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ABSTRACT: In this work, termination and propagation kinetics of thiehe photopolymerizations are investigated

via unsteady-state analysis, and termination is shown to occur though bimolecular+eatiéedl recombinations.

The termination rate is too rapid to be resolved by standard differential scanning calorimetry (DSC) or Fourier
transform infrared spectroscopy (FTIR) unsteady-state techniques. However, a modified rotating sector technique
is demonstrated to be a viable technique for the quantification of the average radical lifetimes-ipriglystems.

The application of the rotating sector technique to thimhe polymerizations requires extensive theoretical
developments and analysis that are also presented here. Kinetic parameters-ianéisystems are determined

by utilizing the experimental knowledge of average radical lifetimes and analytical expressions for steady-state
and unsteady-state polymerizations. Knowledge of individual rate parameters in binareteaystems, rather

than ratios of rate parameters, is essential for the prediction of polymerization kinetics in complesetigol
systems.

Introduction comparisons, as the polymerization mechanism and kinetics of

Thiol—ene photopolymerizations are reactions between mul- thiol—ene systems were not well understdod.was shown
tifunctional thiol and ene monomers that exhibit several unique Previously that the polymerization rate in thiatne systems
polymerization properties. They exhibit all the advantages of Scales with the initiation rate to thé, power, indicative of a
typical acrylic photopolymerizations including solventless pro- blmolecula_r termmatlon me_chanl_sm. However, the termination
cessing, rapid curing, and spatial and temporal control over 'at€ and its importance in thiekne systems have been
polymerization. Further, they exhibit several distinct advantages &Xtensively debatetf*?* Theories ranging from slow and
such as rapid curing in the presence of little or no added Unimportant termination, no termination, or termination by
photoinitiator and relatively insignificant inhibition in the IMPurities have all been proposed.
presence of oxygen. We recently developed a comprehensive model for thiol

The thiol-ene photopolymerization reaction is based on the ene photopolymerization kinetics. Utilizing experimental kinetics
addition of a thiol functional group to an ene functional group and model predictions, several aspects of thee photo-
as outlined in the following schematic. The reaction proceeds polymerization kinetics were investigated. The propagation
via addition of a thiyl radical through the ene functional group kinetics in these systems were shown to be strongly controlled
to form a carbon radical (step 1). Chain transfer of the carbon by the ratio of the propagation to the chain transfer parameter
radical to another thiol functional group follows the addition (ky/ke). It was determined from the model that for a thialllyl
step, regenerating the thiyl radical and forming the thiee ether system, in which the ratio d§/ky is very high, the
addition product (step 2). Because of this unique step growth polymerization rate is independent of the ene monomer con-
polymerization mechanism, the molecular weight evolution in centration and that chain transfer is the rate-limiting step. It
thiol—ene systems occurs slowly, thereby leading to delayed was also shown that in a thielinyl silazane Kyks < 1)

gelation and polymer films that have reduced shrinkage stress.system, propagation is the rate limiting step and the polymer-
ization rate is first order in ene monomer concentration and

, ksc . nearly independent of thiol monomer concentration. Further,
RS + RCH=CH,—RCH — CH;SR step 1 the polymerization rate was shown to be nearly equivalently
ker affected by both thiol and ene monomer concentrations in-thiol
RCH — CH,SR+ RSH— R'CH, — CH,SR+ RS vinyl ether and thiot-norbornene systems, which hakgke, ~
step 2 1. However, knowledge of individual rate parameters rather than
the ratios of these rate parameters is essential to have the ability

Several researchers have studied and characterized polym{© Predict polymerization kinetics in more complex thigine
erization reactivities of thiskene systems with a wide variety ~ Systems. For that purpose, this work attempts to evaluate
of different monomer chemistriés® Previous evaluations of ~ absolute kinetic constants in thielinyl systems as well as to
thiol—ene reactivities are all presented as normalized reactivity investigate the termination mechanism in these systems. The

development of an analytical model for thietne systents©
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Figure 1. (a) Conversion vs time results for thieallyl ether polymerizations with a 1:1 ratio of thiol to ene functional groups. (b) Results where
time is normalized by light intensity to tH& power. Samples contain 0.1 wt % DMPA and are irradiated at)1§ (— —), and 20 (- - -) mW/cra

free radical polymerizations using unsteady-state experirdetts.
To determine kinetic parameters utilizing DSC and FTIR in
after-effect experiments, the light is extinguished during the
polymerization, and the polymerization is monitored in the
dark1i-13

Other techniques for determining kinetic parameters utilize
pulsed laser or rotating sector experiments. These techniques
are based on the analysis of continuous unsteady-state kinetics
with alternating light and dark periods or cyclés!® For the
rotating sector method the irradiating light is shuttered on and
off, generating regular intervals of light and dark periods. The Figure 2. Model and experimental data for conversion vs fime of
stgady-state av'era.ge propagating radical “f?tlm.bl$ deter- te?rgtﬁiol andodi:II;ll polsrﬁgrizagoni wﬁhaag:lcgtioeo? ?hiol an aﬁly(l)
m'”ed by monltOI_’lng th_e average polymerization _rate as a fynctional groups (4.82 mol/L). Polymerizations are for a full cure, as
function of cycle timezs is defined as the average time from  well as 5, 7.5, and 12 s of irradiation time. Samples contain 0.1 wt %
the creation of a radical to its ultimate termination, disregarding DMPA and are irradiated at 10 mW/émModeling kinetic parameters

possible chain transfer steps. The ratio of the average ponm-Ut”izeccij areEpl= 1-?(; |_1/06 '—|/m°|'5v ker = 1.4 x 10* L/mol-s, andky,
erization rate in the system exposed to intermittent exposure tok @Ndks =1 x mots.

its steady-state polymerization rate for continuous exposure is . .
y Poly b detector. Series scans were recorded, taking spectra at the rate of

determined as a function of the intermittent exposure time. The .

experimental data is then superimposed onto a theoretical Curveapprpmmately 2 scans per second. The FTIR sample chamber was
p X . . ) continuously purged with dry air, and the thiol functional group

for 75, and 75 is determined by calculating a best fit of the

i ) . . conversion was monitored using the-8 absorption peak at 2570
experimental data to the theoretical curV&s! Analytical cm-L. Norbornene and allyl ether conversions were monitored with
expressions for initiation, termination, and polymerization rate double bond absorption peaks at 713 and 1636'cnespectively.

are utilized to derive expressions for the termination and Conversions were calculated using the ratio of peak areas to the
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propagation kinetic parameters as a functiorrof peak area prior to polymerization. All reactions were performed
In this work, experiments are performed to clarify the under ambient conditions.
termination mechanism and its importance in thiehe pho- Monomer samples were laminated between sodium chloride

topolymerizations. We investigate two thigéne systems, a  Wwindows in a horizontal transmission apparatuBolymerizations
thiol—norbornene system, in which both the propagation and Were initiated via an EXFO Acticure light source (EXFO, Missis-
chain transfer steps occur equally rapidly, and a thidly! sauga, Ontario) with a 326600 nm filter, and irradiation intensities
system, in which the chain transfer step is khown to be the rate- "Ve"® measured with an International Light, Inc. Model IL1400A

limiti ten. A I Wtical hf dical radiometer (Newburyport, MA).
Imiting stép. A general analylical approach lor average radica Rotating sector experiments were performed with a Uniblitz

lifetimes (rs) in unsteady-state thielene polymerizations is  ,4e| vMM-T1 Shutter Driver/Timer (Uniblitz Electronic, Roch-
developed for both systems. Utilizing rotating sector experiments ester, NY) adaptation to the Acticure light source. The shuttering
and analytical expressions feyand steady-state polymerization  system (VS14S2ZM1R1) is in a cased configuration, equipped with
rates, we quantify the propagation, chain transfer, and termina-reflective blade coatings, and has the R1 modification to enable its
tion kinetic parameters in these thigéne systems. The use under the intense heat produced by the light source.
experimentally determined kinetic parameters are then used to . .

predict steady-state and complex thieihne polymerization Results and Discussion

kinetics accurately. Utilizing FTIR experiments, polymerization rates are shown
. . to scale with initiation rates to thHé, power R, 0 R*?) for the
Experimental Section thiol—allyl ether system (Figure 1). This result indicates that
Materials. The monomer trimethylolpropane diallyl ether (allyl)  termination occurs via bimolecular radieabdical recombina-
was purchased from Aldrich (Milwaukee, WI). The photoinitiator, tion and thereby undermines other theories of slow and
2,2-dimethoxy-2-phenylacetophenone (DMPA), was purchased from ynimportant termination, no termination, or termination by
Ciba-Geigy (Hawthorne, NY). The monomers pentaerythritol tetra- 1 rities. Further, termination by bimolecular radiesidical

(3-mercaptopropionate) (thiol) and 1,6-hexanedioledigexo S . : : .
norborn-2-ene-5-carboxylate) (norbornene) were donated by Bruno_recomblnanon show here is also in agreement with previous

Bock (Marschacht, Germany) and Henkel Loctite Corporation |nvestigation§. ) ]
(Rocky Hills, CT), respectively. In Figure 2, unsteady-state experiments for the thadlyl

Methods. FTIR studies were conducted using a Nicolet 750 ether system are presented. The unsteady-state results for the
Magna FTIR spectrometer with a Kbr beam splitter and an MCT/A thiol—allyl system and the thielnorbornene system (not show&bv
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demonstrate that termination in thieéne systems is extremely  2k[M°]2, the unsteady-state kinetics in these systems are
rapid. To calculate kinetic parameters with FTIR, the polym- described by the same equations that have been used previously
erization reaction must be accurately monitored for a reasonablyto describe those in traditional homopolymerization systems.
finite period of time after illumination has ceased. As seen in Hence, the average radical lifetime in these systems is equal to
Figure 2, the polymerization rate decays too rapidly to resolve the total radical concentration divided by their termination rate
the kinetics accurately in the dark with FTIR. The time between and is given by eq 5.

when the light is extinguished and when the polymerization rate

has ceased is not distinguishable within the time resolution R(S) = 2Iq1[S']2+ ko[STIC] (2)
offered by FTIR. The data also indicates that DSC experiments, . . o
which have an even longer response time 6635, could also R(C) = k[ST[C] + 2k,4[C] (3)

not be used to monitor unsteady-state kinetics accurately. .
Modeling predictions for unsteady-state experiments are alsoR = R(C) + R(S) =

presented in Figure 2. The rate parameters for modeling the 2"11[3']2"‘ 2k, [ST][C’] + 2kt3[C']2 (4)
unsteady-state experiments are taken from previous modeling

work on thiol-allyl systems’ Modeling predictions match the M, [S]+ [Cs )
unsteady-state experimental data extremely well. These results 7s = w2 2 S—— —
do not indicate that the modeling parameters represent actual M 2ka[STs + 2k[STLC]s + 2k Cs

values for kinetic parameters, it only reconfirms that the ratio
of the propagation to the termination kinetic parameters, or a
lumped kinetic parameteRf 0 k'[SH]), is correct. The results
also indicate that the extremely rapid termination observed in
thiol—ene systems is reasonable for typical termination kinetics
where diffusion-limited kinetics do not dominate because of the
lower molecular weights associated with the step growth
mechanism.

As the polymerization kinetics in the after effect experiments
were too rapid to be resolved experimentally by FTIR, rotating . .
sector experiments were performed in an effort to determine R,= kJCIISH] = kp[S][CC] (6)
the kinetic parameters. The shutter frequencies for all of the

where [C]s and [S]s are the steady-state radical concentrations
of the carbon and thiyl radicals arg;, ki, and ks are the
bimolecular termination rate parameters for thighiyl, thiyl —
carbon, and carbercarbon radical recombinations, respectively.
Further, by relating the polymerization ratey) to individual
radical concentrations (eq 6), the overall average radical lifetime
is expressed as a function of monomer concentrations and kinetic
parameters (eq 7).

experiments were chosen so as to keep the ratio of dark to light, — & =

ilumination of 3:1. When the shutter frequencies for lightand °  2k[M*] 2

dark times are large relative tg the polymerization rate during 1 1

illumination will be identical to the steady-state polymerization m + k [SH]

rate and negligible during the dark cycle. Thus, for shutter 1 kp ! (7)
frequencies of 3:1, the average polymerization rate will be 1/4 Ros 2Ky 2k, 2K

of the steady-state value. For all shutter cycle times above this (kp[CC])Z + (K [CCI[SH]) + (kct[SH])z

critical shutter speed, the average polymerization rates will be
1/, of the steady-state rate. For shutter frequencies where theyhere ket

gt and dr eyl arelss thn e crlcal ruter<peed. heyopagaon ket parametr, an CC) and [SH) e e
ge poly i : grea concentrations of the ene and thiol functional groups, respec-
steady-state value.To determine the experimental values of jyely The analytical expression for the steady-state polymer-

7, shutter speeds higher than the critical speeds are used.  ;ation rate R,d in thiol—ene systems has been derived
The shutter in our rotating sector equipment permits a previously and is given by

minimum cycle time of 0.4 ms, with a illumination time of 0.1

ms andr (length of dark period to the length of light period) =

value of 3. Hence, this experimental technique can be utilized,
\/;

is the chain transfer kinetic parametds, is the

theoretically, to measure average radical lifetimes as small as 1

0.0001 s. This result is in contrast to typical FTIR unsteady- Ky ko ke
state experiments that can measure average radical lifetimes only \/ 5T — + 5
on the order of tenths of a second or greater. (k[c=C])? (ko C=CIISH]) (K [SH])
The average radical lifetimes, is defined as the concentration _ _ _ o
of radicals divided by their termination rateln a system with ~ Equations 7 and 8 depict the average radical lifetimes and

8

radicals M, steady-state polymerization rate for any thiehe system. To
utilize these equations for quantification of the rate parameters
M7 in specific thiok-ene systems, these equations have to be
.= s 1 (1) simplified based on the specific kinetics of the system studied.
S o 2 o e . . . . .
kM7 2k[M7] Initiation rates in free radical photopolymerizations are

calculated from the expressit?
wherek; is the average termination kinetic parameter and {M
is the steady-state radical concentration. In thehe systems, _ 2.303¢[I]1A ©)
termination occurs through two types of radicals: carbon based ' Nayvhc
radicals and sulfur based (thiyl) radicals. The termination of
radicals in these systems is due to bimolecular recombinationwheref is the lumped efficiencyg is the molar absorptivity
and is given by eqs-24. By setting the total radical concentra- (150 L/motcm for DMPA and 365 nm light), [I] is the initiator
tion to M* ([M*] = [C*] + [S]) and the total termination rate to  concentration,l, is the light intensity,A is the initiationCDV
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, when ki1 > ki and ks, the steady-state polymerization rate
045

expression (eq 8) simplifies such that the polymerization rate
is dependent only on the ene monomer concentration and is
independent of thiol monomer concentratié,a. [CC]. This
result is not in accordance with the experimentally observed
kinetics, thereby negating the possibility of only thtghiyl
radical termination being important. For the case when only
3 carbon-carbon radical termination is considered, the steady-
= 'O'é‘ : ; = 1'5 - '2 = 2'5 : é:, state polymerization rate expression (eq 8) simplifies such that
' Log () ' the polymerization rate is dependent only on the thiol monomer
Figure 3. Rotating sector results for a 1:1 stoichiometric ratio of thiol concentratlon and is independent of thg €ne monomer concen-
and norbornene polymerizatiorll){ Samples contain 0.1 wt % DMPA  tration, R, a. [SH]. Hence, the only possible modes of termina-
and are irradiated at 2 mW/éat is the irradiation time in ms for one  tion in which the rate expression corresponds to the experi-
shutter cycle. Normalized rates are the steady-state polymerization ratementally observed polymerization kinetics are when all the
dlc\)lllded by tthe pol_}ll_rﬁertﬁatlorl_ratle during uposte%dgistate rotating sector 5 qical-radical recombinations are equally likelgy(= ki =
polymerizations. The theoretical curve is for= 0.01 s (7). kiz) and when the thiytcarbon radical termination dominates
the termination mechanisrif > ki andks). We first consider
the case ofky = ke = ks and then consider the case
corresponding td, > ki andky > kis.

To solve for the kinetic parameters in a thiaglorbornene
system, the experimental valuesmgfindR, s are coupled with
their corresponding analytical equations. For this purpose the
analytical equations ofs andR, s (eqs 7 and 8) described for a
; ; " general thiot-ene system are simplified for the specific case
t0 0.01 s. The experimental data of normalized polymerization q¢ yq thiot-norbornene system. Considering first the possibility

Lfﬁﬁng;rfeéi:;iii;ﬁ ;?]ethtgi?(fgiﬁgleﬁgl\’satbg gﬁrIﬁgrgggisaofof equal likelihood of all radicatradical recombinations, eqs
. ; . s 7 and 8 are simplified by assumihg = ko = kiz and settin
this analysiszs was determined to be 0.01 s with a 95% P y g = ke = ks 9

. ; the ratio of propagation to chain transfer parameters to ke (
confidence interval foes of 0.01+ 0.0014 s. = ke). Employing these simplifications, equations farand

Before solving for the kinetic parameters with analytical R, for a thiol-norbornene system are represented by egs 10
expressions forsandR, s(egs 7 and 8), it is essential to simplify 54 11.

the analytical equations. These simplifications are based on the

/R

Normalized Rate (Hp
o
w
O [T

o
'S

0.35

0.25

o
S

wavelengthNay is Avogadro’s numben is Planck’s constant,
andc is the speed of light. In this work, the initiation rates are
based on standard values for DMPA.

Rotating sector experiments were performed with a 1:1
stoichiometric mixture of the thietnorbornene system. The
normalized rates as a function of illumination time are presented
in Figure 3. Also presented is the theoretical curverfaqual

polymerization characteristics of the individual system. In our 1 1

previous work on the steady-state kinetics of thiobrbornene K, ﬁ @

systems, it was experimentally shown that the overall polym- Ts= ZKRp 1 1 1 (10)
erization rate is equivalently affected by both thiol and nor- S > 5
bornene functional group concentrations. It was further shown (ccp?  (CCISHD) - ((sH))

that by assuming all three termination parameters to be equal

(ka = ke = k), the thiok-norbornene polymerizations are Rys= /5 Ky

predicted accurately by setting the propagation kinetic parameter ™ 2k 1 i 1 1
equal to the chain transfer parametiey< k). Apart from the (c=c]? (C=CI[SH])  ([SH])?
guantification of rate parameters in the thiolorbornene system,

this study also aims to investigate the validity of the assumption  The kinetic parameters are determined by utilizing these
of equal termination parameters. For that purpose, we considersimplified analytical equations and the experimental values of

the other possible modes of termination and attempt to 75 (=0.01 s) andR, s for the 1:1 stoichiometric system.
understand or describe the termination mode in thésle

(11)

systems. o _ » Ky = ko = kg = —2— = 3.5 1P L/mol-s
Three possible modes of termination are (i) only tkithiyl 33552

radical termination is importantkg> ky and k), (ii) only

carbon-carbon radical terminations is importahtz;$> ki and 2 Rus 2 Rys

ka), and (i) only thiyl—carbon radical terminations is important ko= k= R7,[C=C] Rz,[SH] =3.1x 10°L/mol-s

(k> ka andk). The expression for the steady-state polym-
erization (eq 8) is simplified for each of the above cases and Experimental data for the polymerization of thislorbornene
further analysis described for those cases that are consistent withsystems are presented in Figure 4 along with the model
the previously observed experimental polymerization kinetics. predictions using the above determined kinetic parameters. As
Settingk, = kg for this thiol-norbornene system, a condition the thiol-norbornene system represents a true step growth
imposed to account for the experimentally observed equivalent polymerization, the limiting reagents in 1:2 and 2:1 stoichio-
dependence of rate on both thiol and ene concentrations,metric systems reach nearly 100% conversion, while the
evaluation of eq 8 reveals that the only other termination mode functional group in excess achieves only 50% conversion. The
(apart fromky = kio = kig) in which the polymerization rate is  1:2 and 2:1 stoichiometric systems have an excess of unreacted
equivalently affected by both the thiol and ene monomer monomer, thereby leading to polymerization systems that do
concentrations is when carbethiyl radical termination domi- not encounter significant diffusion limitations. At high conver-
nates the termination rate, i.d > ks andkgs. In all other sions the 1:1 system encounters significant diffusion limitations
cases, the polymerization rate would not vary nearly equivalently due to the network forming a glassy polymer. In our kinetic
with both thiol and ene monomer concentrations. For example, modeling, we assume the rate parameters to be independ&rB\(}f
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Figure 4. Model predictions and experimental data for conversion vs time of thiol and norbornene photopolymerizations. Modeling predictions are
based on the assumption that= k. = ks. Norbornene functional group conversions are shown for initially 1:1 (3.88 malilL}), 2:1 (5.66:

2.83 mol/lL) @, — —), and 1:2 (2.38:4.76 mol/L)<§, - -) ratios of thiol to norbornene functional groups. Thiol functional group conversions and
model predictions are shown for initially 1:0(—), 2:1 @, — —), and 1:2 ©, - -) ratios of functional groups. Samples contain 0.1 wt % DMPA

and are irradiated at 4 mW/énirhe kinetic parameters for modeling are experimentally determined by rotating sector experiments and are given
by kn = kg = kg = 3.5 x 10 L/mol-s andky = k, = 3.1 x10° L/mol-s.
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Figure 5. Experimental data and model predictions for conversion vs time of thiol and norbornene photopolymerizations. Modeling predictions are
based on the assumption that> ky andky > ks. Norbornene functional group conversions are shown for initially 1:1 (3.88 malll)+), 2:1
(5.66:2.83 mol/L) @, — —), and 1:2 (2.38:4.76 mol/LX¥, - -) ratios of thiol to norbornene functional groups. Thiol functional group conversions

and model predictions are shown for initially 1:®0,(—), 2:1 @, — —), and 1:2 ©, - -) ratios of functional groups. Samples contain 0.1 wt %
DMPA and are irradiated at 1 mW/@nirhe kinetic parameters for modeling are experimentally determined by rotating sector experiments and are
given byky = k, = 2.8 x 10° L/mol-s andke, = 8.7 x 10° L/mol-s.

conversion, thereby leading to discrepancies in modeling Figures 4 and 5, while the modeling predictions in Figure 4
predictions and experimental data at high conversions for the show a good match between experimental kinetics and predic-
1:1 stoichiometric system. However, for the 1:2 and 2:1 tions, the predictions in Figure 5 do not match well with the
stoichiometric systems, which do not have significant diffusional experimental kinetics. These differences are very evident for
limitations, the model predictions portray experimental kinetics the 1:2 stoichiometric systems, which do not exhibit diffusion
well throughout the entire polymerization. limited kinetics. Thus, it is evident that model parameters
In the second possible case, i.e., when thgdrbon termina- obtained from the assumption of equal radigaldical combina-
tion dominates the termination rate;(> ky andks), the steady- tions for all radicals accurately predicts the experimental
state polymerization rate (eq 8) is expressed as polymerization kinetics for the nondiffusional limited regimes.

However, model predictions from kinetic parameters obtained
i
Rp,s__ A lz—ktzk:«/ [C=C][SH]

by assuming only carberthiyl radical termination fail to predict
experimental polymerizations accurately. These results indicate
The average radical lifetime (eq 7) for this case simplifies as
T = % ([CC] + [SH])

that the assumption of equal importance of all kinetic parameters
S 2I(tZRp,s

might be valid. However, more experiments have to be
The above equations are solved for the 1:1 thimbrbornene

performed to confirm/clarify the above feature.
To demonstrate further the validity of the assumption that
system utilizing the experimental values far(=0.01 s) and
Ros

12)

(13) all termination parameters are equally important, off-stoichi-

ometry rotating sector experiments were performed. For this
purpose, rotating sector experiments were conducted with 1:4
and 4:1 stoichiometric mixtures of thiehorbornene systems.

A comparison of the average radical lifetimes for these
nonstoichiometric systems with that of the 1:1 stoichiometric

k, = 2 _ 1.05% 10° L/mol-s system confirms the termination mode in these systems. Results
2 RiTsz ' for the nonstoichiometric rotating sector experiments along with
the theoretical curves are presented in Figure 6. Performing a
2 Ry 2 Ry nonlinear regression on the experimental dataztivalues for

Rz, [C=C] Rz, [SH]

k= ky = =3.1x 10°L/mol-s

the 1:4 and 4:1 thietnorbornene systems are found to be 0.0011

and 0.009, respectively. Analysis on confidence limits ofthe
These kinetic parameters are then utilized to predict the Parameter in these systems yielded 95% confidence limits of

polymerization kinetics of the thielnorbornene systems. Figure ~ 0.011= 0.0015 and 0.009- 0.0014 for the 1:4 and 4:1 systems.

5 compares model predictions with the experimental polymer-  To understand the termination mode in these systems, eqs 7

ization kinetics. Comparing the modeling predictions from and 8 are solved to relate the theoreticalvalues for theCDV
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Figure 6. Rotating sector results for thiehorbornene systems having Tg11 Tsq1

an initial functional group composition of (a) 1:4 and (b) 4:1 If k,> k,; andk —===0.55 and —==0.52
stoichiometric ratios of thiol and norbornene functional group ( Ts14 Tsa:1

Samples contain 0.1 wt % DMPA and are irradiated at 2 m\&/¢iis

the irradiation time in ms for one shutter cycle. Normalized rates are  From the experimental results, the ratio@f.; t0 7s 1.4 iS
the steady-state polymerization rate divided by the polymerization rate found to be 0.9 and the ratio of 1.1 10 7s 41 IS approximately

during unsteady-state rotating sector polymerizations. Theoretical curves : . . PN
for the 1:4 and 4:1 systems are given by 0.011 s {) andz = 1.1. Hence, the ratlos.cn‘S values for the 1:4 and 4:1 thiol:
0.009 s ), respectively. norbornene systems with that of 1:1 systems match much more

closely to the first case (of equils) rather than to the second

_— . . . _case (of unequakis). Thus, the rotating sector experiments
nonstoichiometric systems with that of a 1:1 stoichiometric ¢ ther demonstrate that the case of equal likelihood of all

system. This analysis is performed for both termination pos- (,4ical-radical recombinations is the correct case.
sibilities. For the first case when all the termination events are Experiments were also performed to investigate the kinetic

equally likely ka = ko = ks), €q 10 is simplified, and the 3 rameters in thietallyl systems. In thiokallyl systems the
theoreticalrs values for nonstoichiometric systems are expressed polymerization kinetics were previously shown to vary first

as a function ofrs values for the 1:1 system. order in thiol functional group concentration and independent
of ene monomer concentration (i.&, o [SH]'[CC]%).2° This

Ts11_ 14 Ros.1:4[C=Cl.4 (14) first order dependence of rate on thiol monomer concentration
Tg14 O vasyl:{[C=C]l:1 was explained with chain transfer as the rate-limiting step. The
_ polymerization kinetics were predicted by setting a high ratio
Ts1a_ 7 Ros4:{[C=Clas (15) of the propagation kinetic parameter to the chain transfer kinetic
Ts41 10R,¢1.{[C=C];, parameter. Utilizing this knowledge of kinetic parameters,

equations for the steady-state polymerization rate and average
wherers 1.3, 7s 1.4 andts 4.1, indicate the average radical lifetimes radical lifetime (eqs 7 and 8) are determined to be
for the 1:1, 1:4, and 4:1 stoichiometric ratios of the thiol:

norbornene systems. Similar notations are utilized to denote the _ 1 kaSH] 18
polymerization ratesR; ) and the double bond concentrations Ts = Ros 2k,5 (18)
([CC)) for each of the three thielnorbornene systems. '

In the second case when only the carbtmyl radical R
termination is importantk, > ks andkis), eq 13 is solved to Rys= z_kﬁkct[SH] (19)

yield relationships between thevalues for stoichiometric and

nonstoichiometric cases: where ki3 represents the termination parameter for carbon

. J[c=C] carbon radical termination. As the concentration of carbon
LMZESM (16) radicals to thiyl radicals is proportional to the ratio of the
Ts,1:4 5Rp,s,1:{[C=C]1;1 propagation kinetic parameter to the chain transfer kinetic
_ parameter, and dg > K in the thiol-allyl system, the radicals
Tsi1_2 M (17) present in the system are predominantly carbon radicals. Because
Ts41 9 Rys1{[C=C]1, of this shift of radical concentration to carbon radicals, the

carbon-carbon radical terminatiorkg) kinetic parameter is the
Utilizing the experimental values of steady-state polymeri- only termination parameter appearing in eqs 18 and 19. Figure
zation kinetics, the above expressions (eqs-14) can be 7 presents the experimental data for the unsteady-state kinetics
simplified to relate the average radical lifetimes for the of the 1:1 thiot-allyl system. Performing a nonlinear regression
nonstoichiometric systems to those for stoichiometric systems. on the experimental data, the average radical lifetime forgt'R/
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Figure 8. Model predictions and experimental data for conversion vs time of thiol and allyl photopolymerizations. Key: (a) allyl functional group
conversions for initially 1:1 (4.82 mol/L)&, —), 2:1 (6.6:3.3 mol/L) @, — —), and 1:2 (3.13:6.25 mol/L)<, - -) ratios of thiol to allyl ether
functional groups; (b) thiol functional group conversions and model predictions for initiallyd,:+{, 2:1 @, — —), and 1:2 ©, - -) ratios of
functional groups. Samples contain 0.1 wt % DMPA and are irradiated at 4 m\Kinetic parameters for modeling are experimentally determined

by a combination of rotating sector and steady-state experimentskgrbe2.1 x 10, k, = 2.1 x 10, ky = 3.5 x 10 L/mol-s, ko = 2.6 x 10°
L/mol-s, andkgz = 1.9 x 10° L/mol-s.

system was found to be 0.0085 s. Furthermore, the 95% in the range 2.4x 10° to 3.05 x 1CP L/mol-s, and the chain
confidence limits for the average radical lifetime were found transfer parameter in the range &x9.0° to 2.4 x 10° L/mol-s.

to be 0.0085+ 0.0017 s. Utilizing experimental values for The termination kinetic parameter in all these systems is on
average radical lifetime and steady-state polymerization kinetics,the order of 18 L/mol-s. These high termination kinetic
equations forrs and Ry s (eqs 18 and 19) are solved to yield parameters of thietene systems account for the rapid decrease

kinetic parameters. in the polymerization rates in aftereffect experiments (Figure
2). Typical (meth)acrylate systems, at very low monomer
1 conversions €5% conversion), also exhibit such high termina-
= =1.9x 1¢° L/mols ONVETSIO! ’
ks 2R72 x tion kinetic parameters (on the order of73A0° L/mol-s)26

However, these termination kinetic parameters in (meth)acrylate
systems rapidly decrease due to diffusion limited kinetics
associated with the formation of high molecular weight poly-
mers. As the thiotene systems exhibit a step-growth evolution,

The rotating sector technique for the thialllyl system quanti- the molecular weight evolution and the concomitant increase
fies only the carborcarbon termination kinetic parametég. in viscosity in these systems occurs more slowly as compared
However, as the same thiol monomer is employed in this system© the typical chain growth polymerizing systems. Therefore,
and in the thioFnorbornene system, the thiythiyl radical diffusion-limited kinetics are not observed until very high
termination parameter from the thiehorbornene system is ~ CONVersions in thiotene systems. In all the rotating sector
employed herek; = 3.5 x 10° L/mol-s). For the cross €Xperiments performed in this study, the unsteady-state polym-
termination parameter, we replace the termination rate parameteffization rates were computed by monitoring the first 40% of
between the thiyl and carbon radicais, by the geometric mean ~ CONVersion. Thers values or the kinetic parameters do not

approximation of the termination parameters for the carbon change significantly even if we consider only the initial 10%
carbon and thiykthiyl radicals? conversion. This feature indicates that the kinetic parameters

in thiol—ene systems are relatively constant until high conver-

Ko = kaks = 2.6 x 10° L/mol-s (21) sions.

Conclusions

1 Rp,s _ 1 RP’S_ .
k= Rr.lC=q] ~ Re.HI 2.1x 10°L/mol's  (20)

Experimental steady-state polymerization kinetics of thiol
allyl systems with initial compositions of 1:1, 2:1, and 1:2  Termination in thiot-ene photopolymerizations is shown to
stoichiometric ratios of thiol to ene functionalities are presented occur by radicatradical recombinations. Furthermore, the
in Figure 8 along with the model predictions. Polymerization termination rates are demonstrated to be extremely rapid, such
kinetics of these systems are successfully predicted by utilizing that unsteady-state kinetics cannot be accurately monitored with
the above determined rate parameters. The propagation paramFTIR or DSC techniques. The rotating sector method is shown
eter that was utilized for model predictions was found by to be a technique by which termination and propagation kinetic
assuming the ratio of propagation to chain transfer parameterparameters can be quantified for thi@ne systems. Utilizing
to be approximately 10, as determined in previous work. rotating sector theory, analytical equations are developed for
For the thiot-norbornene system solving for the 95% the average radical lifetimerd) in thiol—ene systems. The
confidence intervals ofrs, yields the termination kinetic ~ experimental values and analytical equationsrf@nd steady-
parameters in the range 27108 to 4.7 x 18 L/mol-s and the state polymerization are used to quantify the rate parameters.
propagation parameter in the range X710° to 3.6 x 10° In the thiok-norbornene system, the propagation and chain
L/mol-s. For the thiot-allyl system the 95% confidence limits ~ transfer parameters are determined to be :3.10° L/mol-s,
for 75 yield the carbor-carbon radical termination parameter ~While the termination parameter is shown to be 8.8C° L/mol-

(k), in the range 1.4 1C®to 2.9 x 18 L/mol-s and the chain  S.

transfer parameter ranges from &610° to 2.3 x 1P L/mol- Rotating sector experiments were performed on the off-
S. stoichiometric compositions to investigate the importance of all
A similar analysis was also performed for the thieinyl the radicat-radical termination routes in thielhorbornene

ether system, and solving for the 95% confidence intervalof  systems. By using both the experimental valuessaind the
(0.0094+ 0.0011) yielded the termination parameters in the theoretical relations between thevalues for the stoichiometric
range 3.4x 10Pto 5.4 x 1 L/mol-s, the propagation parameter and off-stoichiometric systems, this study has demonstrate(&%}
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all the radicat-radical recombinations are likely.

In the thiol-allyl system, the chain transfer kinetic parameter
was determined to be 2. 10° L/mol-s and the termination
kinetic parameter as 1.% 10° L/mol-s. In both the thiot
norbornene and the thiekllyl system, the experimentally
determined rate parameters successfully predict the polymer
zation kinetics of both stoichiometric and off-stoichiometric
systems.
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