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ABSTRACT KEYWORDS
Work had been done to establish the photoreactivity of epoxy resins with Epoxies;
respect to the chemical structure of their monomers. Two epoxy monomers Photopolymerization;
had been choosen, both having two epoxy functional groups at each termi- Kinetics;
nal ends. The difference between these two epoxy monomers being the Reactivity;

length separating the two functional groups called the “space” group.

Photocal orimetry.

Results show that the photochemical reactivity isinfluenced by the chemi-
cal structures of monomers, and thus their physical-chemical properties.
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INTRODUCTION

General description of thework

Ultraviolet(UV) radiaioniscurrently apopular choice
amongst polymer chemist toinitiate polymerization reac-
tions. Thisisdueprincipaly to two reasons, thefirst be-
ingtherapidity of UV photopolymerization andthesec-
ond being theabsence of polluting solventsin thereac-
tion medium. However, thereexist several problems; in
particular the presenceof residua functionsinthe3D
matrice, volumeshrinkageduring polymerization, andthe
differing parametersof monomersreectivity.

For this preliminary work, we choseto treat the
problem of monomer’s reactivity with respect of its
chemical function. Theepoxy functionwaschosen, and
the parameter of functionality wasour main consider-

aion. Theamistofind ardationship between thefunc-
tionality or thechemica structuretothereactivity of the
epoxy. Wechoseto usethecationic polymerizationtech-
niqueinthiscurrent work, whichisthemost suitable
protocol for epoxy functions.

The paper will describethe subject, the problems
and somebackgrounds of photopolymerization. It will
then befollowed by an explanation of the methods used
inthe course of theresearch. Theresults obtained will
be presented in the subsequent section followed by the
attempt torationalisetheresults.

Photopolymerisableformulation

Thetwo e ements susceptibleto react under aUV
radiationare:
1. Thephotoinitiator
2. Themonomersor oligomers
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Cationic photoinitiator sand photopolymerizable
formulation

Cationic photoinitiatorsarelessused intheindus-
try dueto itslater discovery compared toitsradical
cous n. Other reason being thelimited number of mono-
mers (epoxy, vinylethers) which arereectiveby the cat-
ionicrouteavailableinthe market.

There are generally two types of cationic
photoinitiators, thosewho generate Bronsted’s acid, and
thosewho produce Lewis’s acid. The former consist
mainly of sulfonium andiodonium saltsdiscovered by
James Crivello and hiscollaboratorsin genera elec-
tric-3. They arethermally stable(300 to 350°C), and
absorb essentially in far UV region(250-300nm). A
mechanism proposed by Dektar and Hackert, shows
usthat aradical and acation wererel eased by the sul-
fonium salt photoinitiator uponirradiation.

Themetdliccounter ion playsavery important role
inthe process of acid formation. The processof pho-
tolyssismuchfaster if thenucleophilicity of thecounter
ioniswesker. Generd dectric, Ciba-Gea gy, Dow chemi-
cals(former union carbide), Cray valley and Rhodia
SiliconesS.A. arethe principal producersof cationic
photoinitiatorsinthe market.

Photopol ymerizableformulationswhich are sens-
tiveto acationic mechanismsincludegeneraly chemi-
cals based on epoxy resins. Neverthel ess recent ad-
vancesinthefield produceformulationswhich arebased
onvinylethers. Themain advantage of using thelatter
formulationisthelower viscosity.

Cationicpolymerization

Themaindifference between acationic and aradi-
ca polymerizationisthe presence of acationic species
associated withits counter ion during the propagation
of the polymerization. Consequently, thekineticsof the
cationic polymerization isheavily influenced by the
counter ion, or more precisaly the salvation effects of
the counter ion.

Another interesting difference between the two
typesof polymerizationisthat cationic polymerization
isnot inhibited by the presence of oxygen. Ontheother
hand, the presence of water hasamore significant ef-
fect onthereactivity of acationic polymerization. In
traceamounts (ppm), H,O acceleratesthereactionrate
dueto active speciessolvation. Larger quantity of wa-
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ter will inturns promotestermination reactions.

The propagating gpeciesin acationic polymerization
isthe carbocation>7. Thereactivity of the carbocation
depends on the nature of the substituants, and the sol -
vent present. Trandfer reactionsarequitecommonin cat-
ionic polymerizationwhichlimitsthedegreeof polymer-
ization. Examplesof transfer reactionsincludetransfers
tomonomers, intramolecular cyclization, intermolecular
cydlization and chain hydrogen abstraction. Termination
processes are complicated in cationic polymerization.
They could ether bedueto the combination of thetermi-
na chainwiththecounterionwhichisfavouredat ahigh
temperature, or the desactivation by ahydrogen donor
suchasH,O or MeOH.

METHODS

Products

Two bifunctiond epoxy monomersareusedinthis
investigation(Figure 1). They arefournished by dow
chemicals(Union carbide) under the trade name of
Cyracure®,

The properties of these two monomers are sum-
marizedinTABLE 1.

TABLE 1: Typical propertiesof the monomer scyracure®
UVR-6105and UVR-6128

Product UVR-6105 UVR-6128
Epoxy equivalent weight 130-135 190-210
Molecular weight 252 366
Viscosity at 25°C, cP 220-250 550-750

The photoinitiator (Pl) Cyracure® UVI1-6974(Fig-
ure?) islargely studiedinour laboratory®'? duetoits
high reactivity in cationic formulations, and we choose
touseitinthiswork aswell. ThisPI consist of amix-
ture of dihexafluoroantimonate of S,S,S’,S’-
tetraphenylthiobis (4,1-phenyllene) disulfonium and

UVR-6110 UVR-6218
o (o}
Structure :O)ko/\Q oQAOk?
O (0] O
O3
Epoxide  3-4-epoxycyclohexyl Bis-(3,4-poxy
equivalent methyl-3-4-epoxycyclo cyclohexyl)
hexylcar boxylate adipate
Boiling point 131-143 190-210
°C weight MW: 262-286 MW: 380-420

Figurel: Chemical structuresof epoxiesused Cyracure®
UVR-6110and Cyracure® UVR-6218

—r—,  \lBCromolecules
;4%7%4(44%%[



86

Photoreactivity of epoxy resins

MMAIJ, 3(3) October 2007

Full Paper ===

F F
S & 5\st|3<_
CLO e
S F
_F _

© F I/F

e +5 Sb
WA

Figure2: Chemical structuresof Cyracure®UV1-6974
used : mixed triarylsulfonium hexafluor cantimonate salts

F F
—<: :>—T’—<: :>—< B_-[—<:; §>—I—F
n
F F M4

Figure3: Photoinitiator silcolease® UV Cata 211

hexafluoroantimonateof diphenyl (4-phenylthiophenyl)
sulfonium (CAS no. 89452-32-9 and 71449-78-0) at
50% by weight in the carbonates of propylene. Another
important Pl used isthe UV Cata211(Figure 3) from
rhone-poulenc. It containstetrakis (pentafluorophenyl)
borate of 4-methyl phenyl)phenyl iodonium (CASho.

High-Preasurs

178233-72-2) mixed with 20% of 2-propanol (CAS
no. 67-63-0).

Analytical methods

A differentid photoca orimetry(DPC) isusad to Sudy
thekineticsof our system. A photocal orimetry conssts
of adifferent scanning calorimetry(DSC) unit coupled
with aninsolution unit(USHIO high pressure mercury
vapour lamp, USH-200DP). The DSC unit isthe DuPont
mode “930” which is entirely computerized. Figure 4
showsaschematicaly drawn DPC machine.

Thekinetic cdculaionsdonewiththeDPCisbased
onthe Sestak and Berggren*Y equation:

Ry =(d_°‘j = K(T)o" (1~ )" (~In[1- a])?
t,T

pm @

where o« is the degree of monomer conversion, k is the rate
coefficient, m is the order of the initation reaction, n is the
order of propagation reaction and p isthe order of termination

reaction.

Inorder to smplify equation (1), wechooseto con-
sider the outset of the polymerization process. In so
doing, thevalue of pinequation 1 can betaken asO.
Therefore, wewill obtainasmpler autocata ytickinetic
model which givesusan equation of rate of theform:

do
R(T) = [E) = k(T)ﬂ.m (l— ﬂ.)n
t,T

Finaly, if thereaction follow an n™order kinetics,
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Figure5: Thereactivity of themonomer -photoinitiator
mixtur ewith different concentrationsof Pl CyracureUVI-
6974
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Figure6: Temper atureeffect on monomer sconver son of
Cyracure® UVR-6105resin

the general equation of ratewill be:

d
Rem =(d_(tx) =km(1-a)’ ©)
6T
With,
E
(53) 4
k(T) = ZeXp RT ( )

and, Z-collisonsfactor, E-activation energy (Jmol?, R-
idedl gascongtant (8.31 Jmol-K1)), T-temperature (K).
Themonomer conversion of the polymerization reac-
tion or theextent of polymer branchingisgivenas:

a=2New ©)
AH
where, AHap_experi mental enthalphy of reaction (Jg*) and AH,_
theoretical enthalphy (Jg?).
Thetheoretica enthapy canbecaculated by usng

equation (6) :
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AH; = (A':/ITI‘ )f (6)

with, f-the functionality of the monomer used, AH_, theoreti-
cal enthal py of onereacted function (Jmol), M-molar mass of
the monomer (g). For the function of epoxy, the AH, =22.6

kcal/molt2,
Thecalculation of theenergy of activationisdone
using theconventiona Arrhenius method.

RESULTS
Theeffect of concentration

Mixtures of Cyracure® UVR-1605 and
Cyracure® UV1-6974 are prepared with different con-
centrations of the photoinitiator. These concentrations
rangefrom 0.5% to 5% by weight and their reactivity
measured at atemperature of 25°C isshown infigure
5. Aswe can seefrom figure 5, the reactivity of the
mixture reach aplateau at concentrations between 2%
to 5%. Wethen chooseto work at aconcentration of
3% for therest of our experiments.

Thereactivity of epoxies

We a so study the effect of temperatureon there-

activity of our epoxies. Theresultswhichwe obtained
could be explained intwo mainfronts. Wefirst discuss
thegenerd effect.
Figure5: Thereactivity of themonomer-photoinitiator
mixturewith different concentrationsof Pl of increasing
temperature onthereactivity of themonomers, andthen
we compare the differences of reactivity between
Cyracure® UVR-6105 and Cyracure® UV R-6128.

By observing figures6 and 8, we could say that the
conversion of monomersdecreaseswhenthetempera
tureincreasesand that therate of conversionishigher
for Cyracure® UV R-6105 compared to Cyracure®
UVR-6128 at asametemperature. Andif wewereto
look at therate of reactions (Figures 7 and 9), wecould
observethe samepattern with therate of reaction be-
ing inversely proportional to temperature and that
Cyracure® UVR-6105 isamore reactive monomer
than Cyracure® UVR-6128. Thisremark then brings
usto the next section, which comparethereactivity of
thetwo monomersby calculating their activation en-
ergy viatheArrheniusplot showninfigures10 and 11.
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Figure7 : Temperature effect on therate of reaction of
Cyracure® UVR-6105resin
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Figure8: Temper atureeffect on monomer sconver son of
Cyracure® UVR-6128resin
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Figure9: Temperatureeffect on therate of reaction of

Cyracure® UVR-6128resin

Uponsimplecaculaions, we’ve found that the activa-
tion energy of Cyracure® UVR-6105 to be 5.39+
kJmol* and that of Cyracure® UVR-6128t0be9.43
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Figure11: Arrheniusplot of Cyracure® UVR-6128resin
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Figure10: Arrheniusplot of Cyracure® UVR-6105resin
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+1.48 kJmol .

Besidesusing Pl Cyracure® UVI-6974, weaso
useanother Pl Silcolease® UV Cata211. Contrary to
reported highreectivity of Silicolease® UV Cata211%3,
we’ve found that it has a much inferior reactivity com-
pared to Cyracure® UV1-6974 for our two mono-
mers. Theresultsaresummarized inTABLE 2.

DISCUSSIONSAND CONCLUSIONS

Sulfonium satssuch as Cyracure® UVI1-6974 with
acounter ion of SoF,"isabetter Pl withrespect tothe

TABLE 2: Reactivity of various combinations of photoini
tiator sand monomer sat 64°C

Product AH,J.g* Induction time, s k, min™

UV-16974+UVR-6105 2475 3.3 7.74
UV-16974+UVR-6128 117.2 3.1 6.07
UV Cata211+UVR-6105  164.5 25.2 2.25
UV Cata211+UVR-6128  109.8 28.6 1.08

Macromolecules
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Figure12: Crosdinkingreaction of Cyracure® UVR-6110resin induced by photopolymerisation
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Figure 13: Equilibrium between thecarbocation and its
counter ion

monomerswhichweemploy inthisstudy compared to
the Silcolease® UV Cata21l. Thislack fo reactivity
for thelatter Pl isdueto the presence of isopropanol as
solvent. Alchohol isan inhibitor for cationic polymer-
ization, by quenching al the cationic species, such as
protonin thereacting medium. Weare planning to study
thereactivity of the puretekrakis Pl inthe absence of
andcohol solventinthenear future.

Themechaniam of the polymerization of theepoxies
using Cyracure® UV R-6105 monomer asan example
isshowninfigure 12. We can seefrom figure 12, the
photoinitiator inducesan pol arization of theoxiranegroup
making theoxygenatom of thegpoxy grouponthemono-
mer susceptiblefor anucleophilic attack from an other

protonated monomer. Theionic polymerizationisthen
initiated, aswell asthecrosdinkingreaction.

Kineticsstudiesdonein thiswork show that the
reactivity of epoxy monomersand asotherate of mono-
mer conversion, arebothinversaly proportional totem-
perature variation. Thisis due to the presence of an
equilibrium cons sting of threeionic species; the“inti-
mateions” pairs, “solvated ions” and “free ions”. When
thetemperatureisincreased, theequilibrium (shownin
figure 13) isshifted to theleft hand sdewnhichincreases
theamount of ““intimate ion” pais which will in turn causes
adecreasein reactivity.

Findlywelook a theinfluenceof thechemicd struc-
ture of monomerswith respect to thereactivity of the
monomers. If we observe the structures of both
Cyracure® UVR-6105 and Cyracure® UVR-6128,
weredlizethat thelatter hasahigher degreeof liberty
dueto the presence of 2 carbonyl groups, 6 methylene
groupsand 2 oxygens compared to Cyracure® UV R-
6105. Wewould presume ahigher reactivity of amore
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flexiblemoleculebut our result showsthecontrary. This
ismainly caused by the higher viscosity of Cyracure®
UV R-6128 whichinhibitsthefree movementsof reac-
tive species such asthe protonsand the monomers.

Thelack of reactivity of Cyracure® UVR-6128
with respect of Cyracure® UVR-6105is postul ated
to bedueto alow “functional group density”. Func-
tional group density (FGD) isdefined astheratio be-
tween themolecular weight of thereacting functiona
group (inour present case, theepoxy functiond group)
and thetotal molecular weight of themonomer. If we
doasimplecalculation, the FGD of Cyracure® UVR-
6105 is 0.333 (the molecular weight of an epoxy is
taken asthetotal molecular weight of the oxygen, the
two carbons and the two hydrogens) whereasit only
0.230for thelonger monomer, Cyracure® UVR-6128.
A higher FGD actuadly trandateto ahigher “visibility”
of thereacting group, thus more epoxies are exposed
froreactionin solutionsof Cyracure® UV R-6105 com-
pared toitslarger cousin Cyracure® UV R-6128.

An other aspect to betakeninto considerationis
thevitrificationtime, tv of photopolymerization. Alonger
tv would entailsm that monomers could react before
thestructurevitifies. For both system studied, thetv is
very short, thus both conversion and thereactivity are
reduced sgnificantly. Currently weare using molecular
dynamics simulation*¥ to understand thevitrification
processes, and to seewhether it hasaroleinthe over-
al reactivity of themonomer inquestions.

To summarizethispaper, weobtained cross-linked
polymers using both Cyracure® UVR 6105 and
Cyracure® UV R-6128 epoxy monomerswiththepres-
ence of suitable photoinitiator Cyracure® UVI-6974.
Thepolymerizationisactivated by UV radiation. The
polymer isahard and adhesive. Theincrease of tem-
perature decreasesthe reactivity of our system. Fur-
thermoretheviscosity of thereacting medium playsa
much moreimportant role a the start of the polymer-
ization reaction than the chemical structures, in deter-
mining thereectivity of polymerization process.
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