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RADI ATI ON- CURABLE MONOVERS OR QLI GOMERS

FI'ELD OF THE | NVENTI ON This invention relates to a nmethod of
measuri ng fwedsss@ence in order to determ ne t he | evBCT/USISHHR of a
radi ati on-cured material. More particularly, this invention rel ates

to a method of neasuring the anount of residual radiation- 10 curable
nononer or oligonmer present in a radiation-cured materi al .
BACKGROUND OF THE | NVENTI ON Radi ati on-cured materials, e.g.,

radi ati on-cured coati ngs, exist t hr oughout i ndust r&. Radi ati on-cured
coatings are used MET ROR; ':-"fff W
medi cal syringes, conpact di scsMUONIMISK R Oy NLER vi deo and
audi o tapes and gl ass fi ber corrp05|tes for aut onobi | es and ot her

product s. In the p%&ﬁﬁ@-cured coatings, it is
desirable to determ ne th ure, i.e., the degree
to which the ori gi nalThisiivédtion Telate? to a eiedivd! of nianring flucrescandedn wedes thave
been reacted to form,a ed produc roperly cured ¢ ngs can
exhi bit general |49 ‘ﬁﬁiﬂ"F’t& é\%f@#‘@ﬁ‘%‘% material eﬁaﬁ% ‘f"@a bfvoperl y
cured coatings, tmran@eﬁaamammq mefbe of ﬁﬂa§u?m§ twaﬁémbs residual radR®ieh-

abrasi on resistance, etc. Coatings cured on rel ease liner, if over-cured
or under - cur¥d vqumbl@mgmsr onpligamies pregent ﬁ@amwmwp@rm@w And, the
unreacted 25 or "residual" nononers of an inproperly cured coating can
cause an unpl easant odor. Proper curing elimnates many of these

probl ens, and provi des BACKGROIND QE ITHE INVENTION pr oduct s.

A cured material"s 0305 Rhy bR Mardlaw g, Fbhcd oIk oS ekl SOVEr

throughout industry. Radiation-cured coatings are used in the manufacture of

15  floor tiles, furniture, medical syringes, compact discs, computer floppy disks,
video and audio tapes and glass fiber composites for automobiles and other
products.

In the production of radiation-cured coatings, it is desirable to determine
the coating’s level of cure, i.c., the degree to which the original radiation-

20 curable monomers or oligomers have been reacted to form a cured product. |
Improperly cured coatings can exhibit generally poor quality characteristics
relative to properly cured coatings, for example, poor adhesion to a substrate,
poor abrasion resistance, etc. Coatings cured on a release liner, if over-cured
or under-cured will display inconsistent release properties. And, the unreacted

25  or “residual” monomers of an improperly cured coating can cause an unpleasant
odor. Proper curing eliminates many of these problems, and provides
consistent quality of cured products.

A cured material’s general extent of cure can be determined by several
methods. Some methods correlate a physical property of the cured coating,

30 e.g., modulus, with a known level of cure. Testing that physical property gives
an indirect measure of a material’s level of cure. These “bulk” methods are
limited to measuring physical properties, and therefore are not a direct
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met hods. Sone nethods correlate a physical property of the cured coating,
30 e.g., nodul us;—wttra—kmown | evet—of cure. Testtng that phystcat— -—
property gives an indirect neasure of a naterial's |evel of cure.
These "bul k" nmet hods are limted to nmeasuring physical properties,
and t heref orgo383499t a direct WD 96/ 33402 PCT/US96/03417
PCT/ US96/ 03417 determ nation of the residual nononer content of a

cured coating. Further, . t hese bul k met hods_rnust generally be
per f ormed " of f - | jdgtermination of the residuairmopemer Gontertoff a.cured coating, Burbehduct i on

line nust be shutndewiik’ Méthdditnust generdily e pformed  ¥frlimeer f Orm the desired
test. In sone cases, this can require ~ 5 several hours. Such a shutdown
causes waste, |ost prdeuestiasample offiline, a production line must/be shus dowe fonthe t est
data from being liﬁr?edne%:gs tthnﬁ%&gﬂéu eSO some cased Sy Te
production |ine nust be re-started. 0 neasure the'general
extent of cure omseveraldioufs. uSuch acshntdowd datsey sastbalost productivity,eamdi ncl uded i n

tent of cur 8 omeieradhoutd. lmharshngdom takicy sasbsiem prodacivimeandi ncl ud:
Vi Scosi Uy | nor eadBEotay: piivee b je uaimh béba e o Riiniid S spadbomn

additive c decduse the pecdietion lipomuitite reatagedal ' s vi scosity and therefore
on its | evel of cure. Aﬂt‘)robl emwith this téﬁﬁﬁf cure&H@asurement
systemis that fluored@dpe@sure the genepal extent of quie pn; uorescent gddifvasdiare apove

a certain vi scosibesn infla@édinOradiatibflesred coatings.S WslaOidBiafion iited tatdrial Bites h
differences in levels of cure at_higher_conversions, 15 or small changes

in residual n@noﬁﬁrv‘mﬁféﬁ?"ﬁ%ﬁio [ he intensity of fluorescance-from Byorpssent additive | y
reasuring the ' eehf!be uediaai ihort fHeifilkrdt's scosity and HHErBford'Bh 55 Il b KNOWN

as "redry." Redry neas ] nge i n mass sanple due to
evapor ation of r gutedudlproblens withsthisRype of eure measurement system is thatbfbaorescers| i ke

B

(@)~ 6))

needed, but what 1sno rov
neasure with presysemscanhet distingdish |diffayenrexin levelt efhcurefit higherdiontersions; ur ed
coating.  espagi alg Yokl b hCHAR mbideP B5ReSHiB, (O N1 oh conversilons.
A method of more directly measuring the residual monomer content of a
cured material is known as “redry.” Redry measures the change in mass of a
sample due to evaporation of residual monomers. Redry measurements,
however, like the bulk tests, can only be performed off line.
20 What is needed, but what is not provided by the prior art, is a system to
measure with precision the residual monomer content of a radiation-cured
coating, especially in a system that has been cured to high conversions, e.g.,
less than 10% residual monomer or oligomer remaining in the radiation-cured
coating. Preferably, the method should allow the measurement of residual

25 monomer content in real time, and on-line.

SUMMARY OF THE INVENTION
The present invention relates to a method of determining the extent of

cure of a radiation-cured material by determining the amount of residual

30  radiation-curable monomer or oligomer present in that material. The method is
far more sensitive than other methods of measuring cure, and can detect very
small differences in the residual monomer concentration of radiation-cured
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| ess than 10% resi dual nononer or oligomer remaining in the radiation-cured

coatinyg. Preferabty, the nmetnod sh |

25 nonomer content in real tine, and on-1line.

SUMVARY OF THE | NVENTI ON The present invention relates to a
met hod of dwoermsdozng t he extent of cure of a radi at IPCRAISNIGLT

mat eri al by determ ning the anmount of residual 30 radiation-curable

nmononer or ol i goner, esent |n that material. The net hqod far nore
sensitive than of¢#p e mashad £an fpeasyre dh e%ﬁ“ﬁ&ﬁ'ﬁé‘f"é&f’%

smal | difference #® td h @t dgﬁbtpured
oo o 9%7%%12 T(r):gﬂoh@ﬁbﬂméou@%?é’é@ﬁ ‘ﬁitcﬁ'i‘faéé‘ rQ¥iciih ah 3gpeétp

PCT/ US96/ 03417 of a radiatigp-gured goating, r Theomethod sambe Heed te Aesign ardieentfohe anount

of residual radigf Préfe wdt the
surface, or wthi ning}’ uppses portllraoﬁJ %@BQ@H@W gécffatlon cure coat| ng.
The net hod cah bmounisarcresidual ewingmencohtend of no'adlanon-cured:cmhng oplimecasthe.
Preferably, the R@EI med in real tinme to 5 nonitor
resi dual m)norrer%%ng ﬁe?@fggn rg ion-cured coating on-line, as the
coating is being manuAmaspectsst the present invention i&mmacbfﬁfamhﬂgﬁnmtof
I nvention is a nethod of asur Egaa I ant

[

ity, of ., .,
fl uoresced by a TSI E‘?E@P poresee %SMP?@CF@@H?’? ﬁ‘b‘eg?ﬂ@“g “the %, net hod

conprises the stmptho@compriseBtiR/ééPsnd: H Prowidinpta SRAHRE compdsing:)) @ 10
radi ati on-curabl e ponomer or oligoner; and ii) a fluorescer having an

exci tation efer gl H‘oﬁ‘%‘?@lmf o8 ofigemer; aud ji) a fluatesear hayingaBsci ng
xposur e to 1'adi SSmiorinefiy'R SRl B e nokthott fildclnTalial enllly ™
radi ant energy téfd wasekngtioRs; fb) corings thedoldng teexposure to tadigmt efergy, | f exposed
to wavel ength [ef rnlegy cfclzngmlgl tHe mrgéintsltgrr] %f E'ahd?anrt %3&235 Ith%? w%g{d t()je fluoresced by the
fluorescer if exposed to wavelength A2; ¢) illuminating the radiation-cured
15 coating with excitation energy of a wavelength A2, wherein at least 50% of the
excitation energy is absorbed by the upper 75um of the radiation-cured coating;
and d) measuring the intensity of the radiant energy fluoresced by the fluorescer
at wavelength As.

Another aspect of the present invention relates to using the above

20  method of measuring fluorescence emission intensity to measure the amount of
residual radiation-curable monomer or oligomer present in a radiation-cured
coating. This method of measuring residual monomer or oligomer is especially
useful where the intensity of the radiant energy fluoresced by the fluorescer at
wavelength As changes with the concentration of unreacted radiation-curable

25 monomer or oligomer in the coating.

The fluorescence emission intensity measurement of the present
invention also leads to other valuable information. For instance, the curing
reactions of some radiation-cured coatings are inhibited by oxygen. These
coatings are often cured in an atmosphere of inert gas, e.g., a curing chamber

30 purged with nitrogen gas. To provide optimum cure conditions, the present
invention allows measurement of the amount of oxygen present in a purged cure
chamber.
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15 coating with excitation energy of a wavelength [err] wherein at |east

50% of the —excttatton energy—ts absorbed—by the upper -#5ferrimrof
t he radi ation-cured coating; and d) nmeasuring the intensity of the
radi ant energy fluoresced by the fluorescer at wavel ength [err]

Anot her aspewdogisshe present invention relates to using tIRETARIMES41720
nmet hod of nmeasuring fluorescence emssion intensity to neasure the anount

of resi dual radiation-curabl e npnoner or oligonmer present in a
radi ati on- cured Wheze, OXYgEn agisite ’Wh%&“’éf'%ﬁ%mﬂwgmﬁ’e%ﬂmmﬂoner

or oligomer is esppsyest hive in the p asﬂﬁ%qlsed‘ﬁeiaﬁoﬁi‘ﬁdﬁynﬁﬁﬁideyof%;uﬁ@e radi ant

energy fluoresced by the fluorescer at wavel ength [err] changes with
t he concentr at i or¢hamberip glatecteexygenii Thessprehes ars able eteonﬂwmmen@rofol i gorrer

in the coating. %ﬁ'ﬁ e ?ﬂm

measur enent of tHe rnelgeﬂril bmkam&?nven oﬁﬁgﬁ's%‘g?léadéh%c% er ua’ble
i.nf ormat i on. Bor howsvernaee, incdpabie wf imegsuring the armaunt iob oxygeh presemt at the

radi ati on-cured cotln are inhibited, by ox ese coatings are
often cured in ar?oﬁ %ﬁ% Eecaxfse SHeh P’°35%°“83/‘§’° pl?@ﬁﬂ"ﬁﬂ’ REPXimEY to 'gg
purged with nit r@sﬁhggmfaoeTbexwg ouredle matpmmxmuﬁomwdmme limigtigses ent

I nvention all ows rreasure&% of. the anoun O{)e oxygen present in a purged
cure chanpdrherent in the use of oxygen sensmg probes. -3-

WO 96/ 33402 A further aspect of the present invention is a method of measuring the
PCT/ US96/ 03417 Wher e oxygen acts to inhibit a cure reaction,

i ndi vi dual oxifgerfoneentptign of oxygen ing eie shambere The method,eomprisesthessps at
vari ous | ocati onsyi ‘ . These
Bf! @gétrﬂﬁdﬁx Ledatififin a cure chﬁﬂ@é?bﬂk cb&t@eéaﬁgﬁrtsggyg?k

probes are able to ect Che preSence of oxygen |
at nospher e cont airadiationcurable mnmemmﬁmomerm@el)mmr hayingawever, are

bl f th t t jat t
sUr T hce because. SHEHREP SHE Ah Navelbnsth e b PeRERt aibroile rdiap: eastihe
coating surface Rgiangavelthgdl- hT%eﬁftﬁﬁerﬁteﬁsﬂy B teMuoresBed RidRAt EdtPpy at

limtations
15 wavelength As changes with the concentration of oxygen in the cure chamber at

the time the coating is cured; b) curing the coating by exposure to radiant
energy; ¢) illuminating the radiation-cured coating with excitation energy of a
wavelength A2; d) measuring the intensity of the radiant energy fluoresced by
the fluorescer at wavelength As; and e) relating the intensity of the radiant

20  energy fluoresced by the fluorescer at As to the concentration of oxygen present
in the cure chamber at the time the coating is cured by reference to
predetermined calibration data.

As used herein:

“90% cure” refers to a radiation-cured coating that contains 10% by

25  weight of radiation curable monomer or oligomer;

“Curing” refers to a reaction which polymerizes or copolymerizes
radiation-curable monomers or oligomers at least to a degree to cause an
increase in the viscosity of a radiation-curable composition;

A “radiation-cured” material is a material, for example a coated material

30  or coating, comprising radiation-curable monomers or oligomers, that has been
exposed to radiant energy causing the radiation-curable monomers or oligomers



I nherent in the use of oxygen sensing probes. A further
aspect of the present—TTNverntion i Sa nmernod of neasuring the 10
concentration of oxygen in a cure chanber. The nethod conprises the steps
of a) providing a coating in a cure chanber, the coating conprising: i) a
radi at i on- cWaQgsi3adeaononer or ol igomer; and ii) a fluoresce®CH W’gn
excitation energy at a wavelength [err], the fluorescer fluorescing radi ant

1 ior bsced r ad SLPe RO O PP YRiTALR A A8 B e e g in

concentration of thexjsgesityiof thd\marriale chanber at the tine the coating

i d; b ing t ting.b t iapt. . -
Tl G et g Che 1 adi A ARRCHPRly S EAED amoces, & abaian is an appont ol ©)
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Yodpectesiespy
fl uoresced by the fluorescer at wavelength [err]; and e) relating
the intensity’of the radiant 20 energy fluoresced by the fluorescer at

[err] to the concentratiomﬁégﬁﬁgm@pmnuwmbs cure chanber at
the tine the coating is curea erm ned

cal i brati on dat a. Figure 1 is a crossssectiopdlisgramgiof-an example of a coating' process ur e"
refers to a radi‘ghi' on-tﬁgrl@d n(ioati that contains 10% by 25 wei ght of
radi ati on curabl Prsy (ﬁ“fea r; "Curing" refers to a

reaction which pol yneFigure2 isra graglodepitting 2kesabsorbance ofai910 @by weighd)| e
mononers or oligoners lLleast to a degree to cause an. i ncrease in
the viscosi t 39 ofmg‘t‘f"&c?? ;Pﬁgmm‘é‘ Uorfous Wﬁi‘,’“gﬁ‘s‘ Figure 2 shows the .

"radi ati on- cur edabsoibaside behavier Befoficitd, ahd aftér ¥ dRkSosBrecoB00Mnjiahsf al 30

or coating, conpr)sing radjation-curable noponers or .ol igoners, that has
been ox poYOCT Jeka GFlghte 2 al8P Showssthe abrorbanee phthe HORR mbsirat o

nmononers or ol i goer SFjgure 3 is a graph illustrating the excitation spectra and the emission - 4-
WO 96/ 33402 & grap 8 pect

PCT/ US96/ 03417 Spectra of a pure biphenyl fluorescer.
15 Figure 4 is a graph illustrating, throughout a range wavelengths, the
emission intensity of 0.02% by weight biphenyl fluorescer included in a 90:10
(by weight) mixture of IOA:AA monomers, both before and after the
composition has been cured.

Figure § is a graph depicting the effects of oxygen on the normalized
20 fluorescence emission intensity of a composition comprising 90:10 (by weight)
IOA:AA and 0.02% by weight biphenyl fluorescer, as measured at various
wavelengths,

DESCRIPTION OF THE PREFERRED EMBODIMENTS
25 Figure 1 shows a schematic cross-section of an illustrative example of a

process to manufacture coated films, such as coated adhesives. It is to be
understood, however, that the methods of the present invention are not limited
solely to the processes of coating adhesive film layers, but rather are suitable
for use with any other type of radiation-curabie system.

30 Referring to figure 1, a substrate 2 is advanced along a path of travel
and a radiation-curable coating 4, having an upper major surface 6, is applied

thereto. The radiation-curable coating 4 comprises a radiation-curable
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to. be pol yneri zed or copolynerized at least to a degree to cause an

I ncrease in ttre—vitscosity of—the material; —— A —-
"spectroscoptically detectabl e anount” of radiation is an anount that

can be observed in a conventional (commercially avail able) spectroscope.
5 WO 96/33402 BRI EF DESCRI PTION OF THE DRAW NGS PCT/US96/03417
Figure 1 is a cross section diagramof an exanple of a coating process
utilizing the present inve
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DEScr Pr1 o o pEtes RRidiEE LR B st diing the cultReScRi Bl e o
schematic crases- mtdgmisaixmln Détector lﬁitdlmehﬁﬁﬂie&!uﬁhg&r followin@ thieceusé t O
manuf acture coated fil

as coa ed adhesj ye is to_be
under st ood, howe PECEsS; ¢ HB'F"‘? FﬂS?’NB‘ﬁs‘ O IGNSILY *&éﬁ‘i“‘?‘ﬁ'\/‘é\‘n‘f‘%ﬁy% not

limted SOlfRbdeste? tﬁdmearlgg@ﬁﬁga of coating adhesive filmlayers, but
rather are suitable use wth any other type of radiation-curable
system 30 REPEFQW?]%‘BS progesses, atmespberp d2rininert2 eigs, tdvanced al ong

ot o L 2Ve! ek 5 0 BT o L BRI
conpri ses a nadi & passibleuforlokygen to enter and disperse throughout the inert atmosphere 12
"o within cure chamber 10. Some of the oxygen can be present at or near the -

upper surface 6 of coating 4.

The method of applying the radiation-curable coating 4 onto the
substrate 2 may be any method known in the art, such as gravure coating,

20  extrusion coating, die coating, knife coating, mayer bar coating, curtain
coating, etc.

The substrate 2 used in the practice of the present invention can be of
any type known in the art. Preferred substrates include, but are not limited to
bi-axially oriented polypropylene (BOPP), polyester, polycoated paper,

25  synthetic paper, polyethylene terephthalate (PET), polyethylene naphthalate,
polyethylene, and PET/polyethylene blends.

In the practice of the present invention, the radiation-curable coating 4
comprises a fluorescer, and at least one of a radiation-curable monomer or a
radiation-curable oligomer. As used herein, where the term “monomer” is

36 used, it also contemplates the use of an oligomer, which is defined as a polymer
unit consisting of only a few monomer units {dimer, trimer, tetramer).
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intensity of the fluorescer changing with the concentration of

urir eact ed radi ati on-curabl e nononer or oligomer in the coating. The

radi at i on- owoadidsaocoati ng 4 and substrate 2 are t r arfVRIEEs4 ross
rollers 8, through cure chanber 10, which encl oses an 5 atnosphere 12.

Radi ant energy sources 14 radj ant ener 0 t he .

radi ati on- curabl e coglﬁ?fl’g“g‘ac‘,’%‘gﬁ“ﬁ °t‘?f§‘°F‘!§'6qgéldi ‘gﬁoﬁ'ﬁfsaﬁﬁ'?éh%é’w H’é“4 to

pol ymeri ze cur@! 1.6\ 'pRlyndiRe (M€ itHn PlyferiRchi& dtntehipifes d1€n exits the cure
chanber 10. Radi ant energy.source 16 emts excitatjon _energy

toward the radi erolymerization reaction), ¥Rogibeing exposs.tp syigblefadigrign.: Witk other i ng
the cure reacti poefion Q}.&ﬂeﬁbﬁomewan&e%ﬁ%és 'sha ity Aiieg ! or 18, al so
at any time during or ow ng the cure ess, det ects and

measur es t he5i neroaslinker, and ppaomlin imthepresenee Qfeﬂdplw}o iidator. Examplessofescer

i ncluded in coa ; r t. h phere
12715 inert, o oAt idation-curably monombfand A6 theel bAE &R 1GE imBT%S
cure chanber 10epm:iesosllaes (Sloghtwhcrem Rl {5 a reactpesgroup)caidethyleyigally t 0 ent er
and di sperse throu hou& he i nert .atnpsphere 12 w thin cure chanber
10. Some of the %%?g‘é%'ﬁ B‘é’ﬂmﬂgrs&ré’é'gwperét or near the upper surface 6
of coating 4. Examples Jmmn@mbfaf radﬁﬁbntbmﬁblb hmmﬁﬂ'tsadumm For Bl e
coating 4 onto the, substrate 2 known in the art,

e an t haod
such as gravlr cPEGHES ofhe Poagent iyention HWK’SS&'P‘FWE/?C te-functional gonpmers,
coating, mayer RaVing MRidenéral forfbms:n coating, etc. The
substrate 2 used in the practice.of the present invention can be of
any type known in the art. Prefgrreg@ substrafes include, but are not
limted to bi-axially OriLL g.e ropyl ene 4LBOPP), pol yester,
pol ycoat ed paper, 25 synthet ‘é -i? thyl e t erepht hal ate (PET),
pol yet hyl ene napht hal at e, ol yet Ry en and PET/ pol yet hyl ene bl ends.
In the practice of the present ipvention, radi ati on-curabl e coating 4
conprises a fluorescer, and at astgsne of radi ati on-curabl e nononer or

a radi at i on- cur abl e oligo erelnaﬁ/neretheterm
"nononer" is ((u_%q'h

15 wherein R* is hydrogen or CHs, and y is preferably in the range from about 1
to 6 (most preferably y is 1). Representative Z groups include those that
comprise, for example, hydrogen, amines, silicones, urethanes, polyurethanes,
esters, polyesters, oxyalkylene groups, epoxies, alkyl groups, aryl-containing
groups, and allyl-containing groups, etc., any of which can be straight,

20  branched, cyclic, aromatic, saturated, or unsaturated. In formula I, the Z'
group can be any of the listed Z groups, and is independent of the identity of
the Z group. In the practice of the present invention, monomers of formulas I
or II may be polymerized to produce useful oligomers.

The radiation-curable monomers or oligomers preferred in the practice

25 of the present invention comprise an acrylate group; that is, R* in formula 1 is
hydrogen. Preferred radiation-curable acrylate monomers and oligomers
according to formula 1 include acrylic acid (AA), isooctyl acrylate (I0A),
oligomers of 10A, oligomers of AA, and mixtures thereof. Preferred radiation-
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30. used, it also contenplates the use of an oligoner, which is defined as
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oligoners are those that wll cure, i.e., polynerize (the term

pol ynmeri ze al so con

Cpbsed Lo cul t aSPRRERRTARE BipRomprng Bl secor g e armact aehies Monor o

and/or ol i gorrersdlmnlylwymmldnu dl?gbrhet% theréof crossl i nker and optionally in
the presence of a pho%o | nj t| Exarrpl?
radi ati on- cur abl e nonBFRErEdixy W“‘?%E\"Hﬂge’ ‘Hthg&F’ér Hfﬁd ipthé ted to

epoxi es, silanes ptaelid &% mw’s@ersamm%nhan ahsbFRGhdiNR a&tgyr&ra @meﬁg&mﬁg cally

unsat ur at ed nDnoners or oligoners. | es of generalTy
usef ul radi at Bonincluditg & wavelength &1, wlhpug|1@smm 30901m,pm!lcﬂ1mreﬁ t he

present | vent| Obesie) tfe LMk 35FableHoSidedd 5 Bher BAGHE s radian: 121 "0

t he general for
energy in the same range of wavelengths, including A1, than does the radiation-

curable monomer or oligomer. For example, see figure 2 showing the
absorbance behavior of a 90:10 blend of IOA:AA before and after curing.

10  Most preferably A: is between the wavelengths of 200 and 300 nm
(nanometers), and the monomer or oligomer will strongly absorb radiant energy
of a wavelength range that is somewhere between about 200 to 300 nm (e.g.,
from 205 to 250 nm), while the cured product will absorb less radiant energy in
the same range of wavelengths.

15 In the practice of the present invention, the fluorescer can be any
compound which absorbs radiant (excitation) energy of a wavelength A2, and
fluoresces radiant energy of a wavelength As. Typically, the wavelength As is
included within a range of wavelengths emitted or fluoresced by the fluorescer
upon excitation. Also, the excitation wavelength A: is typically among a range

20 of excitation wavelengths, wherein any wavelength within the range of
excitation wavelengths is useful to excite the fluorescer to fluoresce radiant
energy over the range of wavelengths including As. See figure 3. Preferably,
the range of excitation wavelengths falls somewhere in the range from about
200 to 300 nm, Most preferably, the range of excitation wavelengths overlaps

25  the range of wavelengths wherein the radiation-curable monomer or oligomer
absorbs more radiant energy than does the cured product of the radiation-
curable monomer or oligomer.

The fluorescence behavior (i.c., emission intensity) of preferred
fluorescers changes with the concentration of unreacted radiation-curable

30  monomer or oligomer in the radiation-cured coating. While wishing not to be
bound by theory, this can occur through a number of mechanisms. As an
example, the range of the excitation wavelengths of the fluorescer preferably



15 wherein R err] is hydrogen or CHerr], and y is preferably in the range

frem-about 1 —to 6 (nost preferably vV 5 I). Representative Z groups

i ncl ude those that conprise, for exanple, hydrogen, am nes,
si-l i cones, urethanes, polyurethanes, esters, polyesters, ox%al kyl ene
groups, epoxoessza@ kyl groups, aryl-containing gr ouFET 17

allyl -containing groups, etc., any of which can be straight, 20 branched,
cyclic, aromatic, satyrated, or,, n‘?‘atu.ated. lb fornula Il the%s'8

group can be an§vestaps W@t%d"“l‘a\g 86?5@‘,“"3?&5“? e BRI AT EOTFT AR Syt i ¢y
of the Z gyopispendrBy.! Conidqaaily e Presehe dinmpeadied irdistivn-utablerononer s of
formul as | or Il may be pol ynerized to Iwggd ce u‘iﬁfltélPFeﬁli oners.

The radi ati on- cIOBSINEr PFRliEoMES regucss) the,amewy of xeqliqsg@e Y YIEET Be 25
of the present uﬁ\iﬁg&s@fhgcmgé bSRavelengths yard Rerdfoaé Pédubiahe irftensiy @Fr| i N
formula | is hydriogen. Preferred radiation-curable acrylate nonomers
and ol i goner§ fluorespenceremission by thefluorescar. | Fhis phrnomena, isi knowdiag (aa) |

i sooctyl acryl ak : Olsi gorers of 1 CA, oligomers of AA, and
m xtures ther eof&%%er ‘r‘"e’&"’r“é’g'. ation-

-7- WO 96/ 33AB&natively, unreacted radiation-curable monomer or oligomer may

PCT/ US96/ 03417 cu e acrylate noner s, and ol i,goners, according to
formula Il incl (¥R Rﬁcx{cgmuorcmé? ﬁw’gé}?&lsgﬁ% aﬂ'&r%'lt?%g?b Ser eof .
Preferably, theothetihahiflubrescencd; thusietsoiny the emidsiopdmensitysofcthé flubrdescer.

practice of the_present inyention apsorbs radi ant energy of a wavel ength
range 5 i A&l uﬁﬁ@iﬁnml‘%g‘tﬁ“ﬂ"[”eﬂ"ﬂ M& ] being | ess than about 300 nm

and, the cured Régafdlesiiof Me mbchahiafl| el ifRnéity Glradianteneri’ furesdéd goner

absorbs | ess radi ant energy in the sanme range of wavel engths,
i ncl udi ng [ er r | by Bgiveaqmounpaf flugresger, i the presence of ynspred fadiation-cusable| | goner .

For exammpl e, ~segohfisr biialiAlis/Will Bffer from nBRRSANG M Sudigianigy o a 9010

bl end of 1 QA AA ore an ter curmg. st preterably Terr] is
bet ween t he wav8uenaspetl dydshe s@@ ameing oDiluorescer abseqitthe tadigtionscurabiend t he

monomer o QL1 IRRREmYY & olfdohRPYLe!, PR phesktd'c? the SHED Pobduct of the

radiation-curable monomer or oligomer. As the curing reaction proceeds and
the amount of radiation-curable monomer and/or oligomer in the radiation-
curable coating decreases, and the amount of cured product increases, the
intensity of radiant energy that would be fluoresced by the fluorescer if exposed

20 to wavelength A2 will change. See figure 4. Measuring the emission intensity
of the fluorescer in the radiation-cured coating therefore allows a determination
of the amount of residual (uncured) radiation-curable monomer or oligomer
present in the radiation-cured coating.

As described above, the intensity of radiant energy fluoresced by a

25 fluorescer may decrease due to quenching or competitive absorption of the
unreacted monomer or oligomer. Alternatively, the intensity of radiant energy
fluoresced by the fluorescer may decreased by the same mechanisms due to the
cured product of the radiation-curable monomer or oligomer. In other words,
it is possible for the cured product of the radiation-curable monomer or

30 oligomer to absorb radiant energy in competition with the fluorescer, or to
quench fluorescence, to a greater degree than the unreacted monomer or

9-



of- a wavel ength range that is sonewhere between about 200 to 300 nm (e.qg.,
from205 to 250 mnj—whrte—the cured-product—wti—=absorb | ess radramt
energy in t he sane range of wavel engths. 15 In the practice of
t he present invention, the fluorescer can be any conmpound whi ch
absor bs radiwobsgxexci tati on) energy of a wavel ength [err], POTAISS6/03417
fluoresces radi ant energy of a wavelength [err]. Typically, the wavel ength
[err] is i n¢l uded W|th|n aran e of velﬁngths emtted Qr f]uoresced

by the fl uorescepligomer. Thys,the emission; B‘ﬁ“s‘% yarescer-can-ghange eithebengt h

[err] is typi Caiﬂckaﬁﬂ?ﬂﬂbﬁdé&%ﬁn 28Qhe Ridiativhiciable Vdatiibv@Iréy1gt hs, wherein
any wavel ength within_the range excitation wavel engths i s useful

to excite the fluoresPweferred ff‘l"m&@l‘!“&dp‘&rﬂm not limited g bipheyler t he range
of wavel engths i (olrdibraigiy ﬂaﬁl]tblg‘%n{ AR nﬁ&?b%r)aﬁhb{rene (mmmér&ﬁllf ange of

excitation wavel eng t hs ?l sonewher e méﬁe range from ab 200 to

300 nm Mbst @remlawp;irom h&dncah@ddtuomldpavatwns mb@s@nycﬂsﬂume s 25
th i |
absor b mor e 1 adiiza? BiGrell Sl ackico P Rhétead 0B e, BRRRRLis Hogf ?S.T?r

cur abl e nononer prefertedghecmise fluorene and some oﬂ’theﬂixbmedmmvsien&nwmse (i.e.,
en ssion i ntensi t of refernred fl.uorescer.s c
concentration of® F‘éﬂ"'?ﬁ‘b’f%ﬁ*‘sm‘é’ﬂ‘re%‘?‘@“ %‘m Eg}?g'?a’a&'bﬂ Frer in
t he radiation- cumdogﬁaatormgmﬁ&sl e wi shing not to be bound by theory,
this can occur throug,g'FF nunber of nechanj sns. exanpl e, the

|

range of theMxcitat flpprescercanrhe Ripsept i Wm%%’lfﬂ‘ﬂ?‘gftﬁﬁwl}/

- 8- VO 9 ci"@l‘f&?ener%y and emit a spectroscoptically detectable amount of radiant
PCT/ US96/ 03417 overlaps the range at which the radiation-curable

nmononer or ol i goPREFRYahIhe Buorescer is pref PRSSREE yan TROU iR i sufficiently
presence of unre ﬁfﬁgﬁ?&l Hd’i‘a mqpe{h reduces
t he amount of Iig,ﬁ{ a sor%lgd'k eryflh{fl@ fion abso eQ’fuo séeqqmi [

uor escer over | appi ng
range of wavel enghduzed coating ¢amposition. rGenerally, fdwoazmgenﬁ gtejnteoﬂhan 1 mil

15 (25pm) thickness, useful amounts of fluorescer are in the range from about
- 0.01 to 0.5 pbw {parts by weight) based on 100 parts by weight of radiation-
cured coating, with amounts in the range from about 0.02 to 0.2 pbw being
preferred. For relatively thinner coatings, i.e. less than about 1 mil (25 pm), it
is often necessary to use a higher concentration of fluorescer to achieve a
20  detectable amount, i.e. up to about 1 pbw based on 100 parts by weight of
radiation-cured coating. _

In the practice of the present invention, the intensity of radiant energy
fluoresced by a fluorescer can be measured at any wavelength A: within the
range of wavelengths fluoresced by the fluorescer upon excitation. See figure

25 3, showing the excitation behavior and emission behavior of biphenyl
fluorescer. Further, any wavelength A2 of the excitation spectra (for biphenyl,
from about 200 to 300 nm) can be used to excite the fluorescer and cause
fluorescence throughout the range of wavelengths of the emission spectra.
Preferably, the excitation wavelength A2 is chosen to prevent interference with

30  the measured emission wavelength As. For example with a biphenyl fluorescer,
the excitation energy used to measure fluorescence emission at a wavelength of
about 290 nm is preferably less than about 270 nm.

-10-



s. fluorescence em ssion by the fluorescer. This phenonena is known as
“tonpetitive absorpriom. Alternatively, unreacted

radi ati on-curabl e nononer or oligomer may cause an excited fluorescer
to dissipate its absorbed energy by a mechani sm ot her than

f1 uor escencwp 9§82 r educi ng the em ssion intensity of the RRRPHIMEE 10
Thi s phenonena is known as "quenching. " Regardl ess of the

nechanism the intensity of radiant ener fluoresce a given
amount of fl uor esce[ﬁ‘?‘ﬁrwgtqu(}é@%ﬂ&%'s‘&f %Wﬁﬁ'ef?dﬂg?rfﬁﬁg&%tgbl e
monomers or ol i fegrescer aneiprefechblyf @kenf ¢ither oidine (dusingicuye) pbr inamediatelyener gy
fluoresced by the sg?r;g 1e}m)unt, of flyuorescer absent the radi,ati on-curabl e
15 nononer or WETeRtitRer I & significant,periad of time passes hetween cufr and BraSi8 of ¢ he

r'adi at i on- cur abimRisSEN Risity it & podsibie for Asidulloméndnte? Gr oligeheon dvapsraeds and
t he anmount of radiation-curabl e nononer and/or oligoner in the radiation-
cur abl e coat¥ ngthersby sausing, the, fiyorescence iBtpRsItHI0 MRS pr oduct i ncreases, the

intensity of radiantpgng ﬁfﬂ&ﬁ i reﬁérg? Yesbddchy tpgor escer i f
exposed 20 to wavel epg{eﬂ?épier ri-w ﬂgﬁgrﬁigdel#ﬁSee iq]élgree 4. };I\/Eas_ur.i ng the
em ssi on i nt ensflearescer is limited; th shef daptr tat excitavion ensrgysprnatratesthe radigtionoat i ng
therefore allo Lerm ' t Ldual. cured)
radi ati on-curab e'&mgj%})lﬁé'r %}@B‘%{%ugﬁ%sfer tB;t ZEbg(gl'rbggﬁewngl ﬁxgﬁﬁ‘i]?*rhglgr?élﬂﬁgﬁ cured
coati ng. energy wiluatesces iThe pendirmion of ke éxcitationi engrgyfintoatie ant ener gy
fl uoresced a .2 flugrescer, may decrease, due to_quenchi ng ot .

compet 1t 1 veXbeBiBRpnRuEH oot in ith deRFs Bhdne HiphaRiried] Pogipion

Al ternatively, ¢deegy. NEfdiatiby ety 6fiteltively shogsr wavelengfhb twill pesctitedlesd he

fluorescer may decreased by the sa nmechani sns due to_the, cured
product of the Otohe Fadiasion ciredfoating fhamspl SECIBNPY GRRIEY of FEIBIvRYY IongRr s,

it is possible ywsVeldnBhsC WHRebIGYeOthd Cep@ito iwWific & HusiebcaP, fid Bbreford PEIRIURI  OF
30 oligoner to absorb radiant energy in conpetition with the f|uorescer,

or to quemenpmer afaligemen ds detected deneadseon the gyavelength of thecexgitationet ed
MONOMEr OF 35 energy used. -9-

The use of excitation energy having a relatively shorter wavelength
provides a means of detecting fluorescer, and therefore residual monomer or
oligomer, in an upper portion (near the upper major surface) of a radiation-
cured coating. This is particularly important when curing (meth)acrylate-

20 containing coatings, wherein polymerization is most often retarded at or near
the coating surface. In the practice of the present invention, it is preferred that
at least 50% of the excitation energy is absorbed by the upper 75um of the
radiation-cured coating. To accomplish this result, the wavelength A2 of the
excitation energy is preferably in the range from about 200 to 300 nm.

25 The present method, by detecting fluorescer, and radiation-curable
monomer or oligomer, located at or near the upper surface of the radiation-
cured coating, allows very high sensitivity in determining the amount of
residual radiation-curable monomer or oligomer present in a radiation-cured
coating. Specifically, the method of the present invention can be used to

30 determine the amount of residual radiation-curable monomer or oligomer
present in a radiation-cured coating at cure levels up to and exceeding 90%
cure, i.e, this method is sensitive enough to detect 10% or less by weight of

«]]=



WO 96/ 33402

PCT/ US96/ 03417 otTgoner. Thus, the emssTomTmtensity of—the

fl uorescer can change either by i ncreasi ng or by decreasing as the
radi ati on-curabl e coating cures. Preferred fluorescers

i ncl ude, butwersesmez |inted to bi phenyl (commer ci al | JCHYEOF e fr om
Al drich Chem cal Co.), fluorene (connercially 5 available from Al drich),

and fluorene deriva iyes such aﬁrn dec Q\@ﬁz% B’ﬁéﬁ)}fyw d butyI

fluorene, and 9- JEUSHA! BIORPMETPT

preferred becausaeﬁawm&nandameainibﬁﬁtioﬂ%ﬁﬂecodﬂg vatives tend to
cause chainterm’nati,on duan the pol rm|zat|on riaatlon of the
radi ati on-curabl e Meaﬁ'ﬁ' gm&;px B IIRIERSHY uggescercana gadtothel; escer
can be present i GnRfa ﬁ\é’_&fo hdiaﬁomlhatenals PoCiagtipleQn €ner gy
and enmt a spectroscoptically tect abl e anount of radi ant ener gy.

The fluoresces i esidual monemer err@!wmer content cambe cerrelated to physicat P@P@Wﬂ Ry,
| ow so that ther ‘kﬂo%ﬂ’%‘ifhx ahlobht & &ﬁ&ﬂ@eﬁgm@f’ﬁpﬁw iPY oﬁﬁﬁlgf 3 g
or coatln

an uncur ed coat nposition

than 1 ml 15 (at’.ﬂ{eenoaﬁngs smfwkmallowshemdwﬁmﬂmmﬁonMr are |n

the range from a n 100
parts by wei ght t&ﬁ‘%{'tcf Sga radngt%n-c efdgﬁog%cg 1?‘:'8 pame\{'\xﬁk- gﬁg

rﬁnge from ?bout cﬂp&ﬁ_ @gﬁlmﬁﬁ;ﬁmﬂg‘ bﬁxrgfaﬁgﬁl leFﬂdhemehahd ufky ‘o

t hi nner coatings, i1.e, |les u is often
necessary to ¥se M?F%é’rm . f‘)’l' IcPé‘B'rgé’s 5578 be 20

det ect abl e anbuntpredictgd fototic? appiRiatiors, n{mahigsaﬂam reSiStaid] bdor) Yele@e ght of

radi ati on-cured coating In the practice of t he present
i nvention, the i mqsyme# cqsggtic, propertiss sych as gloss |Asanetherexample, the yor escer

can be measured dresdiinpinsh pRgides ahiahs 18 idléthniad fhe amount E%Fekgﬁ?lpgresem

wavel engths fluoresced by the fluorescer upon excitation. ure
3, showi ng the elieRtcyry mhmmgnmmadmwmdmmwured bi phenyl

fluorescer. FRyrther, g@% for

bi phenyl , 13 from gﬁggp%b 0 %ﬁ]#}m%g‘rl]&ge usegi’ﬂq{(r)l excl eﬁbir’?zmé

fl uorescer and cdysxygen. lnﬁkhmx&demwtbiomtmuthetdadtaumgﬂ'ahﬁcwmglmngt hs
of the em ssion fe excitation wavel th [err]
I's chosen to pre\s?g%?%%?f‘%ﬂté'ﬁgé& uﬁg%fﬁxﬂé S sy P MR PY; %“g&(}'& ength
[err] For exanpl ehambdfr aFdri mdaynegasohs, mxygax:maybepresemtehm ivapirgéd cureener gy

used to neasure f ce e |on at a wavel.engt h abouf 290 nm
i's preferably |e§:§ ni? ¢ pyrge processanben% rfect or, oxygen m g*n

20 enter the cure chamber during the curing process. This oxygen might reach the
surface of the coating in the cure chamber and potentially inhibit the cure of the
surface of the coating, causing one or more of the following: an increased
concentration of residual monomer at the coating’s surface, an increased
concentration of oxygen at the coating’s surface, a lower average molecular

25  weight cure product.

It has been discovered that the intensity of the radiant energy fluoresced
by a fluorescer within a radiation-cured coating may change with the
concentration of oxygen in the cure chamber at the time the coating is cured.
This is evidenced in figure 5. Figure § illustrates that the normalized emission

30  intensity of a fluorescer excited by energy of the range of wavelengths from
about 200 to 220 nm decreases as the amount of oxygen in the cure chamber
increases. This relationship provides a means to determine, by reference to

]2~
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PCT1US96/ 03417 Measurenments of the intensity of rad ant
energy fluoresced by the fluorescer are preferably taken either
on-line (during cure), or imrediately thereafter. If gpgﬁgﬁkbgcant
peri od of tWaP6EMIZes bet ween cure and neasuring eni & énsity,

It is possible for residual nononmer or oligonmer to evaporate, 5 t her eby
causing the flu i lﬁg&'t : : al\@ﬁ. nt of
the intensity o&’%&?@ﬁ}%e@er gyd"f‘ﬁ%?}é‘g%g@ﬂﬁfft egen prt"s‘mtflf'uo e éc!{eﬁﬁalés
limited to the dhphbert Rredateraiined:datibratiore dagg cam be amyadass relating: thel emission -

cured coati ng. Lv.t f cer, I hat ' | V..l he
excitation M&W&? aﬁqwrﬁr%%@seﬁﬁiﬁéﬁg%&{ #eo%n&g?%%gxgxa& tation
energy into the ekéinpledsfigiredn- cured coating in turn depends on the chosen
et orumuciengshe MR ety SRaLF e Bt B b B
shorter wavePengt hs - e
coating than w |d1reeé!ﬁinbéi,iﬁ1%®€ﬁﬁtﬂiﬁ otfthé exciativibenergyPiiSthe radiation@itéd engt hs.
Therefore, the depth to which a fluorescer, and therefore residuyal

mononer or ol i gSAEME dependsion the wavrlengihof the exeiation FRsIEY,q d¥slagively jenger

excitation 15 ,%ﬁ&l@ﬂ%ﬂ?ﬁ‘dﬂaﬂteﬂer will penetrate RirtiéCinfS @ radibdon Qe NEr 9y
having a relatively shorter wavel ength provi des a neans of detecting

fl uorescer, and coatingefInrthe practiceefi therpresens inveption, it is pyeferredrtat ag leasin upper

portion (near t r majar surface) o radi ati opns I coat i ng.
This is part cu%@ﬁgpﬁﬁﬁﬁ?%ﬁﬂ? %W '%%PP?’&?@@%S‘E%@EE‘F 3?‘5{1 é’-f d?o'%&(?ﬁ&?’ai ni ng
coatings, wher eiciredTodtiiy, | Tahécotplish fiStestlt, (RO watdiigie fl> 8t the exéiRdbn
the coating surface. Inthe practice of the present 1nvention, it is
preferred that energy ipprefasaly imthporanget foem ahoyti200it0 212 ney. (ith the zanger bed by
the upper 75[e”f1ldiﬂ ut 260 1 205 mﬁ%ﬂh&td:&%i?éf&r‘féh.cﬂghkiﬂg-ex&&:iﬁﬁ% yoh this
result, the wavel engt err] of the excitation enhergy Is préterably
in the range fr dis zangas the@oesent B&hoddete@bthe effects of oxygenin asure chambhod, by
detecting flyor ad. radiat i on-cur Q | gomer ,
| ocated at olg ngg(ra% r?éa}g%é’?q%%r‘?gg%&gf‘ 9{}%% ?fa%f ﬁ%gﬁ&d c'bat%é.

In the practice of the present invention, the radiation-curable coating

may further comprise other ingredients known to be useful in the production of

radiation-curable coatings. For example, the radiation-curable coating may
comprise any crosslinker known in the art to be useful in curing radiation-

20  curable monomers or oligomers. An appropriate crosslinker can be chosen
based upon the choice of radiation-curable monomer or oligomer. When the
radiation-curable monomer comprises an acrylate group, an example of a
preferred crosslinker is a multi-functional acrylate. Other preferred
crosslinkers include triallyl cyanurate, and triazines such as 2,4-

25  bis(trichioromethyl)-6-(4-methoxyphenyi)-s-triazine. Triazines can be prepared
by the co-trimerization of an aryl nitrile with trichloroacetonitrile in the
presence of HCI gas and a Lewis acid such as AlICls, AlBrs, etc. (see Bull.
Chem. Soc. Japan, Vol. 42 page 2924 (1969)).

Optionally, the radiation-curable coating may further comprise a photo

30 initiator. The photo initiator can be chosen to work with the radiation-curable
monomer and optional crosslinker to provide a radiation-curable coating that
will polymerize upon exposure to appropriate radiant energy. Photo initiators

<13



cured coating, allows very high sensitivity in determ ning the amount of
resi dual radi ati on-curabtenormoner or ol i gomer present~in a radiation-cured
coating. Specifically, the nethod of the present invention can be used to
30 determ ne the amobunt of residual radiation-curable nononer or oligoner
present in o3RI on-cured coating at cure levels up to BEHUSSO38di ng 90%

cure, i.e. this nethod is sensitive enough to detect 10% or | ess by wei ght
of 1 wi . . bl -11- Ji %) 96/ 33402

PCT/ US96/ 03417 useful with yatioys radiation-curable mogpmers of oligomers ave. KnQWiLIn G, 5oy
or 1% by wei ght art. resi dual nmonomer or oligoner in a radiation-cured
coati ng. Measuring .t he eni ssion intensi tly of a fluyorescer can
al so lead to other In the pragticg egfl!ecmeiﬁg'ewww fﬁ%&‘?ﬁy spurge A iipusedyr ed

materials. For GXomhfme m&aﬁon_t&%amiwé&aﬁﬂe.nmmpéneﬁég AR 14585 BOhnyF N be
es. Know ng t a

d
correlated to physical properti ) € anount of” residual
mononer or ol5i gaypsrofi radiantcenargyrsgurce ket wil icayse polymerizationiof the sadiatigns

surface, can all h [ CLi | o r . :
characteristics cggbk '?ig'gé"get% %%ﬂg%s %‘?é%iuécét%'.' %ﬁﬁ%ﬁ %‘%uogﬁlar acteristic
will deperctosslinkeh er plagid imis4ton n Exdmplesofcuseful rgliand ehergy seurcesxanpl e,
adhesi on and tack 0 ropert.j es can be edi cted fqr adhesi ve coatings.
Qther propert i eé“‘i!'éqlf %3% that °m'{)&'8'aﬁ‘°3t°8%‘g¥g$“g9‘h!_&“afﬁg| HPGEA el udi ng
abrasi on resi st aadigion? dtrowade Rdfifion, UV raBlaftit W la8Rtion \Isible Ta®Atidh, and
properties such as gl 0ss. As anot her exanple, the present invention

t
provi des a nm®andhe likeicThe wayriengHeoflight emittsd tyyihe cadiant energy source can be 4 cure
Hor o bt T IX Sy
chanber at the tc?tﬂ&n% E@H%@Bﬁd}fb the E@rﬂgﬁﬂ%‘éﬂh& ?adfdt'iﬁﬁ-‘i’:grabljcscﬁfngﬁ, elcf’T e

pol ymeri zati on of nany radfration-curable coatings can be I n by
oxygen. | n such thearadiation-cusablecnariomeb loe oligomer; end &ny crasilinkdérar-photoabl e

ni tr ogen- pur ged TARF The Gk whrRingihay B op ShlSh St U B 1 st

even in a purgegrefereaces. For exinplpes shdreer wavelengtle malydbeusedi® ¢ffeecess can be

| mper fect, s %é%ﬂ\?e’?y mg%]rt level of cure at the surface of a radiation-curable coating.
Preferably, the radiant energy emitted by the radiant energy source 14 is in the
range from about 280 to 400 nm. Examples of suitable radiant energy sources
include, but are not limited to, low pressure mercury bulbs, medium pressure |
mercury bulbs, and fluorescent black light bulbs.

20 In the practice of the present invention, the radiant energy source 16 that
emits excitation energy onto the coating may be any type of radiant energy
source that will cause excitation of the fluorescer. The wavelength of the light
emitted by the radiant energy source can be chosen to correspond to the
excitation energy of the fluorescer, i.e., the fluorescer will absorb excitation

25 energy from the radiant energy source 16, and emit radiant energy of
wavelength As. Preferably, the radiant energy emitted by the radiant energy
source 16 is in the range from about 200 to 300 nm. Examples of suitable
radiant energy sources include, but are not limited to xenon bulbs.

In the practice of the present invention the detector 18 can be any type

30  of detector capable of detecting and measuring the intensity of radiant energy
emitted by the fluorescer. An example of a suitable detector is a
photomultiplier tube and apparatus, of types known in the art.

-14-



20. enter the cure chanber during the curing process. This oxygen m ght

reach the surface of the coati n € cure cnanber and potentrally
inhibit the cure of the surface of the coating, causing one or nore
of* the follow ng: an increased concentration of residual nononer at
t he coati ngW9®2%@840%3ce, an increased concentration of PGPS t he

coating's surface, a | ower average nol ecular 25 wei ght cure product.

It has been discover i NSi t he. | an nergy fluoresced
by a fluorescer vvith?gdg&s@d?lgﬁec?%@gg8%1“‘53’f5ﬁeﬁtg'“&§$°§h%ﬁ'§§ﬁwth t he
concentrati on ofFiaorggencei SpetthophototreterNsuchas it Pérkin Elmae MPIS66,0chibeg i S

cur ed. This is evidenced i.n figure 5. Figur Il ystrates that the
normal i zed enis to igHodycy exciatipy, € 3%%?%?%‘888\?"3%? F@@%?‘%’R%V of the
range of wavel ergs {ntenkiktyof fluoresceneemissidsh) t 0 220 nm decreases as the anount
of oxygen in the curmchanber I ngreases... This rel ationship prqvides a

nmeans to det &rmne, e method of the present invention aliows for on-line measurement o

-12- the precise amount of residual radiation-curable monomer or oligomer presen
PCT/ US96/ 03417 WO %6/ 33402 . Er edet er muneg cali brati oﬁ taat%, the
8

anount of oxygenin pradistinn-¢uredimpigrigle d The measurement cinabroused fow feadback ni ned
cal i bration dat g,608 #<afBYs n‘?‘?ﬁ%s gﬁaﬂ\telepsg- FofinklhceS ?{g%tgpninénr# e %pézhs%y of a

fluorescer to the oxygen coO a purged cure ¢ xanpl e
is figure 5. 5 level of cure of\aaadiation~cpréedhenaging, sprotessrparametets) inthadingrbutenat he
of the excitation

oxygen content of . . .cure. chanbey . the, pepetratio
energy int oel[raheqmgpé? ihgﬁ_swpewgensny of @58?%’8' ﬁ%‘ﬁéﬁ‘&%@ﬂ' s ant h of
the excitation d€eagroitrogen,adte.yeanybé inngediately adjustad\te itieisd\of débréusé tener gy
wi |l penetrate flur thr I n t he radiati on-cured coating. In the
practice of the *pPeSkFHre o 3&1‘?&'%‘,’“’9‘9"‘1’ s preferred that at |east 10 50% of
the excitation energWiefnafibéy! e nfbimarioR JbRMRA bhOhe MeliBdUf thé'Bresaii ati on-
cured coating. To acconplish this result, the wavelength [err] of the
excitation invention may be used to design improved cure systems.  For instance,
15  determining how much oxygen is present in a purged cure chamber is useful for
designing a cure chamber that will allow less oxygen to enter the cure chamber,
or interfering with cure at the coating’s surface, QOther process parameters, for
example the intensity of cure exposure, could be the subject of similar
optimization studies.
20 The objects and advantages of the present invention are further
illustrated by the following non-limiting examples. The particular materials,
conditions and details recited in these examples should not be construed to

unduly limit this invention.

25 EXAMPLE 1
Because the compositions of radiation-curable coatings useful with the

method of the present invention are various, an exemplary radiation-curable
system was chosen to demonstrate the present invention of measuring residual
moncmers. The present example included a radiation-curable adhesive

30  (hereinafter referred 1o as Coating 1) comprising 90 parts by weight isooctyl
acrylate monomer (I0A), 10 pbw acrylic acid monomer (AA), and 0.02% by
weight biphenyl fluorescer.

»15-



energy is preferably in the range from about 200 to 215 nm w th the range
from-about 200 to—205mmrbetrng nost- preferred. By—ustng excitattTomenergy

in this range, the present nethod detects the effects of oxygen in a
cure chanber 15 as they occur at or near the upper surface of the

radi at i on- cwessa34mt i ng. In the practice of tRETHSWLBHT

I nvention, the radi ation-curable coating may further conprise other

|ngred|ents known to be useful in the production of radlatlon curabl e

coatings. For exanpl et ltmib (3%umblavensaiplepf Coating(l wes raapdwiched” bebgsni se any
crosslinker Knowy, jgydr$16f BiakiallP oRéntets Solybrop *\emm )! aHieAalripli: resfdined Ur abl e

nononmers or oligonmers. An appropriate crosslinker can,be chosen based

upon the choice W“deﬂﬂ%&%?@aﬁﬁmm /et . mﬁiﬂl‘he e
radi ati on-cur abl g,;rgi; of a
preferred crossl%‘%@a E{F ﬁerﬁdona acr gét)geye ’691;\ rred
crossl i nkers 3§ ncHemdett tPackard Msarpmmvaw;s Specirophotometess Hmu‘h 2a$l°’ﬂ$lhe 25
bi s trlchloronet T e
pr apar ed (AvaStE R B e Rk Sad blyBs sifes b4 CougR, 56 Vel
trichl oroacet oni isrthé gbsorptioh ®f the BOPPisebstraee FigureQ mﬂiﬁteﬁthit thelabgorbamei d

bage 2024 (1960)Yehavior of the ORIAASHmPEREP 9f Cotios L iRciash SEUREIE WER | ng
may further co %ﬂhﬁvﬁl&%&hﬁbﬂ'ﬂoﬁém&"ﬁﬁd@“%@mﬁéﬁr&bﬁﬁman be

chosen to work with the radiation-curab mononer and opti onal

crosslinker b fnetayRbserbed by Soatne. EQF&‘!#“@“(‘:@&M‘MQ“M‘&WS“ betwegp pbout

pol yneri ze UpoON ZPAAWRR rin) MAREREINF e FaREE Betive M olY 210°RRE 260 th ! | at or s
- 13- WO 96/ 33402

PCT/ US96/ 03417  decreasedsybstantially with\exposyioes tor radiant ensraycefrzawaveelengthoofs36d or
Oy LISTE" S aC e KR 48 i for oy @b e, i o Gl BEMIRIGL "
radi at i on- cur abl aurahletoatigg aimh theamdiatiorecuygd conting evas 4hendiyappearance of the

15 radiation-curable monomers of IOA and AA due to their polymerization upon
cure.

Figure 3 shows the fluorescence characteristics of pure biphenyl.
Biphenyl, could be excited at wavelengths in the range from about 200 to 300
nm, and especially at wavelengths in the range from about 200 to 270 nm,

20  Figure 3 shows that upon excitation, the bipheny! fluorescer would fluoresce
radiant energy of the wavelength range from about 280 to 380 am, with
especially strong fluorescence in the range from about 290 to 340 nm.

The fluorescence emission intensity of Coating 1 was measured before
and after cure, to observe a change in the emission intensity of the fluorescer

25 upon cure. Figure 4 graphs intensity of the fluorescence emission of Coating 1,
measured at 320 nm, caused by a range of excitation energies. The “uncured”
curve indicates the emission intensity of an uncured sample, and the “cured”
curve indicates the emission intensity of the sample after being cured by 300
mj/cm? radiant energy of about 350 nm.

30 According to figure 4, the biphenyl fluorescer in the uncured sample of
Coating 1 was not excited by energy of the wavelength range between about
220 to 300 nm. The fluorescer in the uncured sampie was, however, excited

16~



5. type of radiant energy source that will cause polynerization of the
radr at i on- curabl'e nononers  or oligoners alone, or in the presence of
an optional crosslinker or photo initiator. Exanples of useful
radi ant ener sour ces i nclude those that emt ther (heat
or inf ra-reﬁ’é’&?‘&?i on), e-beam radi ation, m cromv?@ggﬁo%‘ﬁ, w
radiation, [err]-radiation, visible radiation, and 10 the |ike. The
wavel engt h of 1] ' mg-tal S 6 1

b% Bhe Efobf t&ﬁg'elc s Frorh @Hhi2 1) ﬁ%@i{ > O hiphe EForesoer

chosen to corre_s on o§|t|on (0] . era IatIOI’l-Cl_J a e coati ng,
i.e., t hein the icared samplgrafiffoating, h ovas exeiteddp iflyoresee, byextitation eneegys| i nker

] i _ |
of oot ouri ng, RO he S vl E AP MM 3 300 86, BUECTT 1oy e

used to effect espedislly bythetwavelengthirgiges fiom/abono20Q tor 21Saim | dmad 235 o285 of a

radi ati on-cugabl e coati ng. Preferably, the radiant energy emtted by
t he radi ant %neP'By. source 14 is in the range from about 280 to 400
nm Exanpl es of suitBRighe 4 dilsedtés daethe ¥misdioh GRensity of th BiphdtIe flubiekcenr € not

limted to, |low pressure nercury bul bs, nedi um pressure mer cur

y
bul bs, and f | uoFe¥OMR. 8 cAued BYFFiaion yeavelepgths including the FAngp fiam AR of ¢ he
present inventipis 1 783, isdaset sighiféMy aftkF e sdfiple ¥ Coating 1 waichfedexCi tation

energy onto the_coating may be any type of radiant ener source that

. gy .
wi || cause exci the Fhangéin fipprescencs vwasdue to thecdegreasedampunt of radistion ght
emtted by e Ladh r hﬁ?’? 3T S d to the
excitation téﬂergy (}?q?ﬁ‘?@lﬂd%rnzds?@é‘%?pfé%&ﬁpﬁe il}orescgéé\?\i Iq?)pabsor b
excitation 25 measuting thecimensity ofatie fnoresoencepgmission ofthe Aluosesceran 320 r adi ant
ener gy of err referably, the radi.gnt _.ener emtted by
t he radi ant ene’r'%?xsebr%gg&?ot{?reﬁi]mfgnieg“igx ﬁe“'ﬁ"aﬁa&gf%@ﬁw H5FAESEI™: o 300
nm Exanpl es of about 238t0e285, the anmanit afniesidasi gonohie i @ radiatioileureut are not
limted to xenon hul bs In the practice of the present

i nvention the d‘é‘?gﬁﬁ?ﬁli@e@ﬁﬁ"ﬁi@egtny type 30 of detector capable of
detecting amsl rreasurﬁgmlwﬁ.dican‘eenﬁ_t am&ngﬁgﬁf&cﬁlﬁh%vexengms%tted by
e

the fluorescer. An exanple of a suitable ector is a

phot omul ti pl i ercaulthbe used te spcite-the biphenyl flpprescer nandtheneby measure 2 change

-14- in residual monomer content of the radiation-cured coating. The greatest
sensitivity with this particular system would be attained by using a wavelength
of about 257 nm.

EXAMPLE 2
Seven samples of a radiation-curable composition were produced
containing 90 parts by weight YOA, 10 parts by weight AA, 0.15% of
ESCACURE KB-1 photo initiator available from Sartomer, 0.1% of n-decyl
25 fluorene fluorescer, and 0.1% of 2,4-bis(trichloromethyl)-6-(4-methoxyphenyl)-
s-triazine. The samples were cured by exposure to various amounts of 350 nm
UV energy, of intensities ranging from 192 - 500 mj/cm?, to produce a set of
samples of various levels of cure.
The present example provides a correlation between the change in the
30  residual monomer concentration of the radiation-cured coating, and the change
observed in the samples’ fluorescence emission intensity. The procedure

-17-
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such as t

I n t he—practi ce of the—present

he
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i nvention allows for
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on-1ine neasurengnt of
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mat eri al .
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! fareld

I nst ance

preci se anount of

iwhg weighed.e

The negmplE Mmatalsoa helSring tRofeséentEBEBR N after the

by determ ning the

Nexpasinger Berkin Elmer MiPFrQGbut not

6rﬁé€e10fthecﬂl'i

oge

can&gﬁ%tlﬁﬁn&b’qﬁ y adj u
@ntvm measured Iwmle bemg excited hyfzmhﬁn ggm?dtaqﬁgcsdupte .was

0
e T3-S e e R 5 Bl o e proppiiany 1

det er m ni ng how resithal ongmparer i §hpmeafﬂbmmmumptbwmm€m¢ltﬁe usef ul

resi dual

fr@&\-grngin ng!

precis

vari ous
| evel

an inert

8‘to

for desi gni.n ure chanber .t hat allow | ess to enter the

cure chanber, i€ ﬁPW?@rW@"W ?‘I?Zgld%wéf aﬂ%mf‘?ﬁé}qﬁ ugURatAg e

Ot her process pauhamaﬁplb@nhfzm nm light. €FReFiskltsi 426 giveh R Thil 10f cure exposure,
could be the_subject of simlar optim zation studies. 20 The

obj ects and vant ages of the present invention are further

illustrated by the following non-linitindkadednp|es The particul ar
mat eri al s, cotrgiint : 4 . - 3 AM,VN.: ghoul d
not be construed to ) UN@ul y @ M 1 | tnlakis ofindeie LB 1
Because the co - -a-d-l-‘ﬁﬁz-e-n—-c,ur-%"n ' t he

007 3 . ; :
met hod of the prESen meum—mnﬁ%’m . ad%%—i—e-r curabl e
system was chos l tQ dp:masu_a_t_@_x@p ni esersieo | nVENT [0ge9s Of a8 1 Nd
resi dual 0%&%@%%%&d@-&%ﬁndwabl e
adhesi ve 30 (hei el N§l L emisr e er 1eos 1S Coiaé T TTY] L) oG PT 11 ST Mgk490 parts by
wei ght i sooctyl}L QP:-%&L&_@!!&L__LOA%‘L'LD_MW fc_amed_ngnomer

. . 0.1

(A4), and 0. 02% e Tomis Tttt —fHgaresert—y s Toor

Change in monomer concentration as measured by redry = (0.1100-0.0717)0.1083-0.0717)/(0.1100-0.0717)=4.44%
Change in Fluorescence = (100-70,3)/100.0=29.70% » ke

15 Table 1 illustrates the high sensitivity of the present method of

determining residual monomer content. On average, a 4.44% change in the
concentration of radiation-curable monomer, as determined by redry testing,
correlated to approximately a 29.7% change in emission intensity of the
fluorescer by the present method. In other words, a 1% change in radiation-
curable monomer can be detected as approximately a 7% change in the emission
intensity of the fluorescer.

20

EXAMPLE 3

A radiation-curable composition was produced comprising 90 pbw of
IOA, and 10 pbw AA, 0.1 wt% 1,6-hexanediol diacrylate crosslinker
(commercially available from Sartomer), and 0.02% by weight biphenyl. The
radiation-cured coating was applied to a substrate and cured in a cure chamber
purged with a constant flow of nitrogen gas. To generate calibration data

18-



- 15- WD 96/ 33402

PETUS96/ 03417 Al mt—2Z5 Terrinm trayer sanpl®@ of Coating 1
was "sandw ched" between two | ayers of biaxially oriented

pol ypr opyl ene (BOPP). One sanpl e renai ned uncured, and anot her sanple
was cured wobesaee nj/cnierr] of 360 nmlight. The RITHPENBH spectra
of the cured and uncured sanples were neasured using a 5 Hewl ett Packard

Absorption UV-Vis Spectrophotopeter. . Fiqure 2 shows the . . . bsor ption
spectra of the @R g %?&%‘@M prge(ﬁ%T‘g?{g‘OfFe 5@1%11'11}&/:3% as the
absorption of tdrahSakbresied,Sthe itdgerpaiige §as alsd Shmalhabvdrivds comenediions bance

behavi or of the | QA/ AA conpositiqn of Coating 1 decreased significantly
when expdfaxygen. @ indigared) iB FiguIBSat i on. More specifically, the amount

of radiant 10 energy samﬁ%gkgknabfe@ﬁﬁm&ﬁn}iﬁhfe%wgs&nﬂehanmweé:ﬂwt h

range between about = d 280 nm anhd especially the range between
about 210 arfd 2a&e penditions excepiofor dhes differanh soncartrasion of Gy gendn thespyree t o

radiant encr 9y Sl UBHEL PG EhecIBF. 66 FluoRBendSpeA8RAhLe i ©

dramati ¢ decre etween the radi ation- cur abl e
coating and t heexcitationtscamefozack sample wWas gakeer derwreer dresapgeeof 20c0 0 nmhe 15

radi ati on-cur ahl e 0 of | . el.[:. P ' [sQn upon
cure, "B RS s el R PR Fatelerl bt B B WS POT
bi phenyl . nassidreingensitycofthe biphemy dluoesicertat wavavelengthivf 300 nihie range from
abgut )2/00 to 3(3% e nn?cand_e,s e?i“al,l y Eg:}q/avel en ?h in the rangg from
about 200 11 27AJEWS ETABS the Swission 1uRNKY af fis Mapyesrer AcFO0AM JETSOE FE bi pheny |

fluorescer wouldkciidién aveRngth used fo76Xcd theMd&i¥er) forl afhpld \atedifitall r ange
fromabout 280 to 380 nm wth especially strong fl uorescence in the

range from abouatmospherepfitrogemand various concentratipns af|oxyeess c the graghoSsi on
2 change i n t e TRy S i iURRIBRAG RS Belafijom cliecr OCeBOURE MRy ahd O2> e
4 graphs i nt endime of¢xposure fof ther smplesde thenduse chambef. Coating 1,
15 Figure S illustrates that the emission intensity of the fluorescer caused by

an excitation energy of 200 nm changes with the concentration of oxygen in the

cure chamber. By measuring the emission intensity (at 300 nm) of the

fluorescer in other samples, caused by an excitation wavelength of 200 nm, the

amount of oxygen present in the cure chamber used to cure the other samples

20 can be determined by comparison to the calibrated data of figure 5.

-19-



measured at 320 nm caused by a range of”““””ﬂ#"lﬂrﬂ!il& Eﬂgl es. The uncured"

curve i ndi cat es THe €M SSTOM i ntenstty of+ am uncuse
"cured" curve indicates the em ssion intensity of the’ sanpl e after
bei ng cured by 300 nm/cnferr] radiant energy of about 350 nm 30

According t V@& 4, the bi phenyl fluorescer in the uncuPEFUSEAINE of
Coating 1 was not excited by energy of the wavel ength range between about
220 to 300 nm The ft'?uoresger in the uncured sanpl e was, however, excited
- 16- WO

PCT/ US96/ 03417 - 1. AUetRPbfedtiritibng E}Gbﬁﬁdizﬁ@éﬂe ordifd bp a220 nm
The bi phenyl fl uorescer In the cure ating 1 was excited

to fluoresce by 8uerescss rmmmwuwdcoan%mwmcmmmwémvér ength
range from about 200 o 3 %E" cr ally by the wavel ength
ranges from about 200£)to %gﬂmnn?% }S%OH% 5 nm Fi gure
4-illustratessthat the eniiysionm mdlakmscln';bl@mmtmetbbrpdrisgomcrfdxldorescer

at 320 nm as caused by exgitati n vvav ths i Iudr n ra rom
about 235 to 285, n'g)r ead eiﬁ"’é‘grﬂ'l?c' ‘PEF“?'&%“ %Nﬁl"@gw{'@atr ng
1 was cured. The Chaag&e'ﬂhowwrmeaaﬁgm:@u& gy of b

anmount of radiation- 10 curable | QA and AA nononer present the sarrpl e
of Coating 1. By b) meauing the qoating by exposurg i@fad!menﬁra!),rtésl@b)wce em ssi on

of the fluorescer at f a
wavel ength within t heé‘r%g%g)% tl}ermﬂmlty L rRé.%ﬂ%@%%;%@%@é tlﬁcg‘egang %{hegf
resi dual noneerer in tfksoréseed K'fekmscd:wwdvelength A¢0ating could be determ ned.
15 Figure 4 indicates that t%pbr gad range of excitation wavel engths

[err] coul d be Wed tiluminating.the srdiationrrursd coating,with G&‘mﬂﬁhanﬁfﬁléﬂéby
h HeRSP IR d
Coating. The gre avaveﬁ&l?engz?hr Vity w%sﬁg?ﬁfés}tthg"frcu? %‘ on woul

coating. The greatest em woul d be
attai ned by using a vebgerbed by khe upper 75um of the radiation-cured coating; and

d) measuring the intensity of the radiant energy fluoresced by the

15 fluorescer at wavelength s,

2. A method for measuring the amount of residual radiation-curable
monomer or oligomer in a radiation-cured coating, the method comprising the
steps of:
20 a) providing a coating comprising:
i) a radiation-curable monomer or oligomer; and
ify  a fluorescer having an excitation energy at a wavelength
A2, the fluorescer fluorescing radiant energy of a wavelength As,
wherein the intensity of the fluoresced radiant energy of
25 wavelength As changes with the concentration of unreacted
radiation-curable monomer or oligomer in the coating;
b) curing the coating by exposure to radiant energy;
c) illuminating the radiation-cured coating with excitation energy of
a wavelength A2, wherein at least S0% of the excitation energy is

30 absorbed by the upper 75um of the radiation-cured coating; and

-20-



of. about 257 nm 20 EXAMPLE 2 ou "I”I“ﬂeﬂﬂﬂ!ﬂkml es of a
radratrton-cur abl & conposition wer € pr L ni ng par V.o
wei ght 1 OA, 10 parts by weight AA, 0. 15% of ESCACURE KB-1 phot o

initiator available from Sartonmer, 0. 1% of n-decyl 25 fluorene

f1 uor escer WQPEB3821% of 2, 4- bi s(trichl oronet hyl ) - 6- (4- et FSHUSHEHN?) -
s-triazine. The sanples were cured by exposure to various anounts of 350 nm
WV energy, of intengitie ' : ;,132‘ s rafidhe @ gmﬂg dl§ dE oduce a
set of sanpl es%é)f vglﬁ&%ﬁgblra%vlfgfegmf Cll,l‘?e. Bher Hekcfhes}préesent
exanpl e provi des a ¢lnorestentat wavdderigttie®y t he change in the 30 residual

nmonomer concentration of  the radi ation-cured c8ati n&_, nd the cFange
observed in the sanﬁf]es' from, fhe intensity mneaspiremment, determiting the amepnt of oo yr o
-17- VO 96 rekiihalradiation-curable monomer or oligomer present in the radiation-

PCT/ US96/ 03417 i nvolved redry testing to quantify the anount of
resi dual nodoner i ncwrgdgoating, sanpl e, and al so, neasuring fluorescence
before and after the redry testing. First, each sanple was
wei ghed. Next, using a Perkin El mer MPF-66 Fl uorescence

Spect r ophot onetder, The nicthodrof claim @ whereim gliet methdd iscused snmpgasyreatadiaion 320 nm
was neasured | Le bejn Xci.t 5 | i ght C npl e was

heated on a 1%?@%&?‘%’5?@“‘]"%; O%?I%pﬁﬁgé}gﬂ’f%%%t%%%e@'i n order to
evaporate off any resi dual nononer. The nmass of the redried sanple

was then taken ,and e sanmpl e's fluqrescence eni,ssion at 320 nm was
agai n meas Ped 4by ihﬂﬁmeﬂypiqﬁgﬁgg 2, wherein the ra anon-curggle monomer or

oligomer absorbs radiant energy of a wavelength A1, A1 being less than 300 nm,
and the cured product of the radiation-curable monomer or oligomer absorbs
less radiant energy at wavelength A1 than does the radiation-curable monomer or
oligomer.

15
S. The method of claim 4, wherein the radiation-curable monomer
comprises a (meth)acrylate group.

6. The method of claim 5, wherein the radiation-curable monomer is
20  chosen from the group consisting of isooctyl acrylate, acrylic acid, N,N-
dimethylacrylamide, and mixwures thereof.

7. The method of claim 6, wherein the radiation-curable monomer is

isooctyl acrylate.

25
8. The method of claim 6, wherein the radiation-curable monomer is
acrylic acid.
9, The method of claim 6, wherein the radiation-curable monomer is a

30  mixture of isooctyl acrylate and acrylic acid.
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the sanple with 254 nmlight. The _rf_sul ts%jﬂllﬂjmﬂ’ug#mmﬂp _

Table T I

After Heating BOPP wei ght Coated fil mweight Fluorescence

Coated fil m wei ght Fl uor escence (gms) ggms)

i ntensity ofWQ96aeg2 (gns) intensity of n-  PCT/US96/03417

fl uorene decyl fluorene 0.0723

8 é% ig 01%5 ?'Hue method o%cgagég wherein A 1@1:\1%% jange between ahopt 210 3

0. 0719 0. 4350 nm. 75. 00 0. 1095 32.0 4

0. 0722 0.1109 58. 50 0. 1097 101.0 5

0.0733 0.1093 75.50 0.1082 95.0 6

0.0714 0.44118 7

0 0693 0. 1548 The method of’ aiQPz wherein theg a}%%gr is chosen frofg?aeogroup Avg

0. 0717 s 0.cbh§ifting of b:phenyl TlgGrene, n-decyl fludrens) $39-dibutyl fluotene, dnd 9- St d

Dev. 0.00123 g% Oﬂ%’?é 8. 45 0. 00232 10. 51

Change in nononeleC¥ahMEMy] H¥QTEM- 05 reasured by redry = (0. 1100-

0 0717)-(0.1083-0. 0717)/(0 1100 0.0717) - 4 44% Change in Fluorescence
(100-70. 3)/100, 0=29. 70% able 1 illustrates the high

sensitivi ty of tRe pr'@@émth‘?f’e?flﬁkimﬁl Whem'"ﬂ@t%%'d@"#%ﬂﬂual nmononer

content. On average, a 4.44% change in the concentration of

radi ati on-curabl e nononer, as determ ned by redry testing, correl ated

to approxi mattel yl3a 2Theanethatefcliim Byivderaim Az istiothd tapgo fromhabout 200 to

fluorescer by t sent nethod. In other words, a 1% change in radiation-

20 curable no ‘can be detected as approximtely a 7% change in the

em ssi on intensity of the fluorescer. EXAMPLE 3

A radi ation-curabl e conposition was _produced conprising 90 pbw of 25 | QA,
A" 10" pbw A OHAL w9 Mtk b wheraE Ry oo dhe. oS from ot 23
(commercial ly awgislable from Sartomer), and 0.02% by wei ght bi phenyl The
radi ati on-cured coating was applied to a substrate and cured in a cure
chanber Bpurged with a constant flow of nitrogen gas. To generate

calibration datay  qye nehod of claim 14, wherein As is about 257 nm. - 18-

16.  The method of claim 12, wherein As is in the range from about 290 to

340 am.
20
17. A method of measuring the concentration of oxygen in a cure chamber,
the method comprising the steps of: '
a) providing a coating in a cure chamber, the coating comprising:
i) a radiation-curable monomer or oligomer; and
25 ii) a fluorescer having an excitation energy at a wavelength
A, the fluorescer fluorescing radiant energy of a wavelength As,
wherein the intensity of the fluoresced radiant energy at
wavelength As changes with the concentration of oxygen in the
cure chamber at the time the coating is cured;
30 b) curing the coating by exposure to radiant energy:

c) illuminating the radiation-cured coating with excitation energy of
a wavelength Az;

-22’
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to the em ssion intensity of the fluorescer, the nitrogen purge gas
al'so contai ned various concentrations of oxygen, as indicated in
Figure 5. WO96/33402 The sanpl es were cured individual | yPFHUS6E347 o
chanber under identical 5 cure conditions except for the different

concentration of oxygen in the rge . ases. Using,a Perkin Elner

MPF- 66 Fl uor escence pectmﬁﬁw&£§ﬁgwsﬂ °fd%“s‘é%?'ﬁaﬁyig%‘ﬁ"§5€8§b}5fheeach
sanpl e was taken bet N wABRAghin28y to 270 nm by illum nating
the sanple with a specific wavel ength 1ight, and neasuring the

eni ssion intensity of) t heclalipg theyintensitycofdhe eadiant energy fluoresegd bydhe 300 nm 10

Figure 5 graphs the gnission.ntensit f .the.fluorescer .at, 300 nm versus
| fi 'e?qg?l‘RO ?ﬁ‘e Gon OLOXYEEN PRESEAt A e ST o s anpl es

t he excitation

cured in ans at shamBeesteh@ fimBithd Cating W ChrPby fdfereict O Prbdetdrim@ied Of
oxygen. The graph of = figure 5 is nornalized to renove the random
effects of exposure $aibeatien dgtzand time of exposure of the sanples in
the cure chanber. 15 Figure 5 illustrates that the em ssion
Intensity of the fluorescer caused by an excitation energy of 200 nm

changes wit h t ht8.conBhemethod oficlaim &%, whereinthe taating comprises @an aipperizeajor By

measuring the epj.asi | hé Y. 300, g%, ;%I rescer in

ot her sanpl es, @gﬁagéegﬂ%éﬂé%?gg%i?fgﬁ% 8’%’9%%8 tiﬁ Qg?or%b’h eL{@ ]

amount of oxygeTsSun of tidtradigtidieuréd teati@panber used to cure the other sanples
20 can be determ ned by conparison to the calibrated data of figure 5.

19.  The method of claim 17, wherein the radiation-curable monomer
comprises a (meth)acrylate group.

15 20. The method of claim 19, wherein the radiation-curable monomer is
chosen from the group consisting of isooctyl acrylate, acrylic acid, N,N-
dimethylacrylamide, and mixtures thereof.

21.  The method of claim 20, wherein the radiation-curable monomer is
20 isooctyl acrylate.

22.  The method of claim 20, wherein the radiation-curable monomer is
acrylic acid.

25 23. The method of claim 20, wherein the radiation-curable monomer is a
mixture of isooctyl acrylate and acrylic acid.

24.  The method of claim 17, wherein the fluorescer is chosen from the
group consisting of biphenyl, fluorene, n-decyl fluorene, 9,9-dibutyl fluorene,
30 and 9-decyl,9-methy! fluorene.

25.  The method of ciaim 24, wherein the fluorescer is biphenyl.

=23~
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measuring intensity of radlant ener gy quoresced by a fluorescer in
a-radi ation-cured coating, the nethod conprising the steps of:

a) provi gigygisses0at i ng conpri si ng: 5 PCTUSICOIT

radi ati on-curabl e nononer or oligoner; and i) a

fluorescer having an excitation energy at a wavel ength
[err] the fluorescer fluorescing radi ant energy of a wavelength [err]

b curing t tin S t
c)hangi n; ![hg i engﬁ\e;f"%‘aodl%gﬁﬁrpﬁ i%ﬁ‘ééegg}ﬁ?%@ lhg@%gm 5‘2{"22%%5’ by the
10 flogrgacer if exposed to wavel ength [err] c)

illum nating the radiation-cured coating with excitation energy of
a wavel ength [err] wherein at |east 50% of the excitation energy is

absor bed by, t hg, uppﬁ{en,ﬁegt{r,géﬂyagﬂhi Hlmd MNhé e FRomR bokd 296t

d) neasurlng ‘the | e ra |ant energy fluoresced by the 15
fluorescer at 30vmhength [err] . A nmet hod for neasuring the
amount of residual radiation-curable mononmer or oligoner in a

radi ati on-cured coating, the nethod conprising the steps of: 20

a) provi ding a coating conpri sing: i) a

radi ati on-curabl e nonomer or oligoner; and i) a

fluorescer having an excitation energy at a wavel ength

[err] the fluorescer fluorescing radiant energy of a wavelength [err]
wherein the intensity of the fluoresced radi ant energy of 25

wavel ength [err] changes wth the concentration of unreacted

radi ati on-curabl e nononmer or oligoner in the coating; b)
curing the coating by exposure to radi ant energy; c)
illumnating the radiation-cured coating with excitation energy of

a wavel ength [err] wherein at |east 50% of the excitation energy is 30
absorbed by the upper 75[err]mof the radiation-cured coating; and

24-
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“PCT/ US96/ 03417 d) neasuring the intensity of the radi ant
energy fluoresced by the fluorescer at wavel ength [err]

e) fromthe intensity neasurenent, determ ning the anp

resi dual r¥&%/8348h- cur abl e nononer or ol i gomer present i%’g&r"gﬁr’ati on- 5
cured coati ng, 3. The nmethod of claim2, wherein the nethod is
used to nmeasure radiation curabl e nononer at l|levels of cure equal to
or greater than 90% 10 4. The néfShod of claim 2, wherein the

radi ati on-curabl e nononer or ol i gomer absorbs radi ant energy of a
wavel ength [err] [err] being |less than 300 nm and the cured product
of the radi ati on-curabl e nononer or oligonmer absorbs | ess radi ant
energy at wavel ength [err] than does the radiation-curable nononer or

ol i goner. 15 5. The met hod of aim4, wherein the

radi ati on-curabl e nononer compris a (neth)acryl ate group.

6. The method of claimb5, whereip t radi ati on-curabl e nmonomer is 20
chosen fromthe group consisting QEE%S tyl acrylate, acrylic acid, NN\

di met hyl acryl am de, and m xtures the
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7, The nmethod of claim6, wherein the radiation-curable nononer is

isooctyl—acrylare. 25 3. The metnod of clalmo, wheréin tne

radi ati on-curabl e nononer is acrylic acid. 9. The net hod of
claim6, wherein the radiation-curable nmononer is a 30 mnmixture of _isooctyl

acryl ate aW®%832i c aci d. PCT/US96/03417

-21- WD 96/ 33402
PCT/ US96/ 03417 10. The nethod of claim9, wherein [err] is in the
range between about 210 an@/860 nm 11. The net hod of claim

2, wherein the fluorescer is chosen fromthe group 5 consisting of
bi phenyl, fluorene, n-decyl fluorene, 9,9-dibutyl fluorene, and 9-
decyl, 9-net hyl fl uorene. 12. The nethod of claim 11, wherein the

fluorescer is biphenyl.
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10 13. The method of claim12, wherein [err] is in the range from about

200 to 300 nm T4. he method of clraim 13, Wierermferri— s
in the range from about 235 to 285 nm 15 15. The net hod of
claim14, wherein [err] is about 257 nm 16. The net hod of claim
12, wherei ™M¢¥34#92 s in the range from about 290 to PCISHHAMTI0

17. A net hod of neasuring the concentration of oxygen in a cure chanber,
t he net hod conprising the steps of: a) provi ding a coating
in a cure chanber, the coating conpri 3f%g: i) a
radi ati on-curabl e nononmer or oligoner; and 25 i) a

fluorescer having an excitation energy at a wavel ength Y
err] the fluorescer fluorescing radiant energy of a mavel-ﬂnihe[err]
wherein the intensity of the fluoresced radi ant energy at

wavel ength [err] changes wth the concentrati on of oxygen he
cure chanber at the tinme the coating is cured; 30 . curing the
coating by exposure to radi ant energy: C) Brigat i ng t he
radi ation-cured coating with excitation energy of wavel engt h
[err] -22- O 96/ 33402
PCT/ US96/ 03417
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d).

fTaorescer at wWavel engt N | er I’-|

measuring the intensity of the radiant energy fluoresced by the

and

of the radiant energy fluoresced by the

t he concentrati on of oxygen present

in the cure

e)

refating the rntensity
fluorescer at [err] to
at the

time the coWP@¥L cured by reference to predetern ned

cali bration data.

conpri ses an upper najor

energy i s absorbed by the upper

18.

surface and at

chanber
PCT/US96/03417

The nmethod of claim 17, wherein the coating
| east 50% of the excitation
10 4/[err] mof the radiation-cured

coati ng. 19. The method of claim 17, wherein the o
radi ati on-cur abl e nononer conprises a (neth)acryl ate E‘J . 15 20.
The net hod of claim 19, wherein the radiation-curable noforyey 1's

chasen fromthe group consisting of isooctyl acrylate, ggrg}ic acid, N, N
di met hyl acryl am de, and m xtures thereof. 21. The¢ Jnet hod of cl aim
20, wherein the radiation-curable nononmer is 20 isoopfyl &Q ante.

22.

The nmet hod of claim?20, wherein the radiati on-gUur ablfe ndNomer

is

acrylic acid. 25 23. The net hod of claim 20, yhereindtHhe
radi ati on-curabl e nononer is a m xture of iseoctyl a r% ate and
acrylic acid. 24. T nmet hod of claiga17, whereip tjheof| uorescer
is chosen fromthe grougeconsi sting gi”bi phenyl, fl Jreﬁdﬁ n- decyl
fluorene, 9,9-dibutyl quoreE?, 30 angg-decyl, 9-net hyl [l dorene.
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25. The nethod of claim 24, wherein the fluorescer is biphenyl.

23 WO 9671332402

PCT/ US96/ 03417 26. The nmethod of claim 25, wherein [err] is in the
range from about 200 to 215 nm 5 27. The nethod of claim 25,
wherein [ erwp9sms3an the range from about 290 to 340 riPeTMUSI6/03417
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Amumdofmumngmmnycfmmmrgyﬂmmdbyammamm-amdm The method comprising
the steps of: a) providing a coating (4) comprising: i) a radiation-curable monomer or oligomer; and ii) a Auorescer having an excitation
energy at & wavelength A2, thcﬂqorescu fluorescing radiant energy of a wavelength A3; b) curing the coating by exposure to radiant
energy(!at).thmbychangingthcmmityofradiantemtgyt}mwouldbeﬂnmcedbytheﬂmerifexpoudtomvelengthAz; c)
illuminating the radistion-cured coating with excitation energy (16) of a wavelength A2, wherein at least S0 % of the excitation energy
is absorbed by the upper 75 um of madiation-cured coating; and d) measuring the intensity (18) of the radiant energy fluoresced by the
fiuorescer at wavelength A3, The above method can be used 1o measure the amount of residual radiation-curable monomer or oligomer
present in a radiation-cured coating. msmahoﬂofmmgmdwmmmmmﬂlymefdwhmmemmnyofﬂnmdmn

encrgy fluoresced by the fluorescer at wavelength A3 changes with the concentration ot' unreacted radiation-curable monomer or oligomer
in the radiation-cured coating.




