer to | ess than about
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pol yur et hane prepol ynmer to provide pol yurethane prepol yner of reduced
unreacted diisocyanate nononer content, wherein the renoval of unreacted
di i socya@aﬂéadmlﬁbﬁéﬂablﬁrpéiwfleﬂ'@nﬁét@l&@t%é‘?@fmeéfmhyhé@mp@ﬁaces the content
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(b) removing unreacted diisocyanate monomer from the polyurethane prepolymer to
provide polyurethane prepolymer of reduced unreacted diisocyanate monomer content; and,
(c) reacting the polyurethane prepolymer of reduced unreacted diisocyanate monomer

content with an acrylic monomer to provide radiation-curable polyurethane.

9. The radiation-curable polyurethane of claim 1 wherein the polyurethane prepolymer is of the
general structure ABA wherein A denotes diisocyanate and B denotes a polyol.

10. The radiation-curable polyurethane of claim 1 wherein the removal of unreacted
diisocyanate monomer from the polyurethane prepolymer is accomplished through a process of

distillation.

11. The radiation-curable polyurethane of claim 10 wherein the process of distillation is
accomplished through an agitated film distillation system.

12. The radiation-curable polyurethane of claim 11 wherein the agitated film distillation system
comprises continuous units with internal condensers that can be combined in series.

13. The radiation-curable polyurethane of claim 10 wherein the process of distillation utilizes a
wiped film vacuum distillation process.
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acrylic acid, nmethacrylic acid, am noal kyl acryl ates, am noal kyl

nmet hacryl ates, hydroxyal kyl acryl ates, hydroxyal kyl nethacryl ates and

m xtures thereof. 19. The radi ati on-curabl e pol yurethane of claim 18 wherein
t he hydroxyal kyl acrylate is selected fromthe group consisting of

hydr oxyet hyl acryl ate, hydroxyethyl nethacrylate, hydroxypropyl acrylate,
hydr oxypropyl nethacryl ate, hydroxybutylacrylate and m xtures thereof. 20.
The radi ation-curabl e conposition of claim1l wherein the pol yurethane
prepol yner of -33 reduced unreacted diisocyanate nononmer content is
end-capped wth an acrylate. 21. The radi ati on-curabl e pol yurethane of
claim1 wherein the reaction of at |east one diisocyanate nononer with the
conbi nati on_of polyols provides for a nolar excess of _diisocyanate nonomer
over pol 964Th922d'at’Pﬁé’Ufa§ rebuERthang chgril bunereip deHamevahef wyeackid21 wherein the
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prepol yner containing u cted yanat e nonomner n the reaction
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provide polyurethane prepolymer of reduced unreacted diisocyanate monomer content, wherein
the removal of unreacted diisocyanate monomer from the polyurethane prepolymer reduces the
content of unreacted diisocyanate monomer polyurethane prepolymer to less than about 0.1%
by weight; and,
(c) reacting the polyurethane prepolymer of reduced unreacted diisocyanate monomer

content with an acrylic monomer to provide radiation-curabie polyurethane.

17. The radiation-curable polyurethane of claim 1 wherein the acrylic monomer possesses at
least one reactive functionality.

18. The radiation-curable polyurethane of claim 17 wherein the acrylic monomer possessing at
least one reactive functionality is selected from the group consisting of vinyl carboxylic acid,
acrylic acid, methacrylic acid, aminoalkyl acrylates, aminoalkyl methacrylates, hydroxyalkyl
acrylates, hydroxyalkyl methacrylates and mixtures thereof.

19. The radiation-curable polyurethane of claim 18 wherein the hydroxyalkyl acrylate is selected
from the group consisting of hydroxyethyl acrylate, hydroxyethyl methacrylate, hydroxypropyl

acrylate, hydroxypropyl methacrylate, hydroxybutylacrylate and mixtures thereof.

20. The radiation-curable composition of claim 1 wherein the polyurethane prepolymer of
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provi de pol yurethane prepol yner of reduced unreacted diisocyanate nononer
content; and, (c) reacting the polyurethane prepol ynmer of reduced unreacted
di i socyanate nononmer content with an acrylic nononmer to provide

radi ati on-curabl e pol yurethane. 26. The radi ati on-curabl e pol yur et hane of
claiml1 formed froma prepolymer of step (b) having a NCO content of at

| east about 70% of the theoretical NCO content. 27. The radiation-curable
pol yuret hane of claim 1l forned froma prepolyner of step (b) having a NCO
content of at |east about 80% of the theoretical NCO content. -34 28. The
radi ati on-curabl e pol yuret hane of claim18 wherein the hydroxyal kyl acrylate

has a ratéducedlinradcidd @iRb&ahate mdxner dontehi i9 BRd-Edpped Rith Be agyiatel abl e NCO
content of the pol yurethane prepolynmer of reduced unreacted diisocyanate

nonomer content of from about 0.9:1 to about 1.2:1. 29. The
radi ati o cmeabdh&tnq@cﬂuyam@gbdmmah@fe otblahm whereinaieciection ef atelisoayal kyl acryl ate

has a rat of avallabl dro j nallt oth aval | abl e NCO
cont ont - Shisteydate O i e Ribilaydrt A Bo 8 Brokioks foP g biar BXlst B S 000 o
nononer clistcgartateomorianoanocadrqetyoll. 05: 1 to about 1.10:1. 30. The

radi ati on-curabl e pol yurethane of claim1l wherein step (c) can have added
thereto one or nore inhibitors of free radical reactions in an anpunt of

f r om abo22. B rpgistianccusaiigpoliysthgne afelaigh?! wierein theamelasxaesseh ditsgeyanple _
pol yur et haBgmef o\relrgblyel?sﬂfrdmg&ﬁw 1tt61§bdu9§o Pirlofir rftib. free radical reactions is

4- met hoxyphenol The radi ation-curabl e pol yurethane of claim1 wherein
step (c) can have added thereto one or nore catalysts in an anount of up to

about 3%23yTieragibfion-Gidabld petyurétiarit of @Rint 22 wihdrein fied vitlaedxoessaof disotyamate 1
wherein at the te ev15c05|ty is from about 500

t o about %Oﬁﬁbovegggly‘gf ’9%"%%%{1?(2 .L*%ﬁb%”uf%f%’%&? VUr et hane conprising: (a) a

pol yur et hane prepol ynmer termnated with a diisocyanate nononer selected from

the gr Ougzl C?ﬂasﬁaﬁutahc{hgcu?;blgpéyuré’tﬂgnezof%Fn?bé'@ﬁ'&eﬂ'tﬁén%ﬁé’t%ﬂ%?§t|ea‘£t éne di phenyl

met hane i socyan
dusocyanate monomer with the combination of polyols has a solvent added thereto.

25. A radiation-curable polyurethane produced by the process which comprises:

(a) reacting at least one diisocyanate monomer with at least one polyol to provide a
polyurethane prepolymer containing unreacted diisocyanate monomer, wherein the reaction of
at least one diisocyanate monomer with at least one polyol provides for a molar excess of
diisocyanate monomer over polyol from about 3:1 to about 20:1 molar ratio, and wherein the
reaction of at least one diisocyanate monomer with at least one polyol has a solvent added
thereto, wherein the solvent is selected from the group consisting of dimethyl adipate and
dimethy! phthalate;

(b) removing unreacted diisocyanate monomer from the polyurethane prepolymer to
provide polyurethane prepolymer of reduced unreacted diisocyanate monomer content; and,

(c) reacting the polyurethane prepolymer of reduced unreacted diisocyanate monomer
content with an acrylic monomer to provide radiation-curable polyurethane.

26. The radiation-curable polyurethane of claim 1 formed from a prepolymer of step (b) having a
NCO content of at ieast about 70% of the theoretical NCO content.

27. The radiation-curable polyurethane of claim 1 formed from a prepolymer of step (b) having a
NCO content of at least about 80% of the theoretical NCO content.
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p- phenyl ene diisocyanate, tolidene diisocyanate, hexanethylene diisocyanate,
t et ranet hyl xyl ene dii socyanate, isophorone diisocyanate, and

di cycl ohexyl net hane diisocyanate, said pol yuret hane prepol yner being the
reacti on product of one or nore of the said diisocyanate nononers and at

| east one polyol selected fromthe group consisting of polyether,

pol yester, pol ycarbonate, polycaprol actone and hydrocarbon pol yol s having a
nunber average nol ecul ar wei ght of from about 250 to about 10,000 from which
unreacted diisocyanate nononer has been renoved; said pol yurethane

prepol ymer conprising no nore -35 than about 2 wt % free diisocyanate
nononmer and having at | east about 80% of theoretical NCO content for pure

ABA st d: (b | i ! [ t ti
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37. A substrate coated with a radiation-curable pol yurethane produced by the

process of claim 16. 38. A substrate coated with a radi ati on-curable
pol yur et lmanehadaoidishasiirdye pdhirdgthaneas slaid 1 whéreistepI(c) 638 havd@dded therdtd ome cur abl e

s PR B A AR e B O
ow nol eondight.

31. The radiation-curable polyurethane of claim 30 wherein the inhibitor of free radical reactions
is 4-methoxyphenol.

32. The radiation-curable polyurethane of claim 1 wherein step (c) can have added thereto one
or more catalysts in an amount of up to about 3% by weight.

33. The radiation-curable polyurethane of claim 1 wherein at the temperature of about 50° C.
the viscosity is from about 500 to about 28,000 cps.

34. A radiation-curable polyurethane comprising:

(a) a polyurethane prepolymer terminated with a diisocyanate monomer selected from
the group consisting of 2,4- and 2,6-toluene diisocyanate, 4,4'-diphenyl methane diisocyanate,
p-phenylene diisocyanate, tolidene diisocyanate, hexamethylene diisocyanate,
tetramethylxylene diisocyanate, isophorone diisocyanate, and dicyclohexylmethane
diisocyanate, said polyurethane prepolymer being the reaction product of one or more of the
said diisocyanate monomers and at least one polyol selected from the group consisting of
polyether, polyester, polycarbonate, polycaprolactone and hydrocarbon polyols having a
number average molecular weight of from about 250 to about 10,000 from which unreacted
diisocyanate monomer has been removed; said polyurethane prepolymer comprising no more

-35-



wei ght pol yol has a nunber average nol ecul ar wei ght of from 60 to about 250.
40. The radi ati on-curabl e pol yurethane of claim1 wherein the high nolecul ar
wei ght pol yol has a nunber average nol ecul ar wei ght of from about 400 to
about 6, 000. -36

than about 2 wt % free diisocyanate monomer and having at least about 80% of theoretical
NCO content for pure ABA structure and;

(b) an acrylic monomer possessing at least one reactive functionality selected from the
group consisting of vinyl carboxylic acids, acrylic acid, methacrylic acid, aminoalkyl acrylates,
aminoalkyl methacrylates, hydroxyalkyl acrylates, hydroxyalkyl methacrylates and mixtures
thereof, said radiation-curable polyurethane containing a ratio of available hydroxy functionality
of the hydroxyalky! acrylate to NCO content of the prepolymer of reduced unreacted
diisocyanate monomer content of from about 0.9:1 to about 1.2:1.

35. A substrate coated with a radiation-curable polyurethane produced by the process of claim
1.

36. A substrate coated with a radiation-curable polyurethane produced by the process of claim
8.

37. A substrate coated with a radiation-curable polyurethane produced by the process of claim
16.

38. A substrate coated with a radiation-curable polyurethane produced by the process of claim
25.

39. The radiation-curable polyurethane of claim 1 wherein the high molecular weight polyol has
a number average molecular weight of from about 250 to about 12,000 and the low molecular

weight polyol has a number average molecular weight of from 60 to about 250.

40. The radiation-curable polyurethane of claim 1 wherein the high molecular weight polyol has
a number average molecular weight of from about 400 to about 6,000.
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