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Introduction

Thiol-ene photopolymerizations are step-growth radical

polymerizations involving a reaction between multifunc-

tional thiol and ene (vinyl) monomers.[1–3] Previous work

has demonstrated significant polymerization advantages

of thiol-ene systems, including a rapid reaction,[4,5]

low shrinkage, little or no oxygen inhibition,[1,5,6] self-

initiation,[5] accessibility of a large number of thiol-ene

comonomer pairs,[3] and the formation of highly cross-

linked networks having good physical, optical, and mech-

anical properties.

The step-growth nature of thiol-ene photopolymeriza-

tions was first suggested by Kharasch in 1938.[7] The

polymerization reaction proceeds via propagation of a thiyl

radical (–S�) through the vinyl functional group. Rather

Summary: A kinetic model is presented for thiol-ene cross-
linking photopolymerizations including the allowance for
chain growth reaction of the ene, i.e., homopolymerization.
The kinetic model is based on a description of the average
chain lengths derived from differential equations of the type
of Smoluchowski coagulation equations. The method of
moments was applied to obtain average properties of thiol-
ene reaction systems. The model predicts the molecular
weight distribution of active and inactive species in the pre-
gel regime of thiol-enes, as well as the gel points depending
on the synthesis parameters. It is shown that, when no
homopolymerization is allowed, the average molecular
weights and the gel point conversion are given by the typical
equations valid for the step-growth polymerization. Increas-
ing the extent of homopolymerization also increases the
average molecular weights and shifts the gel point toward
lower conversions and shorter reaction times. It is also shown
that the ratio of thiyl radical propagation to the chain transfer
kinetic parameter (kp1/ktr) affects the gelation time, tcr.
Gelation occurs earlier as the kp1/ktr ratio is increased due to
the predominant attack of thiyl radicals on the vinyl groups
and formation of more stable carbon radicals. The gel point in
thiol-ene reactions is also found to be very sensitive to the
extent of cyclization, particularly, if the monomer function-
alities are low. Number-average chain length of carbon radicals �XX1� (solid

curves) and thiyl radicals �XX0
1� (dashed curves) plotted against

the vinyl group conversion, xM, during thiol-ene polymeriza-
tion. Calculations were for six different kp/ktr ratios.
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than being followed by additional propagation, this

propagation step is continually followed by chain

transfer of the carbon radical (�CH�
�

), thus formed,

to the thiol functional group, regenerating a thiyl radical,

i.e.,

--S � þCH2 CH� �!
kp1

--S--CH2--C
�
H-- ð1aÞ

--S--CH2-- C
�
H--þ SH-- �!ktr --S--CH2--CH2--þ --S� ð1bÞ

These successive propagation and chain transfer reac-

tions serve as the basis for the step-growth nature of

traditional thiol-ene polymerization. As a result, the gel

formation dynamics of thiol-enes are quite different from

the polymerization of multifunctional acrylate monomers.

In a typical free-radical polymerization of multiacrylate

monomers, high molecular weight polymers form at near-

zero monomer conversion because of the chain-growth

nature of the polymerization, leading to excessive cycliza-

tion, multiple cross-linking, microgelation, low gel point

conversions, diffusion- and reaction diffusion-controlled

reactions, and ultimately, the formation of inhomogeneous

networks.[8–11] However, in thiol-ene systems, very low

molecular weight species dominate the pre-gel regime,

leading to higher gel point conversions and the formation of

homogeneous networks.

Although the traditional free-radical reaction of a thiol

and an ene proceeds via a step-growth process (Equation

(1a)–(1b)), for some enes the propagation of a carbon

radical via homopolymerization of the ene accompanies the

traditional thiol-ene photopolymerization, i.e.,

--S--CH2-- C
�
H--þ CH2 CH� �!

kp

--S--CH2--CH2--CH2-- C
�
H ð1cÞ

This propagation step, referred to in the remaining of this

manuscript as homopolymerization, is particularly impor-

tant in thiol-acrylate polymerizations and leads to the for-

mation of homopolymer groups in the copolymer.[4–6,12–14]

One may expect that, at a high ratio of homopolymerization

to chain transfer kinetic parameter kp/ktr, the reaction

mechanism of thiol-enes changes from predominantly step-

growth to predominantly chain-growth nature.

While thiol-ene polymerizations have been examined

extensively in recent years, many fundamental aspects of

these reactions, such as the molecular weight development

during the pre and post-gel regimes, as well as the effect of

the homopolymerization on the gelation process remain

relatively unexplored. The aim of the present work is

primarily to develop a kinetic model for prediction of

the molecular weight averages of thiyl and carbon

radicals as well as of polymer molecules during thiol-ene

reactions with homopolymerization prior to the onset of

gelation.

Here, we report a kinetic model for thiol-ene photo-

polymerizations utilizing multifunctional thiol and ene

monomers. The kinetic model is based on a description of

the average chain lengths derived from differential equations

of the type of Smoluchowski coagulation equations.[15] The

method of moments was applied to obtain average proper-

ties in the pre-gel period and to predict the gel point. In

the kinetic treatment that follows, the main assumptions

made are: (i) the steady-state approximation for each of the

radical species in the system; (ii) the reactions are chemi-

cally controlled rather than diffusion controlled; and (iii)

active (radical) species contain only one radical center. The

second assumption is reasonable for thiol-ene systems due

to the very low molecular weight of polymers over a large

range of the pre-gel regime, while the validity of the third

assumption (monoradical assumption) was previously de-

monstrated for free-radical cross-linking copolymerization

systems.[16]

Kinetic Mechanism

Notation and Rate Equations

The dependent variables Sr., Rr., and Pr represent thiyl

radicals, carbon radicals, and dead polymer or monomer

molecules, respectively. The subscript r describes the total

number of monomer units in the molecule. Thus, P1

represents the unreacted monomers in the reaction system.

The functionalities of the vinyl and thiol monomers are

represented by f1 and f2, respectively, which denote the

initial number of the functional groups of molecules.

Furthermore, the symbols Mr and SHr are used to represent

the vinyl and thiol groups on molecules Pr, respectively.

The total concentrations of carbon radicals [R.], thiyl

radicals [S.], vinyl groups [M] and thiol groups [SH] in the

reaction system are related to the variables defined above by

the following equations:

½R�� ¼
X1
r¼1

½Rr�� ð2aÞ

½S�� ¼
X1
r¼1

½Sr�� ð2bÞ

½M� ¼
X1
r¼1

½Mr� ð2cÞ

½SH� ¼
X1
r¼1

½SHr� ð2dÞ

A set of kinetic mechanisms is presented for thiol-ene

photopolymerizations of multifunctional thiol and ene

monomers having symmetric functional groups. The mech-

anism consists of four steps: initiation, propagation, chain
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transfer, and termination. The reaction equations describing

the steps of the polymerization can be written as follows:

Initiation:

I �!hn A� ð3aÞ

A � þ SHr �!
ki

Sr� ð3bÞ

A � þMr �!
ki

Rr� ð3cÞ

Propagation:

Sj � þMr�j �!
kp1

Rr� ð4aÞ

Rj � þMr�j �!
kp

Rr� ð4bÞ

Chain Transfer:

Rr � þ SHj �!
ktr

Pr þ Sj� ð5Þ

Termination:

Decomposition of the initiator I according to Equation

(3a) produces primary radicals A., which may react either
with a thiol or vinyl group on rmers, denoted by SHr and

Mr, respectively (Equation (3b)–(3c)). Note that r¼ 1, 2,

3, . . ., where r¼ 1 corresponds to the functional groups on

monomers. The thiyl (Sr.) and carbon radicals (Rr.) thus
formed may propagate according to Equation (4a) and
(4b), respectively. Equation (4a) accounts for the pro-
pagation of a thiyl radical through the vinyl functional
group, while Equation (4b) accounts for the homo-
polymerization reaction of carbon radicals. The chain
transfer reactions represented by Equation (5) produce
inactive polymer molecules of chain length r (Pr) during

which carbon radicals Rr. become thiyl radicals Sj. of a
different chain length. Finally, the termination reactions
between thiyl and carbon radicals occur by coupling
and/or by disproportionation mechanisms (Equation (6a)–

(6c)). The rate constants ki, kp1, kp, ktr, ktc, and ktd are for

initiation, for the formation of carbon radicals from thiyl

radicals, for propagation by homopolymerization, for chain

transfer to thiol, and for termination by coupling and by

disproportionation, respectively. For the sake of clarity and

simplicity, we assume that the termination rate constant

does not depend on the type of the radical.

In addition to the intermolecular reactions mentioned

above, intramolecular reactions may also occur during the

thiol-ene polymerization. These reactions are distinguished

as cyclization and intramolecular chain transfer reactions,

as schematically illustrated in Figure 1. Cyclization, that is

intramolecular propagation, may occur by the attack of a

thiyl or carbon radical center on one of the pendant vinyl

groups on the same molecule and leads to the formation of

Figure 1. Schematic representation of cyclization and intramolecular chain transfer
reactions in thiol-ene copolymerization of vinyl and thiol monomers (f1¼ 2, f2¼ 3). The
filled and open circles represent thiol and vinyl groups, respectively. The dashed lines show
the homopolymer blocks. The arrows show the possible routes for intramolecular reactions.
Radical centers are indicated by the dots.

Sj � þ Sr�j � ktc and=or ktd�! Pr and=or Pj þ Pr�j ð6aÞ

Sj � þRr�j � ktc and=or ktd�! Pr and=or Pj þ Pr�j ð6bÞ

Rj � þRr�j � ktc and=or ktd�! Pr and=or Pj þ Pr�j ð6cÞ

ðr; j; r � j ¼ 1; 2; 3; . . .Þ
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cycles. In typical thiol-ene reactions, the consumption rate

of vinyl functional groups via propagation dominates over

the consumption rate via homopolymerization.[4,5] There-

fore, in the following analysis, cycles are assumed to form

only by the attack of thiyl radicals on the pendant vinyl

groups located on the same oligomer molecule. In contrast

to cyclization, intramolecular chain-transfer reactions pro-

duce no cycles; they only convert carbon radicals into thiyl

radicals (Figure 1). Since the intramolecular reactions

occurring in similar molecules proceed in a similar micro-

environment, it is reasonable to assume equal rates for both

cyclization and intramolecular chain transfer reactions.

Neglecting functional group consumption by initiation

relative to propagation or chain transfer, the rate equations

for the concentrations of the functional groups and the

monomer units are written as follows:

d½M1�
dt

¼ �f1ðkp1½S�� þ kp½R��Þ½M1� ½M1�ð0Þ ¼ ½M�0
ð7Þ

d½SH1�
dt

¼ �f2ktr½R��½SH1� ½SH1�ð0Þ ¼ ½SH�0 ð8Þ

d½m1�
dt

¼ �f�1
1

d½M1�
dt

½m1�ð0Þ ¼ 0 ð9Þ

d½m2�
dt

¼ �f�1
2

d½SH1�
dt

½m2�ð0Þ ¼ 0 ð10Þ

where t is the reaction time, M1 and SH1 represent vinyl

and thiol groups on unreacted monomers, and m1 and m2

represent the vinyl and thiol monomer units in the polymer.

The initial conditions of the differential equations are indi-

cated with the subscript zero. Equation (7) and (8) account

for the consumption of the functional groups located on

unreacted monomers. The prefactors f1 and f2 in these

equations account for the fact that, if one of the functional

groups on a monomer molecule has reacted, the others

also disappear and become pendant functional groups on

polymer molecules. Equation (9) and (10) describe the

formation of vinyl and thiol monomer units in the polymer

molecules, respectively. The accumulated mole fraction of

vinyl monomer in the polymer, �FF1 is calculated from

Equation (9)–(10) as:

�FF1 ¼ ½m1�
½m1� þ ½m2�

ð11Þ

Using Equation (3a)–(6c), the differential equations

characterizing the population density distributions of the

radicals Sr. and Rr., and the polymers Pr are given as

follows:

d½Sr��
dt

¼ ki½A��½SHr� þ ktr½R��½SHr�

� kp1½Sr��½M� � ktð½R�� þ ½S��Þ½Sr�� ð12Þ

d½Rr��
dt

¼ ki½A��½Mr� þ kp1

Xr�1

j¼1

½Sj��½Mr�j� þ kp
Xr�1

j¼1

½Rj��½Mr�j�

�ðkp½M� þ ktr½SH�Þ½Rr�� � ktð½R�� þ ½S��Þ½Rr��
ð13Þ

d½Pr�
dt

¼ ktr½Rr��½SH� � ðkp1½S�� þ kp½R��Þ½Mr�

� ktr½R��½SHr� þ ktdð½R�� þ ½S��Þð½Rr�� þ ½Sr��Þ

þ 0:5ktc
Xr�1

j¼1

ð½Rj��½Rr�j��þ2½Rj��½Sr�j��þ ½Sj��½Sr�j��Þ

ð14Þ

where kt¼ ktcþ ktd. The first and last rate expressions in

Equation (12) and (13) account for the formation and

consumption reactions of the radicals in the initiation and

termination steps, respectively. Thiyl radicals Sr. also form

by chain transfer, while they disappear by propagation,

represented by the second and third rate expressions in

Equation (12), respectively. Conversely, carbon radicals

Rr. form by propagation and disappear by chain transfer, as

shown by Equation (13). In addition, the homopolymeriza-

tion reaction contributes to the formation and consumption

of the carbon radicals Rr. in the reaction system. It should

be noted that, since the rate of carbon radical formation

by cyclization is assumed to be equal to its consumption

rate by intramolecular chain transfer, the intramolecular

rate expressions are excluded from Equation (12)–(13).

Moreover, dead polymer molecules, Pr, form by the chain

transfer reactions of Rr. radicals as well as by the termin-

ation reactions, while they disappear by the attack of thiyl

and carbon radicals on the pendant functional groups on Pr

(Equation (14)).

Moments of Polymer Distributions

The method of moments is then applied to the kinetic

model of the reactions represented by Equation (12)–(14)

to calculate the nth moment of the active polymer, inactive

(dead) polymer, and functional group distributions, defined

by:

Yn �
X1
r¼1

rn½Rr�� ð15aÞ

Y 0
n �

X1
r¼1

rn½Sr�� ð15bÞ

Qn �
X1
r¼1

rn½Pr� ð15cÞ

Wn �
X1
r¼1

rn½Mr� ð15dÞ

270 O. Okay, C. N. Bowman

Macromol. Theory Simul. 2005, 14, 267–277 www.mts-journal.de � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



W 0
n �

X1
r¼1

rn½SHr� ð15eÞ

ðn ¼ 0; 1; 2; . . .Þ

From definitions, zeroth moments correspond to the total

concentration of the species, i.e., Y0: [R.], Y 0
0 � ½S��,

W0: [M], and W 0
0 � ½SH�. From the moments of the

polymer distributions, the nth average chain length of

the carbon radical (�XXn�), the thiyl radical (�XX0
n�), and the

polymer (�XXn) are calculated as follows:

�XXn� ¼ Yn=Yn�1 ð16aÞ

�XX0
n� ¼ Y 0

n

�
Y 0
n�1 ð16bÞ

�XXn ¼ Qn=Qn�1 ð16cÞ

ðn ¼ 1; 2; 3; . . .Þ

where n¼ 1 and 2 correspond to the number- and weight-

average chain lengths, respectively. Invoking the steady-

state approximation to Equation (12)–(13), the moments of

the active polymer distributions are evaluated as follows:

Thiyl radical moments:

dY 0
n

dt
¼ ki½A��½SH� þ ktr½R��W 0

n � fkp1½M�

þ ktðY0 þ Y 0
0ÞgY 0

n ffi 0 ð17Þ

Carbon radical moments:

dYn

dt
¼ ki½A��½M� þ kp1

Xn
n¼0

n

n

� �
Y 0
nWn�nþ kp

Xn
n¼0

n

n

� �
YnWn�n

�fkp½M� þ ktr½SH� þ ktðY0 þ Y 0
0ÞgYn ffi 0

ð18Þ

Assuming that the consumption of the functional groups

by initiation is negligible relative to propagation, and since

the radical termination rate in thiol-ene polymerizations is

negligible compared to the rates of propagation or chain

transfer,[12–14] from Equation (17)–(18), the moments of

the active radicals are expressed as:

yn ¼
Xn
n¼0

n

n

� �
y0nwn�n þ ða� 1Þ

Xn�1

n¼0

n

n

� �
ynwn�n ð19Þ

y0n ¼ w0
n ð20Þ

Y 0
0 ¼ ð1 � jÞ RI

kt

� �0:5

ð21Þ

Y0 ¼ j
RI

kt

� �0:5

ð22Þ

where y0n ¼ Y 0
n

�
Y 0

0, yn ¼ Yn=Y0, wn ¼ Wn=W0, w0
n ¼

W 0
n

�
W 0

0, RI is the rate of initiation, RI ¼ ki½A��ð½M�þ
½SH�Þ, j is the mole fraction of carbon radicals within the

total radical species,

j ¼ kp1½M�
kp1½M� þ ktr½SH� ð23Þ

and a is the ratio of the consumption rates of vinyl to thiol

functional groups,

a � d½M�
d½SH� ¼ 1 þ kp½M�

ktr½SH� ð24Þ

Note that the consumption of vinyl functional groups via

homopolymerization does not occur in typical thiol-ene

systems,[5] so that a remains unity throughout the reactions

and the second term of the right hand side of Equation (19)

vanishes. Homopolymerization occurs, however, for exam-

ple in thiol-acrylate systems, which leads to higher vinyl

group consumption relative to thiol consumption.[4]

Furthermore, for monofunctional thiol monomers, the first

term of the right hand side of Equation (19) is unity due to

the fact that the chain length of the thiyl radicals cannot be

greater than one ðy0n ¼ 1Þ.
Using the assumptions made above, the material balance

for inactive molecules given by Equation (14) yields the rate

equation for the nth moment of the polymer distributions as

follows:

dQn

dt
¼ ktr½R��½SH�ðyn � awn � w0

nÞ; Qnð0Þ ¼ ½P1�0
ð25Þ

where [P1]0 is the initial monomer concentration, i.e.,

[P1]0¼ [M]0/f1þ [SH]0/f2. Equation (25) describes the dis-

tribution of all species including the unreacted monomer

molecules.

Moments of Functional Group Distributions

Let DM and DSH be the number of reacted vinyl and thiol

groups at a given reaction time or functional group

conversion. If there is no homopolymerization, that is, if

kpffi 0, the DM/DSH ratio remains unity during the entire

polymerization (Equation (24)). Thus, under this condition,

every treelike molecule, whatever its size, bears (r� 1)

reacted thiol and (r� 1) reacted vinyl groups (Figure 2).

However, if kp 6¼ 0, the ratio of DM/DSH becomes larger

than unity; in this case, every molecule will still have (r� 1)

reacted vinyl groups, but the average number of reacted

thiol groups is reduced to (r� 1)/(DM/DSH). In addition,

cyclization reactions may also occur during thiol-ene re-

actions, reducing further the number of pendant functional

groups. Letting x be the fraction of reacted functional

groups in cycles, the numbers of reacted vinyl and thiol
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groups in a cyclic molecule become (r� 1)/(1� x) and

(r� 1)/{(1� x)(DM/DSH)}, respectively. Thus, the con-

centrations of pendant vinyl and thiol groups in rmers are

given by:

½Mr� ¼ r½Pr�F1;r f1 � ðr½Pr� � ½Pr�Þ=ð1 � xÞ ð26Þ

½SHr� ¼ r½Pr�ð1 � F1;rÞf2 � ðr½Pr� � ½Pr�Þ=
fð1 � xÞðDM=DSHÞg ð27Þ

(r> 1)

where F1,r is the mole fraction of vinyl monomer in rmer

molecules. Assuming a homogeneous distribution of the

pendant functional groups along the polymer molecules,

i.e., F1;r ¼ �FF1, the nth moment of the vinyl and thiol group

distributions is written as follows:

Wn ¼
X1
r¼1

rn½Mr� ¼ ½M�0 þ �FF1f1ðQnþ1 � Q1Þ

� ðQnþ1 � QnÞ=ð1 � xÞ ð28Þ

W 0
n ¼

X1
r¼1

rn½SHr� ¼ ½SH�0 þ ð1 � �FF1Þf2ðQnþ1 � Q1Þ

� ðQnþ1 � QnÞ=fð1 � xÞðDM=DSHÞg ð29Þ

It is worth noting that the cyclization parameter x in large

molecules (r >> 1) should scale with r by r�3/2, while for

small molecules (r ¼ 100 � 101), it should mainly depend

on the chemical nature of the functional groups.[17,18] Since

in thiol-ene systems the chain length of the molecules is

rather small (�XX1 < 101), we neglect the r dependence of x in

the present analysis.

Conversion

Thiol and vinyl group conversions are defined as

xSH¼ 1� [SH]/[SH]0 and xM¼ 1� [M]/[M]0, respectively.

Using Equation (24)–(25) and (28), they can be calculated

as follows:

dxSH

dt
¼ 1

ð1 � xÞ ktr½R��ð1 � xSHÞ ð30Þ

dxM

dt
¼ ar0

dxSH

dt
ð31Þ

where r0 is the stoichiometric imbalance for the reaction

system,

r0 ¼ ½SH�0=½M�0 ð32Þ

Chain Length Averages

Equation (25) together with Equation (28)–(29) give a

general moment expression, which yields simple solutions

for several of the moments. For example, the equation for

the zeroth moment Q0 corresponding to the total number of

molecules is:

dQ0

dt
¼ �aktr½R��½SH� Q0ð0Þ ¼ ½P1�0 ð33Þ

while the first moment Q1 equals the total number of

monomer units in the reaction system, and it is time

invariant:

dQ1

dt
¼ 0 Q1ð0Þ ¼ ½P1�0 ð34Þ

Moreover, the rate equation for the second moment Q2 is

obtained from Equation (25) as follows:

dQ2

dt
¼ 2ðkp1Y

0
1 þ kpY1ÞW1 Q2ð0Þ ¼ ½P1�0 ð35Þ

Solution of Equation (33)–(34) for the number-average

chain length �XX1 gives:

�XX1 ¼ 1 þ r0

1 þ r0 � xMfavrð1 � xÞ ð36Þ

where favr is the average functionality of the monomer

mixture, i.e.,

favr ¼
1 þ r0

f�1
1 þ r0f

�1
2

ð37Þ

Equation (36) is valid for all thiol-ene reactions with or

without homopolymerization. The two extreme cases of

Equation (36) are given by x¼ 0 and x¼ 1, corresponding

to the ring-free and cyclo thiol-ene polymerizations,

respectively. For the weight-average chain length �XX2, such

a general equation cannot be derived from the moment

equations of the kinetic model. However, for ring-free thiol-

Figure 2. Schematic representation of a polymer molecule
formed from tetrathiol and trivinyl monomer units. The total
number of units is 10. If there is no homopolymerization, the
number of reacted thiol or vinyl groups is 9. The dashed lines show
the possible homopolymer blocks. The arrows show the cycle
formation routes.
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ene systems without homopolymerization (kp¼ 0), one

obtains from Equation (19)–(20), (28)–(29), (34)–(35):

�XX2 ¼ 1 þ xMr
�0:5
0

1 � xMr
�0:5
0 fðf1 � 1Þðf2 � 1Þg0:5

ð38Þ

Equation (36) and (38) are typical equations of step-

growth polymerization.[19–21] Thus, neglecting homopoly-

merization reactions, that is, for a¼ 1, the kinetic model

derived for thiol-ene systems is identical to that of the step-

growth reactions. However, if a> 1, that is, if homopoly-

merization occurs, the differential equations of the kinetic

model produce a different scenario. In this case, the primary

molecules (that is the molecules, which would result if all

cross-links were cut) with chain length r >> 1 start to

appear in the reaction system so that the kinetic model

yields equations closer to those for chain-growth polymer-

izations.[22–24]

Calculations

To simulate the thiol-ene reactions with time as the in-

dependent variable, accurate prediction of the initiation

rate, RI, is necessary. Equation (39a) predicts the initiator

concentration as a function of time, allowing RI to vary as a

function of time and assuming that each absorbed photon

leads to the decomposition of one initiator molecule. Then,

RI is determined by Equation (39b).[25]

d½I�
dt

¼ �2:303e
I0l
NAhc

½I� ½I�ð0Þ ¼ ½I�0 ð39aÞ

RI ¼ �f
d½I�
dt

ð39bÞ

where f is the number of radicals formed per absorbed

photon that initiate polymerization, i.e., the initiator effici-

ency, e is the molar absorptivity coefficient, I0 is the incident

light intensity, l is the wavelength, h is the Planck’s

constant, and c is the speed of light. For calculations, we set

e¼ 150 L/(mol � cm), l¼ 365 nm, f¼ 0.1, I0¼ 2 mW/cm2,

and [I]0¼ 0.02 M.

Simultaneous solutions of the differential Equation (7)–

(10) and (25) give the functional group concentrations and

the moments of polymer distributions as a function of the

reaction time. When the second moment or higher goes to

infinity, the onset of gelation occurs. The independent

variable time, t, can also be replaced with the fractional

conversions of either vinyl or thiol groups by use of

Equation (30) or (31). After this transformation, the system

specific parameters required to solve the model are: a)

initial concentrations and functionalities of the monomers,

b) the ratio of homopolymerization to chain transfer rate

constant kp/ktr, and c) the cyclization parameter x.

Results and Discussion

Data are presented first for the effect of the homopolymer-

ization on the gelation kinetics in thiol-ene systems. This

behavior is important in thiol-acrylate polymerizations

where the ratio of the homopolymerization to the chain

transfer kinetic constant (kp/ktr) is on the order of 1.

Calculations in this section were for a reaction system

consisting of divinyl and trithiol monomers with equivalent

feed ratios of thiol and vinyl groups (r0¼ 1). Figure 3

shows the weight average chain length �XX2 vs. the reaction

time and vinyl group conversion (xM), when the kp/ktr
ratio varies from 0 (curves 1) to 4 (curves 6). For

Figure 3. Weight-average chain length �XX2 in thiol-ene systems with r0¼ 1 plotted against the reaction
time (A) and vinyl group conversion, xM (B). f1¼ 2, f2¼ 3. Symbols were calculated using Equation
(38). Calculations were for six different kp/ktr ratios: kp/ktr¼ 0 (1), ¼ (2), ½ (3), 1/1 (4), 2/1 (5), and 4/1
(6), [I]0¼ 0.02 M, [M]0¼ 2 M, kp1¼ ktr¼ 5� 104 L �mol�1 � s�1, ktc¼ ktd¼ 106 L �mol�1 � s�1, x¼ 0.
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calculations, typical values of the rate constants and concen-

trations were used:[12–14] kp1¼ ktr¼ 5� 104 L �mol�1 � s�1,

ktc¼ ktd¼ 1� 106 L �mol�1 � s�1, and [M]0¼ 2 M. These

constants are typical for thiol-ene photopolymerization of

dithiol – diallyl and tetrathiol-vinyl silazane comonomer

pairs.[12–14] For kp/ktr¼ 0, i.e., when no homopolymeriza-

tion was allowed, the dependence of �XX2 on xM is predicted

using Equation (38), as shown in the figure by the symbols.

The asymptotic limit in �XX2 was used to predict the critical

time, tcr, and the critical conversion, xcr, at the gel point. The

gelation times decrease from 34.5 s to 0.9 s as the kp/ktr
ratio is increased from 0 to 4. The critical conversion also

decreases from 0.707 to 0.148 with increasing kp/ktr ratio.

Thus, the gel point in particular is very sensitive to the value

of kp/ktr, and it shifts toward lower conversions or shorter

reaction times as kp/ktr is increased.

For the same reaction system, the solid curve in Figure 4A

shows the number-average chain length �XX1 plotted against

the vinyl group conversion, xM. As predicted by Equation

(36), �XX1 vs. xM plots are independent of the kp/ktr ratio; �XX1

slightly increases with increasing conversion from 1 to 6.

It should be noted that �XX1 is the average chain length of all

molecules present in the reaction system, including the

unreacted monomers. If the monomers are not taken into

account, the resulting number-average chain length, �XX1;P,

can be calculated from the moments of molecules with

r> 1, denoted by Q�
n. The rate equation for Q�

n relates to Qn

using the following:

dQ�
n

dt
¼ dQn

dt
� d½P1�

dt
Q�

nð0Þ ¼ 0 ð40Þ

The dashed curves in Figure 4A show �XX1;P vs. xM plots for

various kp/ktr ratios. It is seen that �XX1;P is kp/ktr dependent;

the higher the kp/ktr, the higher the average chain length of

the polymer molecules. Over the whole range of kp/ktr ratios

presented here, the average chain lengths during the thiol-

ene reactions remain below 101.

Figure 4B shows vinyl and thiol group conversions, xM
and xSH, respectively, plotted against the reaction time up

to the onset of gelation. Increasing the kp/ktr ratio also

increases the conversion rate of the vinyl groups, while

that of the thiol groups slightly decreases. This more

rapid disappearance of vinyl groups is due to the increas-

ing contribution of the homopolymerization reactions

(Equation (4b)) to the gel forming system. The results as

shown in Figure 4B have been observed experimentally

in thiol-acrylate and thiol-methacrylate systems with and

without photoinitiators.[4,5,26] The disadvantage of more

rapid vinyl group consumption is the incomplete conver-

sion of the thiol groups after the thiol-ene reactions. To

obtain equivalent conversion of both functional groups, one

has to alter the feed ratio of thiol and vinyl groups, r0. The

critical condition for obtaining equivalent conversions of

both functional groups is obtained from Equation (30)–(31)

as follows:

r0 ¼ 1 � kp

ktr
ð41Þ

The dashed and dotted curves in the inset to Figure 4B are

xM and xSH vs. time plots, respectively, for a reaction system

with r0¼ 1 and kp/ktr¼ 0.5. It is seen that the vinyl groups

are consumed much more rapidly than the thiol groups.

Figure 4. (A) Number-average chain length of all molecules �XX1 (solid curve) and, of those
molecules with r> 1, �XX1;P (dashed curves) plotted against the vinyl group conversion, xM.
(B): xM (solid curves) and xSH (dashed curves) vs reaction time plots. Calculations were for
six different kp/ktr ratios: kp/ktr¼ 0 (1), ¼ (2), ½ (3), 1/1 (4), 2/1 (5), and 4/1 (6). All other
kinetic parameters are the same as given in the caption for Figure 3. The dashed and dotted
curves shown in the inset to Figure 4B are xM and xSH vs. reaction time plots, respectively,
calculated for r0¼ 1 and kp/ktr¼ 0.5. Changing r0 from 1 to 0.5, according to Equation (41),
results in equivalent conversion rates of both functional groups, also shown in the inset by
the solid curve.
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However, according to Equation (41), if the same reaction is

carried out at a feed ratio r0¼ 0.5, exactly equivalent con-

version of both functional groups can be obtained, as seen

by the solid curve in the figure.

Figure 5 shows number-average chain length of thiyl

radicals, �XX0
1� (dashed curves), and carbon radicals, �XX1�

(solid curves), plotted against xM for various kp/ktr ratios.

When no homopolymerization was allowed (curves 1),
�XX0

1� ffi 1 and �XX1� ffi 2 over a wide range of conversions,

indicating that the monomeric thiyl radicals together with

the dimeric carbon radicals consisting of one thiol and one

ene monomer units are active species in the pre-gel regime

of thiol-ene systems. Increasing the extent of homopoly-

merization also increases the chain length of the active

species. As the reaction system approaches the gel point,

both �XX0
1� and �XX1� diverge due to the formation of giant

molecules with more than one radical center, as also report-

ed for free-radical cross-linking copolymerizations.[16,22]

According to Equation (35) and (38), all the kinetic

parameters of a thiol-ene system, except the homopoly-

merization rate constant, kp, do not affect the gel point

conversion. However, these parameters do affect the

polymerization rate and thus, the gelation time. For

example, increasing the initiation rate RI or decreasing the

termination rate constant kt increases the total concentration

of the radicals so that gelation occurs more rapidly. An

important kinetic parameter in thiol-ene systems is the ratio

of the thiyl radical propagation constant to the chain transfer

rate constant, kp1/ktr. The relative concentration of carbon

radicals j in the reaction system is proportional to this ratio

and, for an equivalent feed ratio of thiol and vinyl groups,

kp1/ktr is equal to the concentration ratio of carbon to thiyl

radicals (Equation (23)). Figure 6 shows the variation of the

gelation time, tcr, with kp1/ktr at three different feed ratios of

thiol and vinyl groups. Calculations were for f1¼ f2¼ 3,

x¼ 0, and kp¼ 0, which leads to, according to Equation

(38), the gel point conversions xSH,cr¼ 0.707, 0.500, and

0.354, for r0¼ 0.5, 1.0, and 2.0, respectively. Figure 6

shows that gelation occurs earlier as kp1/ktr is increased up

to a critical value; thereafter, tcr becomes nearly indepen-

dent of kp1/ktr. One may explain this behavior with the

predominant attack of thiyl radicals on the vinyl groups and

formation of more stable carbon radicals as the kp1/ktr ratio

is increased. The gelation times tcr, in terms of the mole

fraction of carbon radicals j are calculated from Equation

(22) and (30) as:

tcr ¼
tcr;1
j

ð42Þ

where tcr,1 is the limiting value of the gelation time at

j¼ 1, i.e.,

tcr;1 ¼ � lnð1 � xSH;crÞ
ktrðRI=ktÞ0:5

ð42aÞ

Thus, according to Equation (22) and (42), if kp1/

ktr >> r0, the fraction of carbon radicals j approaches

to unity so that tcr becomes independent of kp1

�
ktr. This

condition is approached at kp1/ktr> 100 and 101 for r0¼ 0.5

and 1, respectively (Figure 6). However, if kp1/ktr	 r0, j is

much smaller than unity; no gel forms within a reasonable

period of time.

Figure 5. Number-average chain length of carbon radicals �XX1�
(solid curves) and thiyl radicals �XX0

1� (dashed curves) plotted
against the vinyl group conversion, xM. Calculations were for six
different kp/ktr ratios: kp/ktr¼ 0 (1), ¼ (2), ½ (3), 1/1 (4), 2/1 (5),
and 4/1 (6). All other kinetic parameters are the same as given in
the Figure 3 caption.

Figure 6. Effect of the kp1/ktr ratio on the gelation time in thiol-
ene systems at three different feed ratios, r0, of thiol and vinyl
groups. r0¼ 0.5 (solid curve), 1 (dashed curve), and 2 (dotted
curve).
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Figure 7 shows the weight-average chain lengths �XX2 in

thiol-ene reactions with r0¼ 1 plotted against the reaction

time and vinyl group conversion, xM. Calculations were

for various values of the cyclization parameter, x. The

functionalities of the monomers are taken as f1¼ 2, f2¼ 3

(solid curves) and f1¼ f2¼ 5 (dotted curves). The average

molecular weights, �XX2, in the pre-gel regime are below 101

up to about 80% conversion. At a given reaction time or

conversion, �XX2 slightly decreases with increasing x. The gel

point is, however, very sensitive to x, particularly if the

monomer functionalities are low; the gel point shifts

toward higher conversions or longer reaction times as x is

increased.

The dependence of the critical conversion xcr on x is also

illustrated in Figure 8A for the two thiol-ene systems. It is

seen that, for f1¼ f2¼ 5, xcr changes only slightly with x up

to 0.4 due to the large number of pendant functional groups

available in this system for gelation. However, for a reaction

system with f1¼ 2 and f2¼ 3, even a small degree of

cyclization rapidly increases the gel point conversion, xcr.

For x> 0.16 or x> 0.60, gelation is not attained for the

comonomer pairs with f1¼ 2, f2¼ 3 and f1¼ f2¼ 5, respect-

ively. The lack of gelation occurs because the concentration

of pendant functional groups becomes insufficient to render

all monomer units joined into a three-dimensional network.

To illustrate the effect of the monomer functionality on the

Figure 7. Weight- average chain lengths �XX2 in thiol-ene polymerizations with f1¼ 2 and
f2¼ 3 (solid curves) and f1¼ f2¼ 5 (dotted curves) plotted against the reaction time (A) and
vinyl group conversion, xM (B). Calculations were for various cyclization parameters, x. The
kinetic parameters used in the calculations are the same as given in the Figure 3 caption.
r0¼ 1, kp¼0. x¼ 0 (1), 0.10 (2), 0.15 (3), and 0.20 (4).

Figure 8. (A) The gel point conversions, xcr, shown as a function of the cyclization
parameter, x. The monomer functionalities are indicated in the figure. (B) The critical x
value, xcr, is shown as a function of f2. f1¼ 2. The kinetic parameters used in the calculations
are the same as given in the Figure 3 caption.
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critical value of x (xcr), in Figure 8B, xcr is plotted against

f2 for a fixed vinyl monomer functionality f1. xcr is an in-

creasing function of the monomer functionality. This result

arises from the fact that, increasing functionality of the

monomers also increases the concentration of the pendant

functional groups in the reaction system. As a result, the

effect of the functional groups lost in cycles on the onset of

gelation becomes weaker at high monomer functionalities.

For multifunctional thiol monomers with f2
 10, gelation

occurs even after consumption of more than 40% of the

functional groups by the cyclization reactions.

Conclusion

A kinetic model was developed for thiol-ene photopoly-

merization reactions. The model predicts the molecular

weight distribution of active and inactive species in the pre-

gel regime of thiol-enes, as well as the gel points depending

on the synthesis parameters. It is shown that, when no

homopolymerization is allowed, the average molecular

weights and the gel point conversion are given by the typical

equations valid for the step-growth polymerization. In-

creasing the extent of homopolymerization also increases

the average molecular weights and shifts the gel point

toward lower conversions or shorter reaction times. It is also

shown that the ratio of thiyl radical propagation to the chain

transfer kinetic parameter (kp1/ktr) affects the gelation

times, tcr. Gelation occurs earlier as kp1/ktr is increased up to

a critical value; thereafter tcr becomes insensitive to kp1/ktr.

This behavior was explained with the predominant attack of

thiyl radicals on the vinyl groups and formation of more

stable carbon radicals as the kp1/ktr ratio is increased. It was

also found that the gel point is very sensitive to the extent

of cyclization. In particular, if the monomer functionalities

are low, the gel point shifts toward significantly higher

conversions or longer reaction times as the fraction of

functional groups lost in cycles increases.
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