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VisibleLightPhotoinitiatlngSystems：TowardaGood

ControlofthePhotopolymerizationEmciency
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Thispaperdiscussesthephotochemistryofthree－COmPOnentPhotoinitiatingsystems

（3K－PIS）fbrfree radicalphotopolymerization and the effbrts made during thelast

decadestoproposeefficientsystemsappliedtothelaserimaglngarea・Aspecialfbcusis

devotedtoanew3K－PISworkinglnthegreenreg10n・Itisbasedonapyrromethenedye

whichisreducedoroxidizedbyacoinitiator・Athirdredoxcomponentisusedthatleads

to the recovery oftheinitialdye and the fbrmation ofadditionalinitiating species，

preventing a fast photobleaching of the dye・The beneficial effect on the

photopolymerizationratesandthefinalmonomerconversionis clearlynoticed・Laser

flash photolysIS WaS uSed to understand the reaction mechanisms，and detailed

photopolymerizationkineticsallowthestudyofpolymericnetworkfbrmation・

Keywords：Photoinitiatingsystem，laserspectroscopy，Photopolymerization・

1．Introduction

Photopolymerization represents nowadays

a widely used technologyin very different

fieldsofapplicationranglngfromthecoating

industry to microelectronics，graPhic arts or

OPtics．［1－4］

Many different photoinitiating systems are

COmmerCiallyavailablecoverlngaWiderange

of applications using mainly UVirradiation

sources．However，thereis still alack of

efncientandusablephotoinitiatingsystemsfbr

some applications that requlre Visiblelight

irradiation・By example，COmPuter－tO－Plate

technology，laserdirectimaglng，holography・・・

aresuchtechnologleSfbrwhichthereisareal

needofphotoinitiatingsystemsworkinglnthe

visiblereglOnundernarrowlinelightsources

such aslasers．Visible－light photoinitiating

SyStemShavebeenalwaysconsideredasquite

Challenglng・Diffbrent methods have been

proposedandamongthemtheuseofadditional
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redox additives，leading to the so－Called

three－COmPOnent Photoinitiating systems was

POinted out．［5］However，the exact

mechanismstakingplaceinthebulkresinhave

never been clearly elucidated，and their

relative emciency is still largely
underestimated．

Inthispaper，aPyrrOmethenedye（1，3，5，7，

8－Pentamethy1－2，6－diethyl－PyrrOmethene

－　difluoroborate complex，EMP）was used

together with a reductant coinitiator（N－

Phenylglycine，NPG）and oxidant coinitiator

（2－（4－methoxyphenyl）－4，6－bis－（trichlor0－

methyl）－1，3，5－triazine，TA），aS depictedin

Schemel．Theinitial mechanism ofreaction

depends on the relative concentration ofthe
oxidant and the reductant．After a firstinitial

excited state quenching，SeCOndary reactions

invoIvingthesecondredoxadditivetakeplace，

leadingtobeneficialeffectssuchasdyeground

state recovery and fbrmation of additional
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initiating species・The emciency of these
PrOCeSSeSisdeeplylnVeStlgated，andtheeffect

On the polymeric network fbrmationis

detailed．

〆山〇十〉○

京やCCl3
0、／＼○止も

Schemel・Compoundsusedinthisstudy・

2．Experimenta1

2．1．Materials

l，3，5，7，8－Pentamethy1－2，6－diethyl

－PyrrOmethene－difluoroboratecomplex（EMP）

WaSPurChasedfromExciton・NTPhenylglyclne

（NPG）was obtained　from Aldrich．2－（4－

metho竺yPhenyl）－4，6－bis（trichloromethyl）－1，3，

5－triaflne（TA）waヲa giftfrom Produits
ChimlqueS AuxilialreS et de Syntheses

（Longjumeau，France）．EthoxylatedbisphenoIA

diacrylate（SR349）wasagiftfromCrayValley，
France．

2・2・Photopolymerizationexperiments

Photopolymerizable sampleswereprepared

uslng an ethoxylated bisphenoI A diacrylate

（SR349，Sartomer Cray Valley）as monomer

andthephotoinitiatingsystemusingO・1weight

PerCentOfdye．Eachsampleissealedbetween

twopolypropylenefbils・Thesamplethickness

isabout20pm・Tablelshowsthecomposition

Ofthedifferentruns・Thephotopolymerization

kinetic was fbllowed by real time FTIR

SPeCtrOSCOPy（Vertex70，Bruker）asdescribed

elsewhere［6－7］・Rates ofpolymerization Rp

are easily calculated　from the monomer

POnVerSionC（％）vs・timecurvesandfromthe
lnitialacrylatedoublebondconcentrationlMo］

accordingto：

軸＝慧禁　（1）
In the fbllowing the value（Rp／［M］0）xlOO

Willbe reported fbr the polymerization rates

andnotedbyRplnthedifferenttables．Adiode

laseremittlngat532nmwasusedtoirradiate

thesamplewithintheRT－FTIRchamber．

The nanosecond transient absorptlOn SetuPis

based on a Nd：Yaglaser（Powerlite　9010，

Continuum）operatingatlOHz．Thislaserdelivers

nanosecondpulsesat532nmwithanenergyabout

5－8mJ・ThetransientabsorptlOnanalyzlngSyStem

（LP900，EdinburghInstrumentS）consistsina450W

Pulsed xenon arclamp，a Czemy－Tumer

monochromator，a fast photomultiplier and a

transient digltlZer・This experimental setupis

Characterizedbyaninstrumentalresponseofabout

7ns［8－91

3・Threecomponentphotoinitiatingsystems

Mostofthesystemscommerciallyavailable

fbrfreeradicalphotopolymerizationarebased

On TypeI or TypeII photoinitiators which

generally can not beirradiatedin the visible

reglOnOfthe electromagnetic spectrum・Only

fbw dyes absorbingln the visible reglOn Can

react directly as TypeII photoinitiators．

Methylene Blueis wellknown to react with

aminefromits triplet state therebylnitiating

the polymerization．Very good emciencies

havebeenalsoreportedusingThionine，Rose

Bengal，Eosin Y，Erythrosin，Riboflavin as

Photoinitiatorsandcoinitiatorssuchasamines，

Sulfinates，Carboxylates［1－4，10－12］．In the

CaSe Of amine as coinitiator，the reaction

invoIves an hydrogen abstraction　from the

amine to fbrm the semi－reduced fbrm of the

dye．Side－reaCtionscanoccurthatinvoIveback

electrontransfbrprocesses，OXygeninhibition．．．

These systems are able to shift the spectral

SenSitivltyOfphotopolymerisableresinsupto

theredreglOnOfthevisiblespectrum．

However，eVenifsome dyes canbeusedto

red－Shift the absorption spectrum，these

Photoinitiating systems have verylimited

POtentialapplicationduetotheirrelativelylow

e仔iciency．Indeed，the conversion of the

monomer was generallylimited．Most ofthe

industrialapplications require conversions of

more than　60％，a gOal thatis dimcult to

achieve with conventional dye／Coinitiator

Photoinitiating systems．In addition，dark

reactionstakeplaceleadingtopoorshelflife

and consequently two－COmPOnent dye／

COinitiator photoinitiating systems were not

developedsofar．

Then，Other photoinitiating systems were

developedusin苧aPhotosensitizer（PS）that
absorbs the vISiblelight andlead to a

Photochemicalreaction with a photoinitiator，

either by electron or energy transfer．A well

known family of such photoinitiators that
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Could be easily sensitized concerns the

derivatives of hexaarylbisimidazoles，and

particularly the chloro－derivative，lntrOduced

in the　70sl13］．Under direct excitation，

Cl－HABIcleavesfromthefirstexcitedsinglet

stateinto twoidenticallophylradicals（L●）・

These radicalslead to hydrogen abstraction

fromahydro苧endonor（amineorthiol），and
produce twolnitiating radicals・［14］As this

COmPOund exhibits a verylimited absorpt10n

bandintheUV，OneCantakeadvantagefromits

highcapabilitytobesensitizedbyvisiblelight

Photosensitizers（P竺）・In the sensitized
reaction，the mechanlSm WaS PrOVed to be a

photoinduced electron transfer　from the

excited PS to the CIHABI ground state．The

corresponding Cl－HABIanionradicalis very

efncientlycleavedtoalophylradical（L●）and

チnlophineanion（L－）・Thelatter（L‾）giverise

lmmediatelytoabackelectrontransfertothe

sensitizerradicalcation（PS●＋），leadingto an

additionallophylradical（L●）・Therefbre，the

dyeis completely recovered during process，

andoneabsorbedphotonyieldtothefbrmation

oftwolophylradicals，andthentwoinitiating

radicals．［15－17］

Turningbacktothedye／hydrogendonors，it

was fbundfbrsometimethatcertainadditives

improve the polymerization emciency・The
mechanisminvoIvedisnotalwaysclearbutit

is assumedthatdifferentradicalintermediates

generated during theirradiation andin the

subsequentpolymerizationreaction，reaCtWith

the additive to glVe neWinitiating radicals・

Three kinds of such additives can be

considered：

i）thosethatfbrmactivespeciesfromlatent

species oflow reactivlty・Molecules having

S－H，P－H，Si－HorGe－Hbondscanactaschain

transfer agents・These compounds generally

fbrmradicalsbydonatinghydrogentoradicals

having low reactivlty Or undergoing

oxidizationandsubsequentdeprotonation・One

of the mostly used compoundis the

2－merCaPtObenzimidazole・

ii）moleculesthatfbrmactivespecieswhen

oxidized・Alkylate complexes such as

triarylalkyl borates，alkyl amines such as

ethanolamines，N－PhenylglyclneS，N－Phenyl－

iminoacetic acid and N－trimethylsilylmethyl

anilines，Sulfur－Ortin－COntainingcompounds，

sulfinates such as sodium aryl sulfinates are

additivesexhibitinglowoxidationpotentials・

iii）moleculesthatareableto芦iveactive
specieswhenreducedarecharacterlZedbylow

reduction potentials・Triazines exhibit high

reductionpotentialandleadtocarbon－Chlorine

cleavage・Oxygen peroxides，iodoniums，
sulfbniums，Pyridiniums，ironarenecomplexes，

and hexaarylbisimidazole derivatives react

throughsuchprocess・［1－4，10－12］

4・Pyrromethene dyes in three－COmPOnent

Photoinitiatingsystems

Pyrromethenedyeshavebeenrarelyusedin

photoinitiating systems fbr　free radical

photopolymerization・［18－19］Recently，the

emciency ofthese dyes has been outlinedin

three－COmPOnent SyStemS based on

photoinducedelectrontransferprocess・［20］

4・1・Photopolymerizationreaction

Tablel shows the composition of the

different runs perfbrmed using EMP as

Photosensitizer・

Figurel shows the kinetics of photo－

Polymerization obtained fbr the different

fbrmulationsunderanintensityoflOmW／cm2
at　532　nm，and Table　2　Collects the

correspondinginhibitiontimestlnh，maXimum

rates of polymerization Rpmax and final

COnVerSionCmax．

Tablel・Composition of the different runsin

W elgntPerCentageS・

R un N PG T A M olar ratio

（％w t） （％w t） D onor／A cQePtOr

1 1．8 ＊＊

5／1

2 ＊＊ 1％

3 1．8 1％

4 0．36 5％ 1／5

5 0．72 2％ 1／1

Itis fbund that EMP aloneis not able to

perfbrmtheconversionofthemonomtr・Inthe

PreSenC？OfNPG（Runl），alow rate of
polymerlZationandalowfinalconversionare

noted，Showingthatpyromethenedyesarenot

able to react through hydrogen transfer

reactionwithNPG．

ThesystemEMP／TAisbyfarmoreemcient，
anda finalconversionof52％is notedwitha

goodrateofpolymerization・
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1EMP＋NPG　　　＝＝　EMP．－＋NPG●＋

l

NPG＿H●

（3）

Inthecase ofTA，anelectrontransfbrtakes

placefromlEMPtoTA，leadingtotheradical

CationofthedyeandtheradicalanionofTA・

Thelaterspeciesleadstoafastcleavage，and

thefbrmationofinitiatingradical：

1EMP＋TA l EMP●＋＋TA’－

l

TA●＋Cl‾（4）

When both coinitiators are present，a Clear

beneficial effectis noted，due to secondary

reactions that take place between EMP●－and

TA・AsthequenchingrateconstantofTAwith

lEMPis higherthan the one ofNPG，TAis

expectedtoreactfirst（atamolarratioNPG／TA

Ofl）：

hv TA

EMP l1EMP　　　三二　EMP・＋　＋TA・－

NPG．＋　　　　　　　NPG

l

TA●＋C卜

（5）

Thisleads to both the recovery of the

Starting dye and an additional fbrmation of

initiatingradical．

3．3Formationofthepolymericnetwork

Interestlng information about the

terminationreactionwhichoccurdurlngthecurlng

PrOCeSS Can be obtainedfrom the study ofthe

Photopolymerization under difEbrentintensity of

light・Classically，Reeradicalphotopolymerization

isdescribedinthree steps：initiation，PrOPagation

andterminationl23－25］．Thenrstone（initiation），is

the photolysIS Ofinitiator system PIS to glVe

PrlmaryradicalsR’・R●reactswiththemonomerM，

formlnganrStmaCrOradicalRM●・Thesecondstep

isthepropagationofthepolymerization；theactive

monomersreactwithmonomerstoformagrowlng

POlymef Chain RMn●（Or a？rOSSlinked three

dimensl0nal polymer chainsln the case of

multifunctionalmonomergroups）．Thelaststepis

theterminationwheretheactivepolymerchainsare

StOPPedeitherbybimolecularrecombinationoftwo

growlng Chains orby Brstorderradicaltrapplng

teminationinthesolidepvironmentl23，26－27］・

The network　formatlOn by radical－free

POlymerization of multifunctional monomers

induces dramatic changesin the mobility of

monomers and polymer chains，leading to the

SPeCinc autoacceleration（Trommsdorff　efEbct

where terminationis di軌sion controlled while

PrOPagationisnot）［23，27－28］andautodecelaration

PrOCeヲSeS（wherepropagationbeginsalsotobe

difRISlOでCOntrOlled）［23，26－27］・Moreoverthe
teminat10nWaS SuPPOSedto startbybimolecular

reactionatlowconversiondegreeandends，aSthe

reactionmediumisfreezedbythenetwork，mainly

byradicaltrappingathighconversiondegreel23，

26－27］．Howeveritis been shownl29－34］that

termination mechanisms occur by reaction－

difRISion，WheretwoormoregrowlngChainscan

recombinebychainpropagationevenifthemass

CenterOfgrowlngPOlymerchainsarefrozeninthe

glassy network：the so called reaction dimISion

termination．

The reaction－dimlSion takes placefromlow

COnVerSiondegree，lessthanaround10％，untilvery

highconversion．［35］Atthisstagethetemination

rate coefncientis somehow constant，low and

PrOPOrtionaltothepropagationratecoefncient［30，

35］．At very high conversion，Where monomer

diffusionis also stopped，termination becomes

mainly govemed by monomolecular radical

trapping［23，26－27，36］・Apossibleappr？aChfor
the estimation of the relative contributlOnS Of

monomolecularorbimolecularterminationisbased

OnthelightintensltyeXPOnentαintheexpression

forthepolymerizationratebelowl23，37］：

卑＝ん（C（％））匝折　（6）

wherekisaconversion－dependentquantlty，Ioisthe

incidentlightintensity．Underrealconditionsαis

oRenfounddif托rentofO．5．Reasonsfbrthiscould

begele飴ct，radicaltransfbrreactions，andprlmary
radicaltermination［34］．Thusthefbllowingvalues

forαarePOSSible：

・　α＝1：nrst－Order（radicaltrapping）or

PSeudonrst－Ordertermination；

●　0．5＜α＜1：COmbinednrst－andsecond－Order

termination；

●　α＝0．5：SeCOnd－Ordertemination

（bimolecularrecombination）；

・β＜0．5：Primaryradicaltermination・
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5．Conclusion

In this paper，　the ability of a

three－COmPOnentPhotoinitiatingsystembased

On a PyrrOmethene dye toinitiate the

Photopolymerization of acrylates was

investlgated．The mechanismis studied

throughfluorescence spectroscopy，and this

helps to understand the role ofthe different

COmPOnentS．After a prlmary Photoinduced

electron transfer，theion radical of the dye

react with a redox additive to yield the

recoveryofthe startingdyeandanadditional

initiating radical．The effect of the relative

COnCentration of the coinitiatorsis clearly

evidenced．
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