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ABSTRACT: A framework is developed to understand and predict the photopolymerization kinetics of ternary
thiol—vinyl systems: thiol-ene-ene and thiotene-acrylate. Ternary thietvinyl photopolymerization systems

of thiol—allyl ether~norbornene, thietvinyl ether-norbornene, and thielvinyl ether-acrylate monomer mixtures

are experimentally characterized and successfully modeled. The kinetic rate parameters employed for modeling
are experimentally obtained from rotating sector unsteady-state analysis and rate mechanisms of the corresponding
binary mixtures. In thiot-ene-ene systems, the relative consumption of the ene functional groups is shown to

be proportional to the respective propagation kinetic parameters of the ene monomers and independent of the
chain transfer kinetic parameters. In the thiehe-acrylate systems that exhibit a mixed step-chain growth
mechanism, the relative conversion of monomers is shown to depend on both the propagation and chain transfer
kinetic parameters.

Introduction combination of step and chain growth polymerizatiénghe

Thiol—vinyl reactions are a unique class of photopolymeri- Propagation mechanism for these thiacrylate systems in-
zation reactions, which have several distinct advantages overcludes a carbon radical propagation step (step 3) in addition to
typical acrylic polymerization systemis? The advantageous the thiyl radical propagation and chain transfer steps (steps 1
curing kinetics of thiot-vinyl systems affords them several and 2).
unique properties relative to other photopolymerization pro-
cesse$:® The fundamental monomer chemistry, polymerization
kinetics, and resultant material properties of these systems have
been extensively investigatéd:'® Due to their ability to
participate in chain transfer events, the thiol monomer rapidly er
participates in a radical mediated polymerization reaction with
both homopolymerizable and nonhomopolymerizable vinyl
monomers. In this study, the vinyl monomers that do not
homopolymerize are denoted as ene monomers.

Thiol—ene photopolymerizations are addition reactions be-
tween multifunctional thiol and ene monomers. For thiehe

k
RC*H-CH,R"+R'CH = CH,—*“—>R'CH,-CH,R" Step 3
CH,-C*HR

We recently developed a model for thialinyl photopolym-
ization kinetics detailing the photopolymerization kinetics,
mechanisms, and rate-limiting steps for various thiohyl
systemd:10.16The model contains specie balances on the thiol,
[SH], and vinyl, [G=C], functional group concentrations as well
as on the thiyl, $ and carbon, €radicals. The governing specie
balances for the model are given in egs4l

photopolymerizations, the alternation of propagation and chain d[SH] .
transfer steps forms the basis for step growth network evolu- gt —ke1[SH][C'] (1)
tion.1415The step growth polymerization mechanism of thiol
ene reactions involves propagation of a thiyl radical through dc=C] _ e P
an ene functional group to form a carbon radical (step 1). The da kpsdC=CI[ST ~ kyedC=CIICT  (2)
carbon radical, upon chain transfer to a thiol functional group, d[S]
regenerates the thiyl radical and forms the thiehe addition —-p _ o] _ _ .
product (step 2). . — R 7 RO) + kA SHICT — kpsC=CIIST (3)
, Kosc , diC’
RS + RCH=CH, =% R'C-H-CH,SR  Step 1 % =R — R(C) — kef[SHIICT + koo JC=CI[ST (4)

R'C-H—CH,SR+ RSHE’ R'CH,—CH,SR+ RS where Ket, kpse and kycc are chain transfer, thiyl radical
Step 2 propagation, and carbon radical propagation kinetic parameters,
respectively. Consumption of thiol functional groups by chain
In thiol—vinyl polymerizations wherein the vinyl monomer transfer is accounted for by eq 1. Equation 2 accounts for
undergoes homopolymerization, the reaction mechanism is aconsumption of vinyl functional groups via propagation of thiyl
and carbon radicals. For traditional thi@ne systems the
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tions 3 and 4 describe the concentrations of thiyl and carbon
radicals, including contributions from initiation, termination, and
either generation or consumption by thiyl radical propagation
and chain transfer. The initiation rat®), shown in eq 5, is
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Figure 1. Model predictions and experimental data for conversion vs time of ternary-thiigl —norbornene photopolymerizations. Thial,(—),

allyl (o, — —),and norbornenelj, - - -) conversions were performed for initially (a) 0.5:1:1 (1.57:3.14:3.14 mol/L), (b) 1:0.5:1 (3.20:1.60:3.20
mol/L), (c) 1:1:0.5 (3.51:3.51:1.75 mol/L), and (d) 2:1:1 (4.33:2.16:2.16 mol/L) stoichiometric ratios of-#ilgl—norbornene functionalities.
Samples contain 0.1 wt % DMPA and are irradiated at 2 m\&/¢¢metic parameters for modeling are given in Table 1.

calculated based on standard values for 2,2-dimethoxy-2-of the pure step growth nature of the polymerization, the

phenylacetophenone (DMBAT, efficiency; ¢, molar absorp- polymerization kinetics in binary thielene systems do not
tivity 150 L/(mol cm) for 365 nm light; [I], initiator concen- influence the network structure. However, the network evolution
tration; lo, light intensity; A, wavelength;Nay, Avogadro’'s in ternary thiot-vinyl systems is dictated by the reaction kinetic
number;h, Planck’s constant;, speed of light$233 parameters, which control the relative polymerization rates of
the vinyl monomer38 Therefore, ternary thietvinyl systems
di]  2.303¢[l]IA give a distinct ability to control the network evolution and hence
R=-"% = T Nohc (5) the polymer properties by controlling the relative curing rates

of the multiple vinyl monomers. To control the relative
consumption of individual components in ternary systems and
thereby impact network properties, it is essential to be able to
Ipredict the polymerization kinetics in these systems. In this
study, we utilize rate parameters from binary thiehe
system¥’ for predicting the ternary polymerization kinetics. This
ability would lead to improved monomer chemistry variation,
in which we are able to control the network properties of the
formed networks.

In essence, this study expands upon our understanding of
reaction mechanisms of binary thieéne systems, rate-limiting
steps, and knowledge of their absolute kinetic parameters.
Experimental and modeling techniques are utilized to study and
predict the polymerization kinetics in ternary thi@ne-ene
and thiol-ene-acrylate systems.

Utilizing experimental kinetic measurements and model
predictions, several aspects of thiglinyl polymerization
kinetics were investigated. Further, unsteady-state rotating secto
experiments were also conducted on various thiatyl systems
to quantify their absolute kinetic parameters. These absolute
kinetic parameters were then employed to predict successfully
the experimentally observed polymerization kineticElucida-
tion of these absolute kinetic parameters was not only helpful
for gaining a fundamental understanding of the reaction mech-
anism of these binary systems, but this knowledge is extremely
critical and essential for our current study of successful
predictions of ternary thietvinyl systems.

Ternary thiot-vinyl systems (thiot-ene-ene and thiot-ene-
acrylate systems) are unique formulations, as they offer several
distinct additional advantages for thiotinyl photopolymer- Experimental Section
izations. These advantages are primarily due to enhanced control Materials. The photoinitiator, 2,2-dimethoxy-2-phenylacetophe-
and tailorability of polymerization kinetics and polymeric none (DMPA), was purchased from Ciba-Geigy (Hawthorne, NY).
material properties. Introduction of a third component to binary The monomers trimethylolpropane diallyl ether (allyl ether) and
thiol—vinyl systems dramatically improves the ability to design Pentaerythritol tetra(3-mercaptopropionate) (tetrathiol) were pur-

the monomer formulations to obtain desired material properties chased from Aldrich (Milwaukee, WI). The monomers hexyl
in the cured film. Further, ternary thiekinyl systems, in acrylate (acrylatg), t(lethylene glycol divinyl ether (vinyl ether),
contrast to binary thietvinyl polymerizations, offer a consis- and 1,6-hexanediol di(endo,exo-norborn-2-ene-5-carboxylate) (nor-

. . - . - o . bornene) were donated by UCB Chemicals (Smyrna, GA), ISP
tency in their mechanical properties with variations in monomer Technologies Inc. (Wayne, NJ), and Henkel Loctite Corporation

stoichiometry. _ _ _ (Rocky Hills, CT), respectively. All the monomers and the
Ternary thiot-vinyl formulations also provide a unique photoinitiator were used as received.
framework through which control over curing kinetics trans- Methods. FTIR studies were conducted using a Nicolet 750

forms into control over polymer network architecture. Because Magna FTIR spectrometer with a KBr beam splitter and an MCBBV
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detector. Series scans were recorded, taking spectra at the rate oEquation 6 accounts for the consumption of thiol functional
approximately two scans per second. The FTIR sample chambergroups by chain transfer reactions with carbon radicalsdd
was continuously purged with dry air. Samples were irradiated until CZ.)- Equations 7 and 8 account for the Consumption 0{:[C
the reaction was complete, as indicated by the functional group C]: and [G=C], functional groups via propagation with thiyl

absorption spectra no longer decreasing. Thiol functional group

conversion was monitored using the-8 absorption peak at 2570

cm™1, Vinyl ether and acrylate conversions were monitored using

the carbon-carbon double bond absorption peak at 1636tm

radical as well as carbon radicals;(@nd G*). Equations 9-11
describe the concentrations of thiyl and carbon radicals based
on the contributions from initiation, termination, and either

Norbornene and allyl ether conversions were monitored with double 9eneration or consumption by thiyl radical propagation, chain

bond absorption peaks at 713 and 1636 &nmrespectively.

transfer, and cross-polymerization between vinyl functional

Conversions were calculated using the ratio of peak areas to thegroups. The initiation reaction in these systems is assumed to
peak area prior to polymerization. As both the vinyl ether and occur with equal likelihood through the thiol or the vinyl

acrylate functionalities have absorption peaks at 1638¢cihis

monomers. In this modétr1 andkcr, depict the chain transfer

essential to monitor another peak for double bond absorption in kinetic parameters for the chain transfer of the carbon radicals,

systems composed of both vinyl ether and acrylate monomers.

Double bonds in acrylates also absorb at 1415 %cnrfherefore,

the acrylate double bond conversion can be calculated by monitoring

the peak area at 1415 cta The vinyl ether conversion is then

calculated by subtracting the peak contribution due to the acrylate

double bonds at 1636 crh

C:* and G, respectively, to the thiol monomedsciandkysca
denote the propagation kinetic parameters for the addition of
thiyl radical to the vinyl monomers [EC]; and [G=C],,
respectively. The homopolymerization propagation kinetic
parameters for the two vinyl monomers,5C]; and [C=C]a,

Samples were placed in a horizontal transmission apparatusare represented bihcci and Koccaa Also, Kpcciz and Kopeea:
within the FTIR chamber. All reactions were performed under denote the cross-polymerization kinetic parameters for the
ambient conditions as a laminate between two sodium chloride propagation of a carbon radical;"Cthrough [CC} and the

windows. Photopolymerizations were initiated via an EXFO Acti-

cure light source (EXFO, Mississauga, Ontario) with a-3300

propagation of a carbon radicabGhrough [CC].
The overall initiation rate in ternary systems is given by eq

nm filter. Irradiation intensities were measured with an International 5. The individual initiation rates of each of the three different

Light, Inc. Model IL1400A radiometer (Newburyport, MA).

Results and Discussion
To predict the polymerization kinetics of thieéne-ene and

radicals, § C;*, and G, are calculated by utilizing the overall
initiation rate and assuming the individual initiation rates to be
proportional to monomer concentrations. Termination rates for
thiyl and carbon radicals by radicatadical recombination are

thiol—ene-acrylate systems, a modeling approach was devel- given in egs 12-14.

oped for ternary thietvinyl photopolymerization reactions. The

model is an extension of the model utilized for binary thiol

vinyl systems and can be utilized to predict photopolymerization

R(S) = 2ky[ST* + kiscdSTICL; + kiscdSTCT,  (12)

kinetics between a thiol functional group and two independently R(C"), =

homopolymerizable or nonhomopolymerizable vinyl groups.
The model consists of six specie balances on thiol, [SH], and

the two vinyl functional groups, [€C], and [C=C],, as well
as the concentration of thiyl radicals, {Shnd two different
carbon radicals, [G] and [C}. The governing equations for
the model are shown in eqs-G1.

d[S
% = —Keri[C4[SH] — ker[C,[SH] (6)
d[C=C], . .
Ta = —kpscIS1[C=C]; — kpCCl][C [,[C=C], -
kpCCz][C']Z[C=C]1 (7)
d[C=C], . .
Tat = —Kps5c{STC=C], — kpCCliC 1,[C=C], -
kpcczz{c']z[C=C]2 8
dis]_R

dt 3 Rt(s) + kCTl[C.]l[SH] + kCTZ[C']Z[SH] -
kesc{ST[C=C]; — kpsc{ST[C=C], (9)

d[C’ :
[d_t]l = % -R(C); = Kera[CT4[SH] —

Kecc1dCTHC=C], + Kpsc{STIC=C]; + Kocc2{C1,[C=C];
(10)

dic -
[dt]Z = R(C), ~ kerdCLISH] -

kpccod CI[C=C]; + KpscdSTC=C], + kpcc1{C1,[C=C],
(11)

2kec1dCly° + kscdSTC T + ke dCTICT, (13)

R(C), =
2kccodCly + kscdSTC T, + ke dCTICT, (14)

wherekiss kisci, Kisca kicciy, kecia andkccoo represents the
termination kinetic parameters between thithiyl, thiyl—
carbon 1, thiyt-carbon 2, carbon-tcarbon 1, carbon-tcarbon

2, and carbon 2carbon 2 radicals, respectively. All kinetic
parameters are assumed to remain constant throughout the
reaction.

Thiol—Ene—Ene Systems.We first consider a ternary
thiol—allyl—norbornene system as a model of thiehe-ene
reactions. In thiot-allyl—norbornene systems, neither the allyl
nor norbornene monomers undergoes any significant homopo-
lymerization Keccis Kocc2e = 0). Further, the allyl and nor-
bornene monomers do not undergo any significant cross-
polymerization Kycczs Kpcciz & 0). The lack of any cross-
polymerization in the thietallyl—norbornene systems is validated
by experimental results shown later in Figure 1. Therefore, the
consumption of both the allyl and the norbornene monomers
occurs primarily through propagation by thiyl radicals. The
polymerization rates for the ene monomers, eqs 7 and 8, are
simplified, and the relative conversions of ene monomers are
obtained by dividing their individual polymerization rates:

d[C=C], _ kpsc1STIC=C], _ kpscdC=Cl,
diC=Cl, k,sISTC=C], kpsciC=Cl,

(15)

Observing expression 15, the relative consumption of ene
monomers is proportional to the ratio of their respectélsv
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Table 1. Propagation and Termination Parameters for the Table 2. Propagation and Termination Kinetic Parameters for
Thiol —Allyl Ether and Thiol —Norbornene Systems That Are Thiol —Vinyl Ether and Thiol —Norbornene Systems Obtained from
Obtained from the Unsteady-State Experiments of Corresponding Binary Unsteady-State Experimentd’
i 7
Binary Systems thiol—vinyl ether thiok-norbornene
thiol—allyl thiol—norbornene

Ket1 2.1x 10° L/mol-s Kz 3.1x 10° L/mol-s
Ket1 2.1x 10° L/mol-s ke 3.1x 10 L/mol-s Kosc1 2.7 x 1C°f L/mol-s Kpsc2 3.1x 10° L/mol-s
kpSCl 2.1x 10° L/mol-s kpSCZ 3.1x 10 L/mol-s k(CCll 4.2 x 108 L/mol-s ktCCZZ 3.5x 108 L/mol-s
k(CC]_l 1.9 x 10® L/mol-s k(cczz 3.5x 108 L/mol-s k(sc;[ 4.2 x 108 L/mol-s k15c2 3.5x 108 L/mol-s
kisc1 2.6 x 10° L/mol-s kesc2 3.5x 108 L/mol-s Kiss 4.2 x 108 L/mol-s kiss 3.5x 108 L/mol-s

kiss 3.5 x 108 L/mol-s kss 3.5x 108 L/mol-s

consumed. This aspect of equivalent consumption of thiol and
ene monomers, which also holds for other stoichiometric ratios
of this particular ternary system, is in compliance with the step
growth nature of the polymerization. These aspects also
demonstrate and validate our assumption of negligible cross-

The specie balance equations along with the expression forpolymerlzatloq of aIIy{—norbo_rne_ne funch_onal groups. -
initiation rate (eqs 514) are numerically solved to model Understanding Of polymerization k|_net|cs of ternary thiol
polymerization kinetics in thietallyl—norbornene systems. As ~ €N€-€ne systems is not only attractive from a fundamental
the allyl and norbornene monomers do not cross-polymerize, perspective, but this knowledge also provides a route to form
all the propagation parameters for the ternary thilyl— networks with varied gel point conversion and shrinkage stresses
norbornene systems are gathered from previous investigationaVNile maintaining constant final material properties. For ex-
of binary thiol-allyl and thiol-norbornene systems. The amPle, while the propagation kinetic parameter for the thiyl
propagation and termination parameters that were previously'°rbornene system is 3.k 10° L/mols (Table 1), g;e
determined from binary investigations are given in Table 1. The propagation kinetic parameter for _the thivdllyl is 2.1 x 1 .
allyl monomer is denoted by FEC];, and the norbornene !_/_n_wol-s (,Ta'?'e 1)..Con.sequently, In a ternary system V\."th an
monomer is denoted by FEC]. initial stoichiometric ratio of 1:1 allyl: norbornene functional

The only other kinetic parameter that is needed to model the 9"0UPS, consumption of norbornene functional groups, for small
ternary thiot-allyl—norbornene system is the termination kinetic MONOMEr CONVErSIONs, IS approximately 1.5 times higher than
parameter of allyt-norbornene radicals. For simplicity, the root- the allyl funct!onal_group. Thereforg, by kgeplng the Qvergll
mean-square of allylallyl and norbornenenorbornene radical ~ 2Ve€rage functlona}llty constant gnd increasing the functlona}llty
termination is used for this termination kinetic paraméfer. of the monomer with lower reactivity (allyl ether) and decreasing

the functionality of the faster reacting monomer (norbornene),

=Sk X k- =2.6x 1fL/mol-s (16 network connectivity is decreased at lower conversions, delaying
kee12= Vhieenn * Kecezz (16) the gel point conversion. As the shrinkage stress developed in

Utilization of these kinetic parameters enables us to predict Network forming films primarily occurs only after the gelation
the polymerization kinetics in ternary thiellyl—norbornene  Point, the delayed gelation aspect of these systems leads to films
systems. Experimental steady-state polymerization kinetics alongWith reduced shrinkage stresses. A detailed discussion of
with model predictions of thietallyl—norbornene systems with ~ kinetically induced network control phenomena is beyond the
initial composition of 0.5:1:1, 1:0.5:1, 1:1:0.5, and 2:1:1 of Scope of current work and is treated elsewlfére.
thiol—allyl—norbornene functional groups are presented in We next consider photopolymerization kinetics of ternary
Figure 1. It is evident from Figure 1 that the polymerization thiol—vinyl ether-norbornene systems. Here, the propagation
kinetics of all of the components within the thiellyl— kinetic parameter of vinyl ether functional groups is much
norbornene system are predicted successfully utilizing kinetic greater than that of allyl ether functional groups and is
parameters determined from unsteady-state experiments ofcomparable to that of the norbornene. As such, the -thiol
binary systems. Discrepancies in modeling predictions and norbornene-vinyl ether is a much faster reacting system. As
experimental data occur at high conversions for the stoichio- in the previous case, the ene monomers in thiohyl ether—
metric system of 2:1:1 composition of thievinyl ether— norbornene systems do not undergo either homopolymerization
norbornene. These discrepancies are due to the diffusionor cross-polymerization. Therefore, the relative consumption of
limitations associated with the cross-linked network, which ene monomers in this system is again nearly proportional to
forms a glassy polymer at high conversion. their respective propagation kinetic parameters (eq 15). The

For all the stoichiometric combinations of the thiol, allyl, and propagation kinetic parameters are similarly determined from
norbornene monomers presented in Figure 1, the overall the propagation kinetic parameters for the corresponding binary
consumption of the ene monomers (allyl and norbornene thiol—vinyl ether and thiot-norbornene systems. These kinetic
functionalities) is in equivalence with the consumption of thiol parameters were previously determined and are presented in
monomers. For example, consider the system that has an initialTable 2.
stoichiometric ratio of 0.5:1:1 for the thielllyl—norbornene The termination kinetic parameter for the thiythiyl radical
functionalities. In this system, the thiol monomer, which is the termination is slightly different for the thielvinyl ether and
limiting reagent, reaches 100% conversion, and the allyl and thiol—norbornene systems. However, as the same thiol monomer
norbornene monomers achieve a final conversion of 15% andis utilized in both these systems, the differences in the
35%, respectively. Considering the initial monomer stoichiom- termination kinetic parameters may be due to the differences
etries and final functional group conversions, 0.5 mol of thiol in the viscosities or chemical environment of the individual
monomer is consumed for every 0.15 mol of allyl and 0.35 mol thiol—ene systems. As a simplification, the thiythiyl radical
of norbornene groups. Therefore, the sum total of ene functional termination parameter for the thievinyl ether—norbornene
groups consumed equals the total thiol functional groups system is approximated as the geometric mean of the termin&%ckl)

propagation kinetic parameters. Furthermore, it is evident that
the values of chain transfer parameteéqs;; and kcr,, do not
influence the relative conversions of the functional groups.
However, the values of chain transfer kinetic parameters do
impact the overall polymerization rate of the system.
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Figure 2. Model predictions and experimental data for conversion vs time of-tlviolyl ether—norbornene photopolymerizations. Thia,(—),

vinyl ether (A,— —),and norbornene], - - -) conversions were performed for initially (a) 0.5:1:1 (5.06 mol/L), (b) 1:0.5:1 (6.82:3.41 mol/L), (c)
1:1:0.5 (6.82:3.41 mol/L), and (d) 2:1:1 (6.82:3.41 mol/L) stoichiometric ratios of-thvimlyl ether—norbornene functionalities. Samples contain
0.1 wt % DMPA and are irradiated at 2 mW/&niPropagation kinetic parameters for modeling are taken from Table 2. The termination kinetic
parameters are utilized from eqs-1%79.

parameters for the binary thielinyl ether and thiot-nor- tion of thiol—vinyl ether—norbornene, significant diffusion

bornene systems. limitations are encountered at high conversions due to the cross-
linked network forming a glassy polymer. In the kinetic

kss= \/ktSS(thioninylether}(SS(thianorbornene)z modeling it is assumed that the rate parameters are to be

independent of conversion, thereby causing discrepancies in
V4.2 x 10° x 3.5 x 10° = 3.8 x 1¢° L/imol-s (17) modeling predictions and experimental data at high conversions
for the 2:1:1 stoichiometric system. Further, as in the thiol
allyl—norbornene systems, the overall ene monomer consump-
tion in the thiok-vinyl ether—norbornene systems equals the
thiol monomer consumption. Equivalent consumption of thiol
and both ene monomers validates the assumption of negligible
cross-polymerization between the vinyl ether and norbornene
monomers. Additionally, as both the vinyl ether and norbornene
monomers exhibit similar reactivity toward the thiyl radical,
Koscdkpsc1~ 1.1, the consumption of functional groups at low
monomer conversions is nearly equivalent to the initial monomer

The termination kinetic parameter of eq 17 lies well within
the 95% confidence intervals of thiythiyl termination param-
eter determined from rotating sector experiments (2.10°
L/mol-s <kss < 4.7 x 10 L/mol-s)1” The termination kinetic
parameters for the thiylcarbon and carboencarbon radicals
are equal to that of thiytthiyl radicals in both the binary thiel
norbornene and thielvinyl ether systems. Therefore, to main-
tain uniformity all other termination parameters in the ternary
system are set equal to the thiythiyl termination parameter
of eq 17. Performing this operation ensures standardization of

. . L e composition.
viscosity changes for all the termination kinetic parameters. ) )
Thiol—Ene—Acrylate Systems.Thiol—ene-acrylate sys-
Kce11= Koo = Kiscr = Kisco= Kiec1o= Kiss = tems offer yet further control and opportunities for materials

. properties that are not possible through conventional-teak
3.8x 10’ L/mol-s (18) or acrylic systems. However, the polymerization kinetics are
Also, the termination parameter for the vimylorbornene ~ More complex: unlike in thietene-ene systems, wherein the

radicals is approximated by the geometric mean approximation Vinyl monomers do not homopolymerize, the acrylic monomers
for the termination parameters of vinyl ethesinyl ether and in thiol—ene-acrylate systems readily homopolymerize. Further,
norbornene-norbornene radicals. vinyl ether and acrylate monomers readily copolymerize in free

radical photopolymerization reactions. These features complicate

— ﬁ =38x 1 L/mol's (19 the predictions of polymerization kinetics in ternary thioinyl
K2 = vhicon X keczz (19) ether-acrylate systems. To characterize the kinetic parameters

The model and kinetic parameters (Table 2 and egs1B]J and reaction mechanisms completely in thivinyl ether—
are employed for predicting the kinetics of thialinyl ether— acrylate systems, it is essential to investigate the polymerization
norbornene systems. Figure 2 presents the experimental polymkinetics of acrylatevinyl ether systems in addition to the
erization kinetics and model predictions for 0.5:1:1, 1:0.5:1, 1:1: kinetics of thiol-vinyl ether and thiot-acrylate systems.
0.5, and 2:1:1 initial stoichiometric compositions of thieinyl To understand the rate mechanisms and copolymerization
ether-norbornene systems. The model accurately predicts therelations between the vinyl ether and acrylate monomers,
polymerization kinetics of the nonstoichiometric systems, in polymerization kinetics were studied for vinyl ethexcrylate
which at least one of the monomers does not achieve completesystems. When a mixture of vinyl ether €&];) and acrylate
conversion. For the stoichiometric system with a 2:1:1 composi- monomers ([&=C],) is polymerized through a radical mech&bv
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0.5 ——+ 1117 vinyl ether and acrylate functional groups is expressed as
- i
o
» 04
g s d[C=C], _ kpcczz[c=c]2 (20)
§ ' d[C=C], kocc2lC=Cly
% 02
'i; 0.1 To deconvolute the experimental conversions of acrylate and
s o= 3 vinyl ether functionalities, absorption of the acrylic double bonds
P I SR B under both 1415 and 1636 chpeaks was measured and the

0 0.2 0.4 0.6 0.8 1
Acrylate Conversion

Figure 3. Comparison of model predictions and experimental data
for vinyl ether-acrylate polymerizations with various stoichiometric

ratio was found to be 1.5. Utilization of this information along
with the methodology described in Experimental Section
allowed us to determine the vinyl ether and acrylate monomer

ratios of vinyl ether and hexyl acrylate: 1:1 acrytaidny! ether O, cpnversions. Presgnted in I_:igure 3 are the experimental conver-
—) and 4:1 acrylatethiol (0, — —). All samples were polymerized  SIONS and theoretical predictions of eq 20 for the 1:1 and 1:4
with 1 wt % DMPA and a light intensity of 2 mWicfn stoichiometric compositions of vinyl ether: acrylate systems.

The value forkyccodkocc21 is found by fitting the theoretical

nism, there are two possible reactions in which the acrylic relati\{e c_onversions (based on eq 20) to the.experimental data.
monomer participates: propagation across another acrylicThe kinetic parameters are assumed to remain constant through-
monomer (step 1) or addition to a vinyl ether monomer (step OUt the reaction. The ratio of propagation kinetic parameters
2). The vinyl ether functional group does not participate in (KeccaZkpccz) was found to be approximately 3.8. Thus, in a
homopolymerization, and therefore the vinyl ether radical only 1:1 vinyl ether-acrylate system, an acrylic radical homopoly-
participates in one reaction, propagation through the acrylic Merizes approximately 3.8 times before reacting with a vinyl

double bonds (step 3). ether double bond. _ .
From the analysis of vinyl ethefacrylate binary systems,

. koccz . the cross-polymerization kinetic parameter of an acrylic radical
G +[C=Cl,—/— G, (Step 1) with a vinyl ether double bond is related to its homopolymer-
. ization kinetic parameter. In other wordgcc21 = Kpcc273.8.
. — CC2L ~ o The same applies to thiokhcrylate systems as discussed in
C, +Ic=Ch G (Step 2) previous studies, whele 2 = kocc241.58 andkysco= 13*kct2
Kocess = (13/1.5kycc22!® Therefore, the kinetic parameter for the
C ' t+[C=C],—C; (Step 3) acrylate homopolymerization would determine the kinetic

parameters for all other reactions in which an acrylic radical
The rate of vinyl ether radical consumption by addition to participates. The propagation and termination parameters of
acrylic double bonds (step 3) must equal the rate of its generationthiol—viny! ether binary systems are presented in Table 2.
by the addition of an acrylic radical to a vinyl ether monomer  The kinetic parameter for propagation of vinyl ether radicals
(step 2), neglecting the effects of termination. Setting the rates through acrylate functional group&,€ciy is unknown as is
of steps 2 and 3 equal, the theoretical relative consumption of the termination parameter for acryti@crylic radicals kiccz2
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Figure 4. Model predictions and experimental data for conversion vs time of ternary-tiiyl ether—acrylate photopolymerizations. ThidD(

—), vinyl ether (A, — =), and acrylate[, - - -) conversions were performed for initially (a) 0.5:1:1 (1.9:3.82:3.82 mol/L), (b) 1:0.5:1 (3.87:1.93:
3.87 mol/L), (c) 1:1:0.5 (3.94:3.94:1.97 mol/L), and (d) 2:1:1 (3.23:3.23:3.23 mol/L) stoichiometric ratios efttmgl ether—acrylate functionalities.
Samples contain 0.1 wt % DMPA and are irradiated at 2 m\¥/d¢inetic parameters for modeling are tabulated in Table 3. CDV
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Table 3. Propagation and Termination Parameters that Are through a step growth mechanism, where the ene monomers
Employed for Predicting the Ternary Thiol —Vinyl Ether —Acrylate do not participate in either homo or cross polymerizations.
POWme”Z_at'on Kinetics Thiol—vinyl ether-acrylate systems polymerize through a mixed
Propagation Parameters step-chain growth mechanism, due to the presence of step
::s” géi 182 ng:z ::ETZ g'gi 182 t;mg:z growth reaction between the thiol and the vinyl monomers and
kpi‘;l negligible kpi‘éiz 1.1x 10F L/mol-s chain growth reaction of the acrylic units. The kinetic parameters
Kocciz 1.0 x 1P L/mol-s Kocca1 0.30x 1C° L/mol-s employed for modeling ternary thieene-ene systems are
Termination Parameters optained from absolute rate parameters experimentally Qeter-
kiss 4.2 x 108 L/mols kicc11 4.2 x 108 L/mol-s mined from the corresponding binary systems. In the thiol
kicciz 3.1x 10°L/mol-s kiccoz 2.2x 1% L/mol-s ene-ene systems, the relative conversion of ene monomers is
ktSCl 4.2 x 108 L/mol-s ktscg 3.1 x 10 L/mol-s

dictated by the ratio of propagation kinetic parameters of the
thiyl radical through the corresponding functional groups. Chain
transfer kinetic parameters for the ene radicals impact the overall
polymerization rate but do not influence the relative monomer
i - conversions. In the thielene-acrylate systems, which exhibit
parameters for the thielene-ene systems are experimentally 5 nixeq step-chain growth mechanism, the relative conversion

determined, these kinetic parameters for the thisle-acrylate 4 monomers depends on both the propagation and chain transfer
systems are adjusted to fit the experimental data. The termination;,atic parameters.

parameters for vinyl etheracrylic radicals and thiytacrylic
radicals are estimated by the geometric mean approach, as Acknowledgment. The authors would like to acknowledge
discussed earlier. The propagation and termination parametergheir funding sources for their work: NSF Industry/University
employed for model predictions of thieene-acrylate systems ~ Cooperative Research Center for Fundamentals and Applications
are tabulated in Table 3. Previous wétktilizing pulsed laser ~ of Photopolymerization, Graduate Assistance in Areas of
experiments found the propagation and termination parametersNational Need (GAANN), and National Science Foundation Tie
of typical chain growth polymerizing acrylic systems at very Grant (EEC-0120943).

low conversions € 1%) to be on the order of 1.9 10° L/mol-

s and 1.0x 1C® L/mol-s, respectively. Values of the homopo-

Adjusting these kinetic parameters along with the homopolym-
erization kinetic parametekdcc2, facilitates the prediction of
ternary thiot-vinyl ether—acrylate kinetics. While all the kinetic
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