7964

Macromolecules 2003, 36, 7964—7969

Thiol—Ene Photopolymerization Mechanism and Rate Limiting Step
Changes for Various Vinyl Functional Group Chemistries

Neil B. Cramer,' Sirish K. Reddy,! Allison K. O’'Brien,' and
Christopher N. Bowman* 1+

Department of Chemical and Biological Engineering, University of Colorado,
Boulder, Colorado 80309-0424, and Department of Restorative Dentistry,
University of Colorado Health Sciences Center, Denver, CO, 80045-0508

Received May 20, 2003

ABSTRACT: The mechanism and kinetics of thiol—ene photopolymerizations utilizing a tetrafunctional
thiol monomer copolymerized with acrylate, norbornene, vinyl ether, and vinyl silazane functionalized
ene monomers are successfully modeled and experimentally characterized. Modeling predictions
demonstrate that the reaction orders in thiol—ene systems are controlled by the ratio of thiyl radical
propagation to chain transfer kinetic parameters (ky/kcr). Ratios of kinetic parameters (ky/kcr) were found
to vary significantly with the ene functional group chemistry and to have a dramatic impact on
polymerization Kkinetics. For high ratios of ky/kcr, polymerization rates are first order in thiol functional
group concentration and nearly independent of ene functional group concentration. For ky/ker values
near unity, polymerization rates are approximately %/, order in both thiol and ene functional group
concentrations. When Kcr is much greater than k,, polymerization rates are first order in ene functional
group concentration and nearly independent of the thiol functional group concentration. In thiol—allyl
ether and thiol—acrylate systems, the step growth polymerization rates are first order in thiol functional
group concentration (Rp O [SH]). For thiol—norbornene and thiol—vinyl ether systems, polymerizations
are nearly ¥/, order in both thiol and ene functional group concentrations (R, O [SH]*?[C=C]*?). In thiol—
vinyl silazane systems, polymerization rates are approximately first order in ene functional group
concentration (R, O [C=C]) and independent of thiol functional group concentration. A theory is proposed
which states that the effect of functional group chemistry on ky/kcr is controlled primarily by ene functional
group electron density (kp) and carbon radical stability (Kcr).

Introduction

Thiol—ene photopolymerizations exhibit several unique
properties that have made them the recent focus of
considerable investigation. They exhibit all of the
advantages of typical photopolymerizations in that they
polymerize rapidly, do not require solvents for process-
ing, are optically clear, and have excellent mechanical
properties.=6 In addition, thiol—ene polymerizations
have the advantages of being relatively uninhibited by
oxygen,278 exhibit delayed gelation,® and enable radical
polymerization of a wide range of thiol and vinyl
functional group chemistries.1?2

The radical thiol—ene step growth polymerization
mechanism was first proposed in 1938.° Since then,
thiol—ene reactions have undergone considerable in-
vestigation to determine monomer effects on polymer-
ization rates,11016 effects of oxygen,”817 effects of a
thiol—olefin charge-transfer complex and the co-oxida-
tion reaction,®21 thiol—(meth)acrylate copolymeriza-
tions,622.23 jnitiatorless polymerizations,®2224 and ap-
plications to polymer stabilized liquid crystals.25-28
However, several aspects of thiol—ene polymerizations,
including reaction order and kinetics,??3 initiation with-
out photoinitiators,®2224 and the dark reaction9:20.29.30
are still not well understood.

Thiol—ene photopolymerizations are based on the
radical catalyzed addition of a thiol to a vinyl functional
group. When multifunctional monomers with an aver-
age functionality greater than two are utilized, highly
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cross-linked polymer networks are formed via a step
growth mechanism. As outlined below, the thiol—ene
step growth mechanism involves propagation of a thiyl
radical through a vinyl functional group (step 1), fol-
lowed by chain transfer from the resulting carbon
radical to a thiol functional group, regenerating the thiyl
radical (step 2). These successive propagation/chain
transfer steps serve as the basis for the step growth
thiol—ene photopolymerization reaction.

propagation
k
RS + R'CH = CH,—R'C'H — CH,SR (step 1)

chain transfer
[
R'C'H — CH,SR + RSH—R'CH, — CH,SR +
RS® (step 2)

Initiation of radical centers is typically achieved via
standard radical photoinitiators. This work utilizes the
cleavage photoinitiator 2,2-dimethoxy-2-phenyl ace-
tophenone (DMPA), and termination is assumed to occur
via bimolecular radical recombination.!?

Through calorimetry and FTIR experiments it was
determined that thiol—ene photopolymerization rates
utilizing thiol—allyl ether monomers vary with the first
order of the thiol functional group concentration, inde-
pendent of the allyl ether functional group concentration
(Rp O [SH][C=C]%).3t A model was developed for thiol—
ene polymerizations to explain these results. The model
contains four species balances on the thiol, [SH], and
ene, [C=C], functional groups as well as material
balances on the thiyl, [S], and carbon, [C’], radicals. The
governing equations for the model are given in eqs 1—4.
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d[SH] _

Gt = KerlSHICT (1)
@ = ks [C=CI[S'] 2)

IST — R~ R(S) + kerlSHICT -
kpsc[C=CIIS] (3)

dfjf] =R, = R(C’) — k[SHI[CT +

Kpsc[C=CI[S] (4)

Equation 1 accounts for the consumption of thiol
functional groups via hydrogen abstraction by the
carbon radical. Equation 2 accounts for consumption of
ene functional groups by propagation of the thiyl radical
through the vinyl functional group. Because of the step
growth nature of the polymerization and the large
average number of reactions per radical that is formed,
steps 1 and 2 must occur at nearly equivalent rates.
Equations 3 and 4 describe the concentrations of thiyl
and carbon radicals, respectively, including contribu-
tions from initiation, termination, and either generation
or consumption via propagation and chain transfer.
Equations 1 and 2 assume that consumption of thiol and
ene functional groups by initiation is negligible relative
to their consumption by propagation.

The initiation rate (R;), as calculated by eq 5, is
calculated based on standard values for DMPA (f,
efficiency; ¢, molar absorptivity 150 L/mol-cm for 365
nm light; [1], initiator concentration; lo, light intensity;
A, wavelength; Nay, Avogadro’s number; h, Planck’s
constant; c, speed of light).3233 Termination rates for
thiyl and carbon radicals by radical—radical recombina-
tion are given in eqgs 6 and 7, respectively. All Kinetic
parameters (Kcr, chain transfer; Kpsc, propagation; ks,
ki2, and ks, termination) are assumed to remain con-
stant throughout the reaction. All radical—radical re-
combinations for termination are assumed to be equally
likely, and thus, the termination kinetic parameters are
assumed to be equal. Though this assumption of equal
termination is clearly not likely to be correct, little or
no other information is available. Hence, to maintain
simplicity and focus on the propagation mechanisms,
we have assumed equivalent termination rates for the
various possible recombinations.

~d[1] _ 2:303fe[1]i A

Ri=~at ~ N ,/he ©)
Rt(S.) = 2kt1[s.]2 + ktz[s.] [C1] (6)
Ry(C") = ky[S'I[C’] + 2k,[CT (7)

Previously, for thiol—allyl ether systems, the Kinetic
phenomenon of first-order rate dependence on thiol
functional group concentration was explained using
chain transfer as the rate-limiting step for the polym-
erization.3! Modeling chain transfer as a rate-limiting
step in the polymerization is accomplished by using a
ratio of the propagation kinetic parameter to the chain
transfer kinetic parameter of 10 (kpsc/ ket = 10).

Here, we expand upon this previous Kinetic evaluation
of thiol—ene systems by examining the kinetics and
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Figure 1. Monomer chemistry of (a) allyl ether (trimethylol-
propane diallyl ether), (b) acrylate (1,6-hexanediol diacrylate),
(c) norbornene (1,6-hexanediol di(endo,exo-norborn-2-ene-5-
carboxylate), (d) vinyl ether (triethylene glycol divinyl ether),
and (e) vinyl silazane (VL20) functional groups, where R = H
or CH,=CH; and n = 1-20.

reaction orders for a range of vinyl functional group
chemistries. The thiol—ene kinetics were studied utiliz-
ing allyl ether, acrylate, norbornene, vinyl ether, and
vinyl silazane monomers, all in conjunction with the
same thiol monomer. The monomers associated with
these different vinyl functional groups are shown in
Figure 1.

Experimental Section

Materials. The photoinitiator, 2,2-dimethoxy-2-phenylac-
etophenone (DMPA), was purchased from Ciba-Geigy (Haw-
thorne, NY). The monomers pentaerythritol tetra(3-mercap-
topropionate) (tetrathiol), 1,6-hexanediol diacrylate (acrylate),
triethylene glycol divinyl ether (vinyl ether), and 1,6-hex-
anediol di(endo,exo-norborn-2-ene-5-carboxylate) (dinorbornene),
and VL20 (vinyl silazane) were donated by Bruno Bock
(Marschacht, Germany), UCB Chemicals (Smyrna, GA), ISP
Technologies Inc. (Wayne, NJ), Loctite Corp. (Rocky Hills, CT),
and Kion International (Columbus, OH), respectively. All
monomers and the photoinitiator were used as received.

Methods. FTIR studies were conducted using a Nicolet 750
Magna FTIR spectrometer with a KBr beam splitter and an
MCT/A detector. Series scans were recorded, taking spectra
at the rate of approximately 2 scans per second. The FTIR
sample chamber was continuously purged with dry air.
Samples were irradiated until the reaction was complete, as
indicated by the functional group absorption peak no longer
decreasing. Thiol functional group conversion was monitored
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using the S—H absorption peak at 2570 cm™2, while the vinyl
ether and acrylate conversions were monitored using the
carbon—carbon double bond absorption peak at 1636 cm™2.
Norbornene and vinyl silazane conversions were monitored
with double bond absorption peaks at 713 and 1600 cm™,
respectively. Conversions were calculated using the ratio of
peak areas to the peak area prior to polymerization.

Samples were placed in a horizontal transmission ap-
paratus.3* All reactions were performed under ambient condi-
tions as a laminate between two sodium chloride windows.
Photopolymerizations were initiated via an EXFO Acticure
light source (EXFO, Mississauga, Ontario) with a 320—500 nm
filter. Irradiation intensities were measured with an Interna-
tional Light, Inc., model IL1400A radiometer (Newburyport,
MA).

Results and Discussion

In thiol—ene polymerizations, the ratio of propagation
to chain transfer Kinetic parameters significantly im-
pacts the polymerization kinetics and the rate limiting
step. To understand this effect better, the overall
polymerization rate in thiol—enes is presented by
analytically solving the four species balances (eqs 1—4)
on thiol and ene functional groups, and thiyl and carbon
radical concentrations. Consumption rates of thiol and
ene functional groups (eqs 1 and 2) are set equal and
the pseudo-steady-state assumption (i.e., eqs 3 and 4 =
0) is also invoked, for which the solution is given in eq
8. Here, two limiting cases are presented to illustrate
reaction order dependence on the ratio of propagation
to chain transfer kinetic parameters (kpsc/ker). In case
1, the propagation Kinetic parameter is much greater
than the chain transfer kinetic parameter (kpsc > ker).
For this case, the polymerization rate expression (eq 8)
simplifies such that the polymerization rate is first
order, dependent only on the thiol functional group
concentration (eq 9). In other words, chain transfer is
the rate limiting step of the reaction, as was previously
shown for thiol—allyl ether systems. In the second case,
the chain transfer kinetic parameter is much greater
than the propagation kinetic parameter (kct > Kp),
implying that propagation is the rate limiting step here.
The polymerization rate expression now simplifies such
that the polymerization rate depends only on the vinyl
functional group concentration to the first power (eq 10).
For the final case when Kk, ~ Kcr, the polymerization
rate is approximately equally dependent on both the
thiol and ene functional group concentrations as pre-
sented in eq 11.

sz — X

1 n 1 n 1
(kos_c[C=C1*  (ke7[SH])®  (Kps—cker[C=CI[SH])
(8)

R.
R, = Hz_kltkCT[SH] for kysc > Ker ©)

R.
R, = 4 / 2_kltkpsc[c=c] for ke > kg (10)

_ Ri * 12 ~_ 71112
R, =, /2—ktk [SH]Y?[C=C]

for k,sc & Ker and [SH] = [C=C] (11)
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Polymerization Kinetics in thiol—acrylate systems are
also influenced by the ratio of propagation and chain
transfer kinetic parameters. In these cases, the relative
conversions of thiol and acrylate functional groups have
been shown to be dependent on the ratio of the homo-
polymerization and chain transfer kinetic param-
eters.2223 For the case of thiol—acrylate systems, the
model must be amended to include homopolymerization
of the vinyl, i.e., acrylate, functional groups. The mate-
rial balances on the thiol functional groups, as well as
those for thiyl and carbon radicals (egs 1, 3, and 4) are
unaffected. The species balance on ene functional groups
is amended such that it includes consumption of ene
functional groups by thiyl radical and carbon radical
propagation or homopolymerization (eq 12), where Kpcc
is the homopolymerization kinetic parameter. All re-
maining assumptions are the same. These equations are
valid for any thiol—ene system in which the ene
functional group undergoes a significant amount of
homopolymerization. However, chain transfer must still
occur as a prominent feature in the polymerization such
that effects from diffusion limited Kinetics are not
significantly pronounced until high conversions.

d[C=C
% = —kysc[C=CI[S] — kyec[C=CI[CT  (12)

A series of experiments was performed to investigate
the effects of the different vinyl functional group chem-
istries on thiol—ene photopolymerizations. In addition
to the previously studied thiol—allyl ether system, the
tetrathiol monomer was polymerized with acrylate,
norbornene, vinyl ether, and vinyl silazane monomers.
All of the systems were polymerized with initially 1:1,
2:1, and 1:2 stoichiometric ratios of thiol to ene func-
tional groups. Polymerization kinetics were both mea-
sured with FTIR and then predicted using the appro-
priate modeling equations. The ratio of the propagation
to the chain transfer Kinetic parameters was previously
determined to be the only parameter that affects po-
lymerization rate differences as the initial stoichiometric
thiol to ene functional group ratios are varied.3! There-
fore, differences in polymerization rates of systems with
different stoichiometric ratios (i.e., 1:1, 2:1, and 1:2) are
fit using the ratio of propagation to chain transfer
kinetic parameters (kp/kct). Overall polymerization
rates are then estimated by fitting the absolute values
of kp and ket while holding the ratio (kp/kct) constant.
Initiation rates are calculated from the photoinitiator
concentration, [I], and the irradiating light intensity,
lo, which are held constant for all systems. Termination
kinetic parameters are assumed to be identical for all
of the different systems. Again, the assumption of
equivalent termination is made to maintain simplicity,
due to a lack of available information on termination
kinetics. Experimental and modeling results for thiol—
norbornene, thiol—vinyl ether, and thiol—vinyl silazane
systems are shown in Figures 2—4, respectively.

For the norbornene, vinyl ether, and vinyl silazane
systems, the polymerization is representative of a true
step growth polymerization with nearly equivalent
consumption of the two functional groups. Therefore,
in the initially 2:1 and 1:2 stoichiometric ratio systems,
the limiting reagent reaches nearly 100% conversion,
while the functional group in excess reaches approxi-
mately 50% conversion. Because of excess monomer in
the 2:1 and 1:2 stoichiometric systems, the reactions do
not become strongly diffusion limited. The 1:1 system
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Figure 2. Model predictions and experimental data for functional group conversion vs time of tetrathiol and dinorbornene
photopolymerizations. (a) Norbornene conversion for initially 1:1 (3.88 mol/L) (O, —), 2:1 (5.66:2.83 mol/L) (O, — —), and 1:2 (2.38:
4.76 mol/L) (<, - - -) ratios of thiol to norbornene functional groups. (b) Thiol conversion and model predictions for initially 1:1 (O,
—),2:1 (3, — —), and 1:2 (©, - - -) ratios of functional groups. Samples contain 0.1 wt % DMPA and are irradiated at 1.0 mW/cm?2.
Kinetic parameters for modeling are k, = 1 x 10°% L/mol-s, ket = 1 x 10% L/mol-s, and K, K, kis = 1 x 10® L/mol-s.
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Figure 3. Model predictions and experimental data for functional group conversion vs time of tetrathiol and divinyl ether
photopolymerizations. (a) Vinyl ether conversion for initially 1:1 (5.06 mol/L) (O, —), 2:1 (6.82:3.41 mol/L) (O, — —), and 1:2 (3.34:
6.67 mol/L) (<, - - -) ratios of thiol to vinyl ether functional groups. (b) Thiol conversion and model predictions for initially 1:1 (O,
—), 2:1 (3, — —), and 1.2 (<, - - -) ratios of functional groups. Samples contain 0.1 wt % DMPA and are irradiated at 0.5 mW/cm?.
Kinetic parameters for modeling are k, = 1.3 x 10°% L/mol-s, ket = 1.1 x 10° L/mol-s, and K, K, kis = 1 x 10® L/mol-s.

08
o6f
04f

0.2 : ,;:

Functional Group Conversion
Functional Group Conversion

Time (s)

(a) vinyl silazane (b) thiol

Figure 4. Model predictions and experimental data for functional group conversion vs time of tetrathiol and vinyl silazane
photopolymerizations. (a) Vinyl silazane conversion for initially 1:1 (2.35 mol/L) (O, —), 2:1 (3.84:1.92 mol/L) (O, — —), and 1:2
(1.33:2.65 mol/L) (<, - - -) ratios of thiol to vinyl silazane functional groups. (b) Thiol conversion for initially 1:1 (O, —), 2:1 (4,
— —), and 1:2 (<, - - -) ratios of functional groups. Samples contain 0.1 wt % DMPA and are irradiated at 2.0 mW/cm?. Kinetic

parameters for modeling are k, = 5.0 x 10* L/mol-s, ket = 2.5 x 10° L/mol-s, and ki1, ke, kis = 1 x 10 L/mol-s.

likely encounters significant diffusional restrictions at
high conversions, and diffusion control is known to have
a dramatic effect on kinetic parameters.3> As such, there
is inherent discrepancy in modeling predictions and
experimental data at high conversions, particularly for
the 1:1 stoichiometric systems as the modeling kinetic
parameters are assumed to be independent of conver-
sion.

Thiol—norbornene polymerizations are predicted with
a ratio of propagation to chain transfer kinetic param-
eters of unity. In this case, polymerization rates are
equivalently affected by both thiol and norbornene
functional groups (eq 8), or as seen in Figure 2, polym-
erization rates are slightly and equivalently increased
with both the 2:1 and 1:2 ratios of thiol to norbornene
functional groups. Thiol—vinyl ether polymerizations
are also predicted with a ratio of propagation to chain
transfer kinetic parameters near unity; the value de-

termined was 1.2. Here, the polymerization rate in-
creases for both the 2:1 and 1:2 ratios of thiol to vinyl
ether functional groups (Figure 3), with a slightly
greater increase for the 2:1 system where the thiol
concentration is higher (Figure 3b). In the thiol—vinyl
silazane system the polymerization rate is significantly
increased only for the 1:2 system. This result is modeled
by the ratio of propagation to chain transfer kinetic
parameters being significantly less than unity; the value
determined was 0.2. The polymerization rate scales
approximately with the first order of the ene functional
group concentration in a manner consistent with eq 10,
where propagation is identified as the rate-limiting step.

Kinetic features of the thiol—norbornene, thiol—vinyl
ether, and thiol—vinyl silazane systems are all ac-
curately predicted by fitting the ratio of propagation to
chain transfer kinetic parameters. Experimental and
modeling results for the thiol—acrylate system are
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Figure 5. Model predictions and experimental data for functional group conversion vs time of tetrathiol and acrylate
photopolymerizations. (a) Acrylate conversion for initially 1:1 (4.82 mol/L) (O, —), 2:1 (6.6:3.3 mol/L) (O, — —), and 1:2 (6.26:3.13
mol/L) (<, - - -) ratios of thiol to acrylate functional groups. (b) Thiol conversion and model predictions for initially 1:1 (O, —), 2:1
@, — —), and 1:2 (<, - - -) ratios of functional groups. Samples contain 0.1 wt % DMPA and are irradiated at 10 mW/cm?2. Kinetic
parameters for modeling are kes—c = 2.2 x 10° L/mol-s, ket = 1.7 x 10* L/mol-s, Kpc—c = 2.5 x 10* L/mol-s, and ki, Kez, kizs = 1 x

108 L/mol-s.

Table 1. Ratio of Propagation to Chain Transfer Kinetic
Parameters, Polymerization Rate Scaling with Thiol and
Ene Functional Group Concentrations, and Maximum
Polymerization Rates for Acrylate, Allyl Ether, Vinyl
Ether, Norbornene, and Vinyl Silazane Monomers
Polymerized with Tetrathiol®

R, O [SH][C=C}Y

functional group Kp/keT X y Rpmax
acrylate 13 0.4 0.6 2.1
allyl ether 10 1 0 1.0
vinyl ether 1.2 0.5 0.5 4.8
norbornene 1 0.5 0.5 6.0
vinyl silazane 0.2 0 1 3.3

aValues for polymerization rate scaling are only valid for
stoichiometric systems.

shown in Figure 5. The relative conversions of thiol and
acrylate functional groups are determined by the ratio
of acrylate homopolymerization to chain transfer kinetic
parameters (kpcc/ker = 1.5), as previously described.??
Differences in polymerization rates with varying initial
functional group ratios are then determined by fitting
the ratio of thiyl radical propagation to chain transfer
kinetic parameters (Kpsc/kct). The polymerization rate
increases with increasing concentration of thiol func-
tional groups. This observation is modeled using a ratio
of thiyl radical propagation to chain transfer kinetic
parameters of 13. The polymerization would scale with
the first order of the thiol concentration, consistent with
eq 9 (Rp O [SH]), if not for contributions from homopo-
lymerization of the acrylate. As such, the initial polym-
erization rate scales approximately as R, 0 [SH]%4[C=
C]°6 for stoichiometric mixtures. Assuming that the
termination kinetic constants are all 1 x 106, the
homopolymerization kinetic parameter determined is
2.5 x 10* L/mol-s. This value is in reasonable agreement
with the experimentally determined value of 1 x 10*
L/mol-s for bulk HDDA polymerizations at low conver-
sions.36

A summary of the propagation to chain transfer
kinetic parameters, polymerization rate scaling with
functional group concentrations, and maximum polym-
erization rates is presented in Table 1. The ratio of
propagation to chain transfer kinetic parameters and
subsequent reaction order dependence on thiol and ene
functional groups varies significantly with the vinyl
functional group chemistry. Acrylate and allyl ether
functional groups have the highest ratios of propagation
to chain transfer Kinetic parameters and step growth
polymerization rates scale with the first order of the
thiol functional group concentration. In the case of the

acrylate system, scaling is proportional to acrylate
functional group concentration to the 3/s power due to
contributions from homopolymerization. Norbornene
and vinyl ether functional groups exhibit roughly equiva-
lent kinetic parameters, such that polymerization rates
scale with approximately the 1/, order for both the thiol
and ene functional group concentrations. Vinyl silazane
has a greater chain transfer kinetic parameter, and the
polymerization rates scale approximately with the first
order in ene functional group concentration. The relative
polymerization rates for stoichiometric, bulk monomer
systems are norbornene > vinyl ether > vinyl silazane
> acrylate > allyl ether. These results are similar to
previous polymerization rate relationships determined
for thiol—ene systems.110

The thiol monomer, and thus the thiyl radical, is
identical across all of the systems that were studied.
Therefore, the differences in the ratio of propagation to
chain transfer kinetic parameters and polymerization
rates must lie primarily with the vinyl functional
groups. A trend between monomer chemistry, polym-
erization rates, and reaction orders is not immediately
apparent. Previous studies on polymerization rates and
reaction enthalpies!® show no trend toward reactivity
and similarly here show no relationships for the rate-
determining step. A general trend between polymeri-
zation rates and electron density has been previously
described.! Low polymerization rates from monomers
such as allyl ether are explained from a stable allylic
radical. Fast polymerization rates of norbornene are
explained by alleviation of ring strain.2

We propose that the rate of thiyl radical propagation
(Kpsc) is primarily controlled by electron density and that
the rate of chain transfer (kct) is primarily controlled
by carbon radical stability. Specifically, the electron
density of the vinyl functional group is correlated to Kkp,
and the carbon radical stability is correlated to kcr.
Therefore, the ratio of ky/kcr is related to the electron
density of the vinyl group and carbon radical stability,
where increased electron densities lead to greater values
of k, and increased radical stability leads to lower values
of kcr. Polymerization rates would be directly related
to the electron density of the vinyl group and inversely
related to carbon radical stability. Acrylates, which have
a low electron density, exhibit a high ratio of ky/kct as
does the allyl ether, which exhibits a stable allylic
radical or low value of kct. Both vinyl ether and
norbornene functional groups have radicals without any
significant stabilization. Vinyl ethers have a high
electron density, and thus, exhibit ratios of kp/kct near
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unity with rapid polymerization rates. High reactivities
of norbornene functional groups are explained by reduc-
tion of ring strain, and thus, they also exhibit ratios of
ko/Kct near unity and rapid polymerization rates. The
electron density of the vinyl silazane is relatively high,
however, reactivities and radical stability are not well
understood due to complexities associated with silicon
chemistry.

Conclusions

Thiol—ene photopolymerization kinetics and rate
limiting steps are successfully modeled and experimen-
tally characterized for a variety of ene functional group
chemistries. Analytical solutions to the governing equa-
tions for thiol—ene polymerizations demonstrate reac-
tion orders for thiol and ene functional group concen-
trations that are dependent on the ratio of propagation
to chain transfer kinetic parameters (kp/kct). Reaction
orders are shown to vary significantly with functional
group chemistry. Thiol—allyl ether and thiol—acrylate
systems exhibit the highest ratios of propagation to
chain transfer kinetic parameters and, as such, the step
growth polymerization rates scale with the first order
in thiol functional group concentration (Rp, O [SH]).
Thiol—norbornene and thiol—vinyl ether systems have
roughly equivalent ratios of propagation to chain trans-
fer kinetic parameters and polymerization rates scale
roughly with the Y/, order in both thiol and ene func-
tional group concentrations (R, O [SH]Y?[C=C]'?).
Thiol—vinyl silazane systems exhibit a propagation to
chain transfer kinetic parameter ratio significantly less
than one, and polymerization rates scale approximately
with the first order in ene functional group concentra-
tion (R, O [C=C]). We postulate that the ratio of
propagation to chain transfer kinetic parameters (kp/
ker) and polymerization rates are correlated to the
electron density of the vinyl groups and the carbon
radical stability.
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