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Introduction. Frontal polymerization entails the
conversion of a monomer into a polymer via a localized
exothermic reaction zone that propagates through the
coupling of thermal diffusion and Arrhenius reaction
kinetics. Frontal polymerization was discovered in Rus-
sia by Chechilo and Enikolopyan in 1972 using methyl
methacrylate under high pressure.1 The extensive work
from Russia was reviewed by Davtyan et al.2

Pojman and co-workers performed an extensive study
of the macrokinetics and dynamics of frontal polymeri-
zation.3-7 They recently studied frontal copolymeriza-
tion.8 Frontal polymerization has been used to prepare
different materials, including thermochromic compos-
ites,9 IPNs,6 polymer-dispersed liquid crystal materi-
als,10 functionally gradient materials,11-13 and large
composites.14

An overwhelming majority of work has been on free-
radical systems, but other chemistries can be used.
Begishev et al. studied frontal anionic polymerization
of ε-caprolactam,15,16 and epoxy chemistry has been used
as well.17-20 Mariani et al. demonstrated frontal ring-
opening metathesis polymerization,21 and Fiori et al.
produced polyacrylate/poly(dicyclopentadiene) networks
frontally.22 Polyurethanes have recently been prepared
frontally.23,24 Frontal atom transfer radical polymeri-
zation has recently been achieved.25

Thiols can form polymers with ene compounds via a
free-radical step-growth mechanism.26-33 These systems
are especially interesting because of reduced sensitivity
to oxygen that plagues traditional acrylate polymeriza-
tions.26,31 In the absence of oxygen, the two-step polym-
erization mechanism consists of a radical addition of the
thiyl radical to the carbon-carbon double bond of a
reactive ene. The carbon-centered radical readily ab-
stracts a hydrogen in a chain transfer step. In cases
where the ene does undergo a homopolymerization
process, the only reaction is cross-linking copolymeri-
zation when the thiol and ene have an average func-
tionality greater than two.

Herein, we examine for the first time the frontal
polymerization of two types of thiol-ene systems: a
trithiol with a triallyl ether that proceeds to give a cross-
linked network by a free-radical step growth copolym-
erization mechanism and a trithiol with a diacrylate,
which can also undergo free-radical chain homopolym-
erization. In both cases we used (1,1-di(tert-butylper-

oxy)-3,3,5-trimethylcyclohexane) as the free-radical per-
oxide initiator.

Experimental Section. We performed all experi-
ments in glass tubes, 16 × 125 mm (VWR #72690-022),
on which a plastic cap (VWR #60826-290) could be
securely screwed. Polymerization was initiated by heat-
ing the wall of the tube with a soldering iron. Fronts
were always performed in the descending mode to avoid
buoyancy-driven convection.34 The reproducibility of
velocity measurements was (10%.

The solutions were degassed for 10 min with a
vacuum pump in order to remove most of the dissolved
air in order to avoid bubble formation that would
interfere with accurate front velocity determinations.5
However, no attempt was made to completely remove
oxygen.

Temperature profiles were measured by using cop-
per-constantan thermocouples with a wire diameter of
0.075 mm. The temporal profile was converted to a
spatial one using the front velocity.35

Pentaerythrytoltriallyl ether (PTE) (75%), trimethyl-
olpropane tris(3-mercaptopropionate) (95%) (TT1), and
1,6-hexanedioldiacrylate (80%, technical grade) (HDDA)
were obtained from Aldrich and used as received. The
mole fractions were determined from the functionality
of each component and its reported purity.

Luperox 231 ((1,1-di(tert-butylperoxy)-3,3,5-trimeth-
ylcyclohexane)) was obtained from Atofina.

Results and Discussion. The position vs time data
for all systems were linear. The linear dependence
indicates that a constant-velocity, self-sustaining front
was achieved. Figure 1 shows a front temperature
profile. It is interesting to note that despite the high
front temperature, the pure thiol-ene system has a
relatively low front velocity, on the order of 1 cm min-1.
HDDA fronts with 2% initiator had a velocity of 6.4 cm
min-1.

It is well-known that thiols with allyl ethers react by
a free-radical step-growth mechanism.26-30,32,33 Because
a step-growth mechanism is a reaction with a defined
stoichiometry, we expected that there should be an
optimal ratio of the thiol and ene. We confirmed this
by determining the front velocity as a function of the
thiol-ene ratio, which was a maximum at the stoichio-
metric mixture (1:1) (Figure 2). Nonstoichiometric ratios
can sustain a front over a limited range (0.4-0.68), but
outside this range the exotherm generated is not suf-
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Figure 1. Temperature profile for a 1:1 PTE:TT1 front with
2% Luperox 231 initiator.
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ficient to sustain a front with the amount of heat loss
from the tube.

Figure 3 shows the velocity dependence as a function
of the peroxide concentration for the stoichiometric
TT1:PTE mixture. As has been seen in free-radical chain
growth frontal polymerization, the velocity increases
monotonically with the initiator concentration.5,36

Frontal polymerization with acrylates has been shown
to exhibit nonplanar modes of polymerization in which
the front propagates as a helix.5,37-39 We observed spin
modes for mole fractions of PTE between 0.58 and 0.60
and 0.33 and 0.43. Why spin modes should only be
observed for nonstoichiometric mixtures is not clear and
is under investigation.

We also studied a thiol-diacrylate (HDDA) system
in which the ene could undergo both copolymerization
with the thiol and chain polymerization. Figure 4 shows
the velocity dependence on the fraction of HDDA with

TT1. We first notice that the front velocity exhibits a
maximum at a TT1 concentration near 1%. The increase
in the front velocity with small amounts of thiol is
related to oxygen inhibition. A particularly attractive
feature of thiol-ene chemistry is the insensitivity to
oxygen inhibition that is exhibited by acrylates.31 In the
present case, small amounts of thiols are effective
because the alkyl peroxy radicals that are formed
abstract a hydrogen from the thiol to produce a reactive
thiyl radical, which reinitiates the radical polymeriza-
tion of the acrylate. Thus, the thiol increased the front
velocity by reducing the inhibition of oxygen. As more
and more thiol was added, the lower reactivity of the
thiol dominated, and the front velocity decreased. For
samples with greater than 60% TT1, the systems could
not support frontal polymerization due to the unreacted
thiol groups.

This observation can be quite important for potential
applications. There is a practical limit to how much
peroxide can be added to increase the front velocity, but
adding only small amount of a thiol can give an increase
that can make a frontal system propagate faster.

Conclusions. We demonstrated for the first time
frontal polymerization in multifunctional thiol-ene
systems. For an ene that could not undergo free-radical-
chain propagation, the front velocity and front temper-
ature were a maximum at the stoichiometric ratio of
the thiol and ene. For a system like HDDA, which can
homopolymerize as well as copolymerize with the thiol,
the addition of even a small amount of thiol increased
the front velocity by as much as 80% by reducing oxygen
inhibition.
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