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4.38.1 What Is Frontal Polymerization?

Frontal polymerization (FP) is a polymerization process in
which polymerization occurs directionally in a localized reac-
tion zone. There are three types of FP. The first is photofrontal

polymerization in which the front is driven by the continuous
flux of radiation, usually UV light."~” The second is isothermal
frontal polymerization (IFP), which is based on the ‘gel effect’
to create a localized reaction zone to propagate slowly from a
polymer seed. The last type is thermal frontal polymerization,
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Figure 1 A schematic of photofrontal polymerization method used to

prepare microfluidic chips. Reprinted with permission from
Cabral, J. T.; Hudson, S. D.; Harrison, C.; Douglas, J. F. Langmuir 2004,
20, 10020-10029.” Copyright 2004 American Chemical Society.

and it results from the coupling of thermal transport and the
Arrhenius dependence of the reaction rate of an exothermic
polymerization (Figure 1).

Photofrontal polymerization produces fronts whose positions
depend logarithmically on time if the initiator continues to
absorb light and linearly on time if the initiator is photo-
bleached. It is limited in application to unfilled systems. IFP
propagates on the order of 1cmday ' and only for total dis-
tances of about 1 cm. Thermal frontal polymerization has the
widest range of velocities and types of chemistries that can be
used.

4.38.2 Photofrontal Polymerization

Photofrontal polymerization requires a continuous input of
radiation, usually UV light, to create a propagating front.
Koike et al.® and Ohtsuka and Koike’ used photofrontal
polymerization to create gradient optical materials (see next
section). Briskman” and Righetti et al.'® studied photopolymer-
ization of acrylamide in weightlessness. The reaction mixture
was composed of 18% aqueous solution of acrylamide with
methylenebisacrylamide (0.46%), catalyst (tetramethylenedia-
mide, 0.01%), and riboflavin (4.9 x 10" %%) as the initiator.
The illumination was provided by a lamp with a maximum
intensity at 4450 A. The experiment was performed in weight-
lessness (on the Mir space station) because buoyancy-driven
convection was generated by the temperature and concentra-
tion gradients. In the absence of convection, the front position
increased with the logarithm of illumination time. This reflects
the exponential distribution of illumination in the sample
caused by the absorption of the riboflavin.

Cabral et al.” developed a beautiful application of photo-
frontal polymerization for producing microfluidic chips. By
illuminating through a glass plate in contact with a polymeriz-
able resin, they created patterns that grew from the surface. If
the polymer possessed the same absorption properties as the
resin, then the front propagation was proportional to the loga-
rithm of the dose (Figure 2). However, if the polymer absorbed
more light than the resin, the position versus the logarithm of
the dosage exhibits curvature. Warren et al.'' analytically solved
the phase-field model of the process.

80
70 P
6.0 | [ ]

50

40

Height (mm)

30 [ ]
20

B ®
1.0 ®

0.0 A _Gg. L ]
0.00 0.01 0.10 1.00

Dose (J cm™?)

Figure 2 ‘Photoinvariant’ polymerization: frontal kinetics of resist
material whose transmission remains constant upon UV exposure.
Adapted from Cabral, J. T.; Hudson, S. D.; Harrison, C.; Douglas, J. F.
Langmuir 2004, 20, 10020-10029.”

If the photoinitiator is bleached, then a front with a con-
stant velocity can be created. Terrones and Pearlstein’
considered a model of free-radical photopolymerization with
a photobleaching initiator. They derived an analytical expres-
sion for the front speed of the localized traveling wave

ol

Front speed =
P Cap

where ¢, Iy, and C, o are the quantum yield of the photoinitia-
tor, incident intensity, and photoinitiator concentration,
respectively. They predicted and confirmed numerically that
front velocity does not depend on the absorption coefficient
of the initiator, as long as it is sufficiently large. However, the
front profile is a function of the coefficient.

4.38.3 Isothermal Frontal Polymerization

IFP is a slow process in which a localized polymerization
propagates from a solid polymer piece into a solution of its
monomer and a thermal radical initiator. The typical experi-
ment requires placing a piece of high-molecular-weight poly
(methyl methacrylate) (PMMA), the ‘seed’ in a solution of
methyl methacrylate and azobisisobutyronitrile (AIBN). The
monomer-initiator solution dissolves the polymer seed, creat-
ing a highly viscous ‘gel’ region (Figure 3). The initiator is

decomposing throughout the system and initiating
High rate Low rate
MMA/initiator

Figure 3 Schematic of isothermal frontal polymerization.
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polymerization but because of the Norrish-Trommsdorff effect
(gel effect),"*"? the rate of polymerization is higher in the gel
region than that in the rest of the solution.

Koike et al.'* first discovered this process and called it
‘interfacial gel polymerization’. He was interested in producing
Gradient Refractive INdex (GRIN) optical materials.'*~** GRIN
materials are formed by dissolving a dopant in the monomer.
Usually, the dopant possesses a higher refractive index than the
polymer. As the front propagates, the dopant is partially incor-
porated in the polymer such that the dopant’s concentration
increases in the bulk solution. If the front is performed in a
cylindrical geometry with the polymer seed in the form of an
annulus, then as the front propagates toward the center, the
dopant concentration increases. When all the monomer finally
polymerizes, a gradient in dopant concentration remains,
which creates a gradient in refractive index. As we can observe
in Figure 4, the flat disk of PMMA magnifies the letters because
of the gradient of naphthalene that was created.

Such GRIN cylinders are useful because they can be used in
optics.®>?> More importantly, such cylinders can be drawn into
GRIN optical fibers, which have a higher bandwidth for data
transmission than step-index fibers.'®2¢

For all the work carried out on polymeric GRIN materials
via interfacial gel polymerization in the 1980s and 1990s, little
work was performed on the actual front propagation process.
Golubev et al.?” proposed a mechanism in 1992. Gromov and
Frisch?® proposed a mathematical model that was flawed.
Ivanov et al. did work with IFP in 1997%° and 2002.°

Lewis et al.>" used the deflection of a sheet of laser light to
measure the position of the front and measure the magnitude
of the gradient between the monomer and polymer. In 2005,
they confirmed the proposed mechanism of IFP from
experiments and numerical modeling.***> Evstratova et al.**
confirmed that the process is indeed isothermal and there exists
a minimum molecular weight required for the seed.

The fronts propagate a short distance because polymeriza-
tion is occurring throughout the solution, and the fronts stop
propagating when the monomer has bulk polymerized.

(2
Figure 4 An image of a GRIN lens created by a radically propagating
front of methyl methacrylate polymerization from an annulus (1.5 cm) of

PMMA. Naphthalene was initially present in the monomer and accumu-
lated as the front propagated inward.
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Figure 5 The front position versus time for three different concentra-
tions of AIBN in methyl methacrylate at 50 °C. Data courtesy of L. Lewis.

Because of the slow bulk polymerization, the front accelerates
(Figure 5). This is because as the front propagates, it enters
region of higher and higher conversion, which means it takes
less time for the reaction in the front to reach high viscosity and
thus high reaction rate. This is analogous to smoldering. If a
piece of paper is uniformly heated until smoldering com-
mences and then a flame is ignited at one end, the flame will
accelerate as it propagates. The temperature is analogous to the
conversion in the polymer case.

Volpert and his colleagues have performed mathematical
analysis of IFP,??3%37 and modeled how the nonuniform
dopant distribution arises.*®

Short front propagation is adequate for many applications,
but propagation over greater distances than a centimeter is
possible. Masere et al.>® used IFP to create gradients of dyes
over several centimeters by performing the experiments at 4 °C
with trioctylmethyl ammonium persulfate.*® Ivanov et al.*®
used a polymeric inhibitor that would not diffuse into the gel
region but did prevent polymerization in the bulk solution.

IFP is a useful technique for producing gradient optical
materials but it is limited to free-radical systems that exhibit
the gel effect and whose polymers are soluble in their
monomers.

4.38.4 Cryogenic Fronts

A fascinating mode of frontal polymerization at temperatures
of 77 K and below was developed at the Institute of Chemical
Physics in Chernogolovka, Russia.*'™*” Many systems can be
polymerized by this method, including acetaldehyde, formal-
dehyde, cyclopentadiene, and methyl methacrylate. Filled
polymers, such as acetaldehyde and alumina, can also be
prepared.*®

The mechanism of propagation is via a non-Arrhenius
mechanism. The monomer is frozen at a temperature from
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4 to 77 K and then irradiated with gamma radiation. A mono-
mer such as methyl methacrylate is cooled in liquid nitrogen or
even liquid helium. Fronts are started by heating the surface.
Temperature and density gradients arising in the reaction are
responsible for further layer-by-layer disruption of the solid
sample and creation of the surface on which the reaction con-
tinues. Because of this positive feedback between the
solid-phase chemical reaction and the cracking of the frozen
reagents, the polymerization proceeds in a layer-by-layer fash-
ion and propagates through the entire sample as a front.

For example, epichlorohydrin can be rapidly cooled to 77 K
and then irradiated with 680 kGy dose of gamma radiation.*> A
polymerization front with a velocity of 1.3cms™' propagated
after fracturing a small region of the sample. Cations formed by
the irradiation were released by the cracking and a wave of
polymerization resulted.

4.38.5 Thermal Frontal Polymerization

Thermal frontal polymerization is a process in which a loca-
lized reaction zone propagates from the coupling of thermal
diffusion and the Arrhenius dependence of reaction rate of an
exothermic polymerization. Thermal frontal polymerization
was discovered at the Institute of Chemical Physics in
Chernogolovka, Russia by Chechilo and Enikolopyan. They
studied methyl methacrylate polymerization under 3500 atm
pressure.*”=>? (We will consider later why these extreme con-
ditions were used.) The literature from that Institute was
reviewed in 1984.°> Pojman®* rediscovered what he called
‘traveling fronts of polymerization’ in 1991. Pojman et al.”’
reviewed the field in 1996. There have been other focused
reviews.> >’

Thermal frontal polymerization is by far the most com-
monly studied form of FP, so we will henceforth refer to it as
‘FP’. We will first consider the necessary conditions for FP and
give an overview of the types of systems that have been studied.

4.38.5.1 Origins

Thermal fronts have been used in a process discovered in 1967
by Merzhanov and co-workers®® called self-propagating
high-temperature synthesis (SHS) to prepare ceramics and
intermetallic compounds.s("64 Secondly, such fronts demon-
strate a variety of dynamical behavior, including planar fronts,
spin modes,®>~®® and chaotically propagating fronts.®’

Chechilo et al.>® were the first to study FP. They studied
methyl methacrylate polymerization with benzoyl peroxide as
the initiator. Figure 1 is taken from their original data. They
performed the reactions in closed metal reactors under pressure
so they were unable to directly observe the front.

Chechilo and Enikolopyan®' studied the effect of pressure
on the velocity. Raising the pressure (up to 5000 atm) increased
the velocity by effectively increasing the concentration of the
monomer and increasing the polymerization rate constant.
They reported that drops of polymer descended from the
front, which underwent a convective breakdown. By increasing
the pressure to >3500atm, the instability was eliminated by
possibly reducing the density difference between monomer
and polymer and/or increasing the monomer/polymer
viscosities.

In bulk polymerizations, as the viscosity increases, the rate
of termination decreases causing autoacceleration, which is
called the gel effect.”'* For a monomer such as methyl metha-
crylate, the gel effect can play a significant role in the kinetics.
Davtyan et al.”® examined the influence of the gel effect on the
kinetics of radical polymerization in a front.

4.38.5.2 Attempts at Frontal Polymerization Reactors

A natural early goal of FP researchers was to develop a reactor in
which the monomer-initiator solution was pumped in such
that the product would continuously flow out, without the
input of heat. Attempts were made with reactors of cylindrical
and spherical geometries. Zhizhin and Segal”' performed a
linear stability analysis of a reactor consisting of two concentric
cylinders. A radial, axisymmetric front was supposed because
the monomer/initiator would be pumped through the perme-
able inner cylinder. The viscous reacted polymer was supposed
to flow out through the outer permeable cylinder. No
buoyancy-driven convection was included. They found that if
the resistance of the outer boundary was small, the front would
become hydrodynamically unstable. They also considered a
reactor with concentric spheres and found similar results.

Volpert and Volpert and their colleagues in Chernogolovka
continued these analytical and numerical studies.”>~”” They
found cases where the front would become unstable and
develop spin modes and multiple steady states, which we will
discuss in detail later. More numerical studies were performed
for the spherical case by Solovyov et al.”® They found that the
front could be unstable, and chaotic oscillations with low
frequency could result.

All the studies ignored the difference in density between
reactants and product, which meant they could not consider
how buoyancy-driven convection would affect the reactor per-
formance. From work, we will consider shortly, convective
instabilities are a major interference when using monomers
that form molten polymer.

4.38.5.3 Requirements for Frontal Polymerizations

For a system to support FP, it must have a low rate of reaction at
the initial temperature but have a very high rate of reaction at a
temperature between the initial temperature and the adiabatic
reaction temperature. What we mean by the ‘adiabatic reaction
temperature’ is the temperature reached if the reaction went to
completion without heat loss. Clearly, the reaction must be
exothermic. The essential criterion for FP is that the system
must have an extremely low rate at the initial temperature but
a high rate of reaction at the front temperature such that the
rate of heat production exceeds the rate of heat loss. In other
words, the system must react slowly or not at all at room
temperature, have a large heat release, and have a high energy
of activation. For free-radical polymerization, the peroxide or
nitrile initiator provides the large activation energy. As we will
discuss later, it is not possible to create a system that has a long
pot life at room temperature and a rapid reaction at any arbi-
trary temperature if the system follows Arrhenius kinetics.
Thermal polymerization fronts can exhibit a wide range of
interesting dynamical behavior.””®® Fronts do not have to
propagate with a constant velocity or constant shape but can
be affected by buoyancy-driven convection and/or intrinsic
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thermal instabilities. Some of these phenomena significantly
affect FP and must be considered; others are of more interest to
those collecting nonlinear phenomena.®®

4.38.5.4 Starting Fronts

Fronts can be started by any process that will raise the starting
materials to a temperature high enough that the rate of heat
production will exceed heat loss. Three methods have been
used. The most common is to use a thermoelectric heater
such as a soldering iron. With benzoyl peroxide as the initiator,
N,N-dimethylaniline can be added to cause the peroxide to
rapidly decompose in the location in which it is added. The
other method is to use a UV light with a system that contains
both photoinitiator and thermal initiator. Ritter et al.®" analy-
tically considered the necessary conditions for ignition. Heifetz
et al.®? performed numerical simulations determining how the
temperature of a constant temperature heat source affected the
ability to initiate a front with heat loss.

Nason et al.®> examined the conditions for photoinitiation
of FP of trimethylolpropane triacrylate with Luperox 231 as the
thermal initiator and Darocur 4265 as the photoinitiator. They
found that there was an optimal concentration of photoinitia-
tor to achieve the shortest start time for the front (Figure 6).

4.38.5.5 Free-Radical Frontal Polymerization

Free-radical chemistry is the most amenable to FP because the
reactions can be rapid, very exothermic, and with a high energy
of activation controlled by the type of initiator. A number of
radical polymerization reactions are highly exothermic and
able to support the FP regime. A free-radical polymerization
with a thermal initiator can be approximately represented by a
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Figure 6 The time until front ignition as a function of photoinitiator
concentration for irradiance of 5.9 mW cm~2 with 0.4 wt.% Luperox 231
for trimethylolpropane triacrylate. Adapted from Nason, C.; Roper, T;
Hoyle, C.; Pojman, J. A. Macromolecules 2005, 38, 5506-5512.8%

three-step mechanism. First, an unstable compound, usually a
peroxide or nitrile, decomposes to produce radicals:

I—>f2Re 1]

where f is the efficiency, which depends on the initiator type
and the solvent. A radical can then add to a monomer to
initiate a growing polymer chain:

Re+ M P e 2]
Pi+M=P, 3]

The propagation step [3] continues until a chain terminates
by reacting with another chain (or with an initiator radical):

P} + Py, — Py + Py (01 Pyim) [4]

The major heat release in the polymerization reaction
occurs in the propagation step. However, the propagation
step does not have a sufficiently high activation energy to
permit a front. FP autocatalysis is controlled by the energy of
activation of the initiator decomposition. The steady-state
assumption in the polymerization model gives an approximate
relationship between the effective activation energy of the
entire polymerization process and activation energy of the
initiator decomposition reaction:

Eeff = Ep + (%) - (%) [5]

where Ej, is the activation energy of the propagation step, E; is
that for the initiator decomposition, and E, is that for the
termination step.

The second term in the right-hand side of eqn [5] depends
on the initiator. Because it has the largest magnitude, this value
mostly determines the effective activation energy. Because of
this, the initiator plays a significant role in determining if a
front will exist, and if so, temperature profile in the front and
how fast the front will propagate.

4.38.5.6 Properties of Monomers

Some requirements on the physical properties of the polymer-
ization medium itself must also be met. In the early papers on
FP, the authors*®~>? applied very high pressure (up to 5000 atm)
to eliminate monomer boiling (methyl methacrylate) and the
reaction zone decay due to the density gradient in the reaction
zone (Rayleigh-Taylor instability). They also managed to
observe only downward traveling fronts because natural convec-
tion rapidly removed heat from the reaction zone of an
ascending front leading to extinction. However, at pressures
less than 1500 atm, descending fronts decayed because the poly-
mer was denser than the monomer. Thus, unless a sufficiently
high pressure is applied, it is not possible to obtain a polymer-
ization front with methyl methacrylate (Figure 7).

We describe cases when FP is expected to be observed. The
first case is the polymerization of crosslinking monomers (ther-
mosets). The second group of monomers form polymers that
are insoluble in the monomer. Good examples are acrylic and
methacrylic acids.>* %> Insoluble polymer particles adhere to
each other during their formation and stick to the reactor or test
tube walls, forming a mechanically stable phase and discern-
ible polymer-monomer interface. Nonetheless, Rayleigh-
Taylor and double-diffusive instabilities, which we will discuss
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Figure 7 A descending front of triethylene glycol dimethacrylate poly-
merization with benzoyl peroxide as the initiator.

in Section 4.38.5.16.1, partially develop in such systems and
manifest themselves as fingering.”**® How well the front sus-
tains itself depends on conversion, the polymer glass transition
temperature, and molecular weight distribution. Indeed, these
properties themselves depend on the initial reactant tempera-
ture, initiator type, and concentration.®*

Nagy and Pojman developed a technique to suppress finger-
ing with methacrylic acid fronts in which the tube was rotated
around the axis of front propagation.®” The front velocity
depended on the fourth power of the rotational frequency,
and the amplitude of the front curvature was proportional to
the square of the frequency.

The third group of monomers includes all highly reactive
monomers that produce thermoplastic polymers, which are
molten at the front temperature. Such fronts decay due to
the Rayleigh-Taylor instability. Although these polymers are
soluble in their monomers (given sufficient time), on the time
scale of the front the polymer is effectively immiscible with
the monomer. Adding inert filler such as ultrafine silica gel
or a soluble polymer increases the viscosity and eliminates
the front collapse. Some monomers such as styrene and
methyl methacrylate require moderate pressure (20-30 atm)
to eliminate monomer boiling. Higher-boiling-temperature
monomers like butyl acrylate support the frontal regime at
ambient pressure in test tubes. FP of the third group of mono-
mers can be realized in any orientation because the large
viscosity (of the monomer-Cabosil system) suppresses natural
convection.

All FP monomers should be highly reactive to maintain the
reaction in the presence of heat losses that always occur, and
are especially important in narrow tubes. The frequency
factor for the propagation rate coefficient should be at least
Ap,210°1mol™'s™", based on experience with reactions in the
test tubes with less than 3 cm diameter at ambient temperature.
A polymerization front is a thermal wave having existence
conditions with respect to the heat loss intensity. In some
cases, the problem of quenching can be solved by using larger
diameter test tubes or preheating the initial reactants.
Preheating will not work with a fast decomposing initiator,
for example, AIBN, because of the homogeneous reaction in
the bulk monomer.

4.38.5.7 Frontal Polymerization in Solution

FP of several reactive monomers can be performed in high
boiling point solvents.®® Acrylamide polymerization will pro-
pagate in water (with some vaporization of water),*°° in
dimethyl sulfoxide (DMSO)’" and in dimethyl formamide
(DMF) with several initiators, including sodium persulfate,
potassium persulfate, ammonium persulfate, and benzoyl per-
oxide. Interestingly, no gas bubbles are observed with
acrylamide/persulfate in DMSO. (The persulfates do not pro-
duce volatile side products.) Several other monomers also work
in these solvents, including acrylic acid, sodium methacrylate,
and zinc dimethacrylate.®®

For a monomer to support FP in a solvent, the enthalpy of
the reaction must be sufficiently high that dilution does not
lower the front temperature below a front-sustaining value.
Dimethylbenzene can be used with polyurethane synthesis.’?

Fronts of acrylamide in DMSO (1:1) are not destroyed by
the Rayleigh-Taylor instability (‘fingering’) because the poly-
acrylamide gels. However, a monomer such as acrylic acid,
which does not gel in DMSO, exhibits rampant fingering and
will not propagate without the addition of a few percent of
bisacrylamide (a difunctional monomer), which produces a
crosslinked and solid product. The same is true for acrylamide
in DMF.

4.38.5.8 Temperature Profiles

A polymerization front has a very sharp temperature profile,
and profile measurements can provide much useful informa-
tion. The temperature profiles help elucidate the reasons for
incomplete conversion and the structure of the front. Two
temperature profiles measured during FP of methacrylic acid
are shown in Figure 8. The first profile is for benzoyl peroxide
in methacrylic acid at different initial temperatures. The other
profile was obtained for the same monomer with tert-butyl
peroxide (tBPO). Conversion is directly proportional to the
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Figure 8 Spatial temperature profiles for methacrylic acid polymeriza-
tion fronts: 2% w/v of benzoyl peroxide (BPO), 12.5% v/v of tert-butyl
peroxide (£BPO). Adapted from Pojman, J. A.; llyashenko, V. M.;

Khan, A. M. J. Chem. Soc. Faraday Trans. 1996, 92, 2825-2837.%°
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difference between the maximum and initial temperatures. The
{BPO profile reflects the use of a more stable initiator, which
led to the highest conversion and widest heat conductivity
zone. All these facts point to initiator burn out, that is, when
the initiator has been exhausted before the reaction has been
completed, more stable initiators give higher conversion. The
methacrylic acid front with tBPO was significantly slower in
spite of having the highest reaction temperature. This means
that the effective activation energy of a polymerization front is
directly correlated to the activation energy of the initiator
decomposition, as was expected.

4.38.5.9 Velocity Dependence on Initiator Concentration

Chechilo et al.>* studied methyl methacrylate polymerization
with benzoyl peroxide as the initiator. By placing several ther-
mocouples, they could infer the front velocity and found a 0.36
power dependence for the velocity on the benzoyl peroxide
concentration. More detailed studies for several initiators
showed 0.223 for (BPO, 0.324 for BPO, and 0.339 for cyclo-
hexylperoxide carbonate.>®

Pojman et al. reported a detailed study of Triethylene glycol
dimethacrylate (TGDMA) FP.** The power functional depen-
dence for velocity versus initiator concentration was different
for all three: AIBN (0.20), BPO (0.23), and LPO (0.31).

Khanukaev et al.”’>** considered the theory of front propa-
gation in terms of conversion and velocity as a function of
initial temperature. Because of the high front temperature, all
the initiator can decompose before all the monomer has
reacted. The result is initiator ‘burn out’, which decreases con-
version and velocity. High initial temperatures exacerbate this
effect. Using their theory, they correctly predicted the conver-
sion for one experiment with methyl methacrylate (46%) and a
velocity of 0.12 cm min™ .

The most careful study of velocity as a function of experi-
mental parameters was performed by Goldfeder et al.””> They
considered the FP of butyl acrylate containing fumed silica (to
suppress convection) in a custom-built reactor that allowed
temperature control at 50 atm pressure (to suppress bubbles).
They developed analytical solutions for the front velocity as a
function of initiator concentration and initial temperature.

4.38.5.10 Front Velocity as a Function of Temperature

The front velocity is a function of the initial temperature
and the AT of the reaction, where AT is determine by the
|DH| x Mo/C,,. The value of AT is also affected by the presence
of any inert material. Goldfeder et al.”> derived an expression
for the front velocity in terms of the parameters for a
free-radical polymerization. The velocity is a function of , the
thermal diffusivity (0.0014 cm?s™'), Ty, k3=the preexponen-
tial factor for the initiator decomposition (4 x 10'?s™'),
E; =E4=the energy activation for the dissociation constant for
the initiator = 27 kcal mol™ !, Ry is the ideal gas constant.

2 KR T

W =—
2E1(Ty, - To)

kje-Eq/R,Ty, [6]

The model worked well for butyl acrylate. Figure 9 shows
the results for the experiment and analytical solution as well as
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Figure 9 Comparison of the velocity dependence on the AIBN concen-
tration for the frontal polymerization of butyl acrylate at 278 K, determined
experimentally, numerically and analytically. Adapted from Goldfeder, P. M.;
Volpert, V. A;; llyashenko, V. M.; et al. J. Phys. Chem. B19917, 101,
3474-3482.%

numerical simulations with the complete model. This model
does not work with multifunctional monomers.

4.38.5.11 The Effect of Type of Monomer and Functionality
on Front Velocity

Fronts with methacrylates propagate more slowly than with
acrylates, as would be expected from the lower reactivity of
the methacrylate. Nason et al.®* studied the velocity for many
different acrylates and methacrylates (Figure 10). In Figure 11,
we can see how the front velocity varies with the inverse of the
molecular weight per acrylate group. Front velocities can reach
as high as 50 cm min™" for both triacrylates and tetraacrylates
with high concentrations of initiator.

The high velocity is consistent with the behavior of multi-
functional acrylates. Once gelation occurs, the rate of
termination decreases and so the overall rate of polymerization
increases. Thus, the multifunctional acrylates exhibit an
extreme gel effect that causes them to polymerize very rapidly.
This crosslinking also affects the manner of front propagation,
as we will discuss in section 4.38.5.16.4.

4.38.5.12 Solid Monomers

Pojman et al.”® demonstrated that acrylamide could be poly-

merized frontally without solvent. Using a rock tumbler, they
ground acrylamide and various solid initiators, including ben-
zoyl peroxide, AIBN, potassium persulfate, ceric ammonium
nitrate, ceric ammonium sulfate, bromate/malonic acid, lead
dioxide, and lithium nitrate. The conversion was determined
by adding bromine®” and titrating the excess iodimetrically.”®
The number of growing chains that are terminated by an initia-
tor radical (primary termination) increases with higher
concentrations of initiator, decreasing conversion. The degree
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Figure 10 Chemical structures of some acrylate and methacrylate monomers: (a) hexanediol diacrylate (HDDA), (b) diethylene glycol diacrylate
(DEGDA), (c) poly(ethylene glycol) diacrylate (PEGDA), (d) trimethylolpropane ethoxy triacrylate (TMPEQTAI), (e) trimethylolpropane ethoxy triacrylate
(TMPEQTA-II), () difunctional urethane acrylate (Ebecryl 8402), (g) hexanediol dimethacrylate (HDDMA), (h) diethylene glycol dimethacrylate (DEGDMA),
(i) triethylene glycol dimethacrylate (TREGDMA), (j) trimethylolpropane trimethacrylate (TMPTMA), (k) trimethylolpropane triacrylate (TMPTA). Reprinted
with permission from Nason, C.; Roper, T.; Hoyle, C.; Pojman, J. A. Macromolecules 2005, 38, 5506-5512.8% Copyright 2005 American Chemical Society.
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121; TMPEQTA, 143; TMPEQTA, 201; PEGDA, 350; Ebecryl 8402, 500;
irradiance of 5.9 mW cm~2. Adapted from Nason, C.; Roper, T.; Hoyle, C.;
Pojman, J. A. Macromolecules 2005, 38, 5506-5512.

of monomer conversion with AIBN was strongly dependent on
the initiator concentration, with 0.8% AIBN, 95% of the mono-
mer reacted but only 50% reacted with 2% AIBN.

—Polyacrylamide diluent
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Figure 12 Temperature profiles for the frontal polymerization of undi-
luted acrylamide, of acrylamide diluted with commercial polyacrylamide,
of acrylamide diluted with barium carbonate, and of acrylamide diluted
with frontally polymerized acrylamide. Adapted from Fortenberry, D. 1.;
Pojman, J. A. J. Polym. Sci. Part A: Polym. Chem. 2000, 38, 1129-1135.%°

The front velocities were about on the order of 10 cm min™ .

The higher velocities compared to monoacrylates resulted from
high front temperatures (272 °C compared to 190 °C) and the

greater reactivity of acrylamide.
Fortenberry and Pojman®® studied FP of acrylamide in

detail.Synthesis of polyacrylamide via FP resulted in a cross-
linked, insoluble product. Figure 12 shows that the maximum
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Figure 14 Temperature profiles of the frontal polymerization of acryla-
mide with potassium persulfate as the initiator, at two different initial
densities. Adapted from Fortenberry, D. I.; Pojman, J. A. J. Polym. Sci.
Part A: Polym. Chem. 2000, 38, 1129-1135.%°

front temperature reached during polymerization was 235 °C.
The presence of ammonia was detected by scent and litmus
paper, which indicated imidization occurred (Figure 13).
Analogous crosslinking by anhydride formation was observed
in the FP of methacrylic acid (see section 4.38.5.14).'°° They
calculated that the frontally produced samples were only 6%
imidized. Imidization was prevented by adding an inert filler,
either barium carbonate or polyacrylamide. Fronts propagated
with front temperatures as low at 97 °C (Figure 14).

Foretenberry and Pojman®® found that the front velocity
was not a function of the particle size of the ground acrylamide
but was a function of the green (unreacted) density. The velo-
city increased with the increased green density because the front
temperature was higher and the thermal diffusivity larger.
Fronts can even propagate if the sample is immersed in liquid
nitrogen, provided a change of temperature of 400K
(Figure 15).

Pomogailo and his co-workers studied interesting solid sys-
tems that require no added initiator but proceed by a
free-radical mechanism.'®'~'%° Using transition-metal com-
plexes with acrylamide, they achieved FP with the solid
monomers.

4.38.5.13 Effect of Pressure

155

Pojman et al.”” performed experiments in a custom-built reac-
tor that allowed isobaric and isothermal conditions. They
found that the front velocity was a function of the applied
pressure, even at low values of less than 30 atm. As the pressure
is increased, the velocities decrease, exactly opposite the beha-
vior observed by Chechilio and Enikolopyan at high pressures!

300
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100 |
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Figure 15 The temperature profile of frontal polymerization of acryla-
mide immersed in liquid nitrogen. Adapted from Pojman, J. A.;
llyashenko, V. M.; Khan, A. M. J. Chem. Soc. Faraday Trans. 1996, 92,
2825-2837.%

At the low pressures we employ, we are not affecting the rate
constants of polymerization but suppressing bubbles.

There are three sources of bubbles. All thermal initiators
(except for persulfates), produce volatile byproducts, such as
CO,, methane, or acetone. It is an inherent problem with all
commercially available peroxide or nitrile initiators.

Another source of bubbles is dissolved gas and water in the
monomer. Gases can be removed under vacuum but water is
extremely difficult to remove from methacrylic acid and
TGDMA. Less than 1 mg of water will result in 2 cm® of water
vapor at the front temperature of 200 °C and 1 atm of pressure.
The only certain solution to all three sources is to perform
reactions under pressure.

Bubbles can increase the velocity of fronts in standard
closed test tubes initially at ambient pressure by as much as
30% compared to fronts free of bubbles under high pressure.
The expansion of bubbles is part of the velocity by forcing
unreacted monomer up and around the cooling polymer plug
that is contracting; poly(methacrylic acid) is about 25% more
dense than its monomer. This means that the pressure increases
during the reaction because the tube is sealed, except for leak-
age around the initial polymer plug.®®

Figure 16 shows the front velocity as a function of the
inverse of the applied pressure. As the pressure was increased
the velocity decreased because the volume of the bubbles was
decreased, following Boyle’s law.

We can write the velocity as

Const

vel (p) = vely + [7]
where the constant is a function of the number of moles of gas
produced in the front. Therefore, the higher the initiator con-
centration, the higher is the applied pressure necessary to
obtain the true front velocity.

To determine the true front velocity dependence on initiator
concentration requires that the effect of bubbles be eliminated.
Different initiators can yield different amounts of gas. Thus, the
velocity depends not only on the kinetics of the initiator
decomposition, but also on the amount of gas produced and
on the applied pressure.



966 Frontal Polymerization

20
15F
2 .
£
IS
S 10F
=
‘o
o
<
>
0.5
0.0 1 Il 1
0 0.05 0.1 0.15

1/P (atm)™!

Figure 16  Front velocity of butyl acrylate polymerization as a function of
applied pressure with AIBIN as the initiator (1.7% w/w) and 5.7% fumed
silica. Adapted from Pojman, J. A.; llyashenko, V. M.; Khan, A. M.

J. Chem. Soc. Faraday Trans. 1996, 92, 2825-2837.%

Figure 17 A front of butyl acrylate polymerization with fumed silica (to
prevent convection) and with 4% AIBN, under 50 atm pressure. Adapted
from Pojman, J. A.; llyashenko, V. M.; Khan, A. M. J. Chem. Soc. Faraday
Trans. 1996, 92, 2825-2837.5

Poly(methacrylic acid) formed in a front in a test tube
initially at ambient pressure is opaque but translucent when
produced under at least 34 atm pressure. Very small bubbles
scatter light and make the material opaque when in fact, the
polymer itself is clear. This is also true with butyl acrylate
fronts. Cabosil has a refractive index close enough to poly
(butyl acrylate) that the initial solution and product are trans-
lucent, as can be seen in Figure 17.

If TGDMA was partially reacted to produce a gel before front
initiation, no bubbles appear as the front propagates. (Gelling
was accomplished by allowing TGDMA/initiator to sit at room
temperature for several days or by heating to 40 °C until gelation
occurs.) In ungelled TGDMA, copious bubble production occurs.
It seems that the gel prevents nucleation of bubbles before
complete crosslinking makes it impossible to form bubbles.

To reduce bubble formation, there are several approaches
besides using applied pressure. Some peroxides produce less

gas. Let us consider more about why peroxide and nitriles
produce volatile compounds. The decomposition of a peroxide
is endothermic and reversible. To make the production of
radicals irreversible, initiators fragment (Figure 18). For exam-
ple, AIBN decomposes to produce N, and organic radicals,
making the overall reaction exothermic and irreversible.
Benzoyl peroxide decomposes into the benzoyl radical, which
fragments into carbon dioxide and a phenyl radical. Dicumyl
peroxide breaks into peroxy radicals that undergo beta scission
to produce acetophenone and methyl radicals. 1,1-Di-(tert-
butylperoxy)-3,3,5-trimethylcyclohexane (Luperox 231) is a
room-temperature stable liquid that readily dissolves in acry-
lates. Upon decomposition and beta scission, it produces
acetone and methyl radicals and a diperoxy radical.

Persulfate does not produce bubbles. Pojman et al.®® used
ammonium persulfate in the solution polymerization of acry-
lamide in DMSO. Persulfate salts are not soluble in organics; so
Masere et al.*® synthesized trioctylmethyl ammonium persul-
fate, which is a room temperature ionic liquid. Mariani et al.*'°
synthesized phosphonium-based persulfate ionic liquids,
which had less of a plasticization effect because of their lower
molecular weight.

4.38.5.14 Molecular Weight Distribution

Pojman et al.'® examined the molecular distribution of two

systems: methacrylic acid and butyl acrylate. Previously
Pojman et al.® had determined the molecular weight of poly
(methacrylic acid) produced frontally and reported very high
molecular weight (about 10°gmol™'), which did depend on
the radial position in the sample. Methacrylic acid can undergo
anhydride formation, leading to branched polymers of higher
molecular weight than expected. Using morpholine to selec-
tively cleave the anhydride linkages, they determined that the
degree of polymerization was about 100 and that about 20% of
the carboxyl groups were in the anhydride form. After cleavage,
the molecular weight was in the expected range (Figure 19).
Poly(butyl acrylate) prepared frontally produced the expected
molecular weight ranges (Figure 20).

Fortenberry and Pojman’® determined by light scattering
that polyacrylamide prepared frontally with barium carbonate
as an inert diluent had a molecular weight average on the order
of 10°.

Enikolopyan et al.''" analytically considered the problem of
the molecular weight distribution when the consumption of
initiator was included. Not surprisingly, the distributions were
more broad than observed in an isothermal polymerization,
but no supporting experimental data were presented.

In order to produce the poly(butyl acrylate), silica gel was
added to increase the viscosity and avoid convective mixing.'*°
(We will discuss convective instabilities in section 4.38.5.16.1).
Because high viscosity leads to high molecular weight via the
gel effect, Pojman et al.''? sought to prepare poly(butyl acry-
late) frontally but without added silica. In order to accomplish
this, they flew an experiment on a sounding rocket in order to
avoid buoyancy-driven convection. They found that the mole-
cular weight distribution was the same as that prepared in the
lab using silica gel. Thus, they concluded that the silica
increased the macroscopic viscosity but did not affect the
molecular-level viscosity.
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Figure 18 The decomposition schemes for three different initiators.
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Figure 19 The molecular weight distribution for frontally prepared poly
(methacrylic acid) and after the anhydride linkages were cleaved with
morpholine. Adapted from Pojman, J. A.; Willis, J. R.; Khan, A. M,;
West, W. W. J. Polym. Sci. Part A: Polym. Chem. 1996, 34, 991-995.%

4.38.5.15 Conversion

An important issue for using FP for polymer synthesis is con-
version. We will consider in Section 4.38.5.26 the advantages of
FP, some of which will be rapid conversion without the use of
solvent. However, if conversion is low and the product must be
purified, those advantages will be nonexistent. Initiator ‘burn
out’ occurs when the all the initiator has decomposed before
the monomer has been completely reacted.”*”* For
methacrylic acid polymerization with benzoyl peroxide as the
initiator, conversion ranged from 80% to below 70% in a
2.2-cm tube (Figures 21 and 22).%* The conversion was higher
in a 1.5-cm diameter tube (85-80%) because the front
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Figure 20 The molecular weight distributions for poly(butyl acrylate)
produced frontaly. Adapted from Pojman, J. A.; Willis, J. R.; Khan, A. M.;
West, W. W. J. Polym. Sci. Part A: Polym. Chem. 1996, 34, 991-995.1%

temperature was lower due to greater heat loss in a narrower
tube. With the more stable tBPO as the initiator in a 2.2-cm
tube, conversion was significantly higher (92%) but the front
velocity was lower, by as much as a factor of 2. Tredici et al't?
found conversion around 90% for a copolymerization.

By combining the two peroxides, the conversion could be
obtained as high as for tBPO alone with a velocity close to that
with BPO alone. The front velocity was determined by the less
stable peroxide, BPO, with the more stable tBPO finishing the
reaction. However, the velocity was lower than for BPO alone,
and the authors proposed that the radicals from the BPO
decomposition could induce decomposition of the tBPO.
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Figure 21  The conversion of methacrylic acid frontal polymerization as a
function of benzoyl peroxide (BPO) and/or tert-butyl peroxide (¢BPO).
Adapted from Pojman, J. A.; Willis, J.; Fortenberry, D.; et al. J. Polym. Sci.
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Figure 22 The velocity for methacrylic acid frontal polymerization with
benzoyl peroxide (BPO) and tert-butyl peroxide (£BPO). Adapted from
Pojman, J. A.; Willis, J.; Fortenberry, D.; et al. J. Polym. Sci. Part A: Polym.
Chem. 1995, 33, 643-652.%

Conversion can also be limited by thermodynamics.
Because the polymerization reactions are exothermic, the equi-
librium conversion decreases with increasing temperature.''* A
relationship between temperature and the equilibrium mono-
mer concentration (assuming unit activity coefficients) can be
derived,”® in which [M], is the standard monomer concentra-
tion used to calculate the AS® and AH®.

" AHo
ASO 4 RIn([M]o/M]°)

(8]

For an adiabatic polymerization, the maximum conversion
is uniquely determined by the AH® and AS° of polymerization.
As the temperature increases, the equilibrium conversion is
reduced and can be related by

600 -
Equilibrium temperature

g
2
© 400 -
(V]
Q.
IS
i)

300 Self-heating

200 1 ] I 1

0.8 0.85 0.9 0.95 1

Conversion

Figure 23 The relationship between the extent of conversion and the
ceiling temperature for methyl methacrylate. [M]initia = 9.36 M,
AH®=-56kJmol™", AS°=117JK™", G,=205.3Jmol""K~", T;=25 °C.
Adapted from Pojman, J. A; llyashenko, V. M.; Khan, A. M. J. Chem. Soc.
Faraday Trans. 1996, 92, 2825-2837.5°

1 AH®—TAS°
exp [9]
[ } initial RT

a=1-

The relationship for the temperature and conversion for
adiabatic self-heating is

(10]

The solution of eqns [8] and [9] provides the conversion
achieved in adiabatic polymerization. Figure 23 shows the
results for methyl methacrylate with an initial temperature of
25 °C, using thermodynamic data from Odian.'** The conver-
sion is 0.93, which means that independent of initiator
burnout, complete conversion can never be achieved because
of the high front temperature. This value is very sensitive to the
exact values of the thermodynamic parameters so the calcu-
lated value may not correspond precisely to experiment.
Nonetheless, thermodynamics must be considered when select-
ing candidates for FP. Similar monomers may exhibit very
different conversions at the same temperature. For example,
zero conversion will be obtained at 310 °C with styrene but
a-methylstyrene will not react above 61 °C.'"”

4.38.5.16

4.38.5.16.1 Buoyancy-driven convection

Because of the large thermal and concentration gradients, poly-
merization fronts are highly susceptible to buoyancy-induced
convection. Garbey et al."'*''® performed the linear stability
analysis for the liquid-liquid and liquid-solid cases. The bifur-
cation parameter was a ‘frontal Rayleigh number’

Interferences with Frontal Polymerization

8P’

R =
ve3

(11]

where g is the gravitational acceleration, § the thermal expansion
coefficient, g the temperature increase at the front, x the thermal
diffusivity, v the kinematic viscosity, and ¢ the front velocity.
Let us first consider the liquid-solid case. Neglecting heat
loss, the descending front is always stable because it
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Figure 24 Left: The front on the left is descending and the one on the
right ascending with an axisymmetric mode of convection. Right: An
antisymmetric mode of an ascending front. The system is the acrylamide/
bis-acrylamide polymerization in DMSO with persulfate initiator. Adapted
from Bowden, G.; Garbey, M.; llyashenko, V. M.; et al. J. Phys. Chem. B
1997, 101, 678-686.""°

corresponds to heating a fluid from above. The front is always
flat. If the front is ascending, convection may occur depending
on the parameters of the system. Bowden et al.'' experimen-
tally confirmed that the first mode is an antisymmetric one,
followed by an axisymmetric one. Figure 24 shows a flat des-
cending front as well as axisymmetric and antisymmetric
modes of ascending fronts. Figure 25 shows the stability dia-
gram in the viscosity-front velocity plane. Most importantly,
they confirmed that the stability of the fluid was a function not
only of the viscosity but also of the front velocity. This means
that the front dynamics affects the fluids dynamics. McCaughey
et al."*° tested the analysis of Garbey et al. and found the same
bifurcation sequence of antisymmetric to axisymmetric convec-
tion in ascending fronts as seen with the liquid-solid case.

If the reactor is not vertical, there is no longer a question of
stability - there is always convection. Bazile et al.'*' studied
descending fronts of acrylamide/bis-acrylamide polymeriza-
tion in DMSO as a function of tube orientation. The fronts
remained nearly perpendicular to the vertical but the velocity
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Figure 25 The stability diagram for the system in Figure 24. Adapted
from Bowden, G.; Garbey, M.; llyashenko, V. M.; et al. J. Phys. Chem. B
1997, 101, 678-686.""°

Figure 26 The dependence of the front shape for descending fronts of
acrylamide polymerization in DMSO with persulfate initiator. Adapted from
Bazile, M., Jr.; Nichols, H. A.; Pojman, J. A.; Volpert, V. J. Polym. Sci. Part
A: Polym. Chem. 2002, 40, 3504-3508."%'

projected along the axis of the tube increased with 1/cos of the
angle (Figure 26).

Liquid-liquid systems are more complicated than the pre-
vious case because a descending front can exhibit the Rayleigh—
Taylor instability. The product is hotter than the reactant but is
more dense (Figure 27), and because the product is a liquid,
fingering can occur. Bidali et al.'*? described the phenomenon
as the ‘rainstorm effect’. Such front degeneration is shown in
Figure 28. The Rayleigh-Taylor instability can be prevented
using high pressure,®” adding a filler,’” using a dispersion in
salt water,'?> or performing the fronts in weightlessness.'?’

Texier-Picard et al.'>* analyzed a polymerization front in
which the molten polymer was immiscible with the monomer
and predicted that a front could exhibit the Marangoni instabil-
ity even though the comparable unreactive fluids would not
exhibit the instability. However, no liquid-liquid frontal sys-
tem with an immiscible product has been identified. Even if
such a system could be found, the experiment would have to be
performed in weightlessness to prevent buoyancy-induced con-
vection from interfering.

We note a significant difference between the liquid-liquid
and the liquid-solid cases. For the liquid-solid case, convec-
tion in ascending fronts increases the front velocity but in the
liquid-liquid case, convection slows the front. However, con-
vection increases the velocity of pH fronts and Belousov-
Zhabotinsky reaction waves.'>'?* Why is the difference
between liquid-liquid FP and other frontal systems? In
liquid-liquid systems, the convection also mixes cold mono-
mer into the reaction zone, which lowers the front temperature.
The front velocity depends more strongly on the front tempera-
ture than on the effective transport coefficient of the
autocatalyst. Convection does not mix monomer into the reac-
tion zone of a front with a solid product but rather increases
thermal transport so the velocity is increased.

4.38.5.16.2 Effect of surface tension-driven convection

If there is a free interface between fluids, gradients in concentra-
tion and/or temperature parallel to the interface cause gradients
in the surface (interfacial) tension, which cause convection.'*”
This convection, also known as Marangoni convection, is espe-
cially noticeable in thin layers (or weightlessness) in which
buoyancy-driven convection is greatly reduced.
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Figure 27 Schematic diagram showing changes in properties across a propagating polymerization front that produces a thermoplastic. Courtesy of Paul

Ronney.
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Figure 28 Rayleigh—Taylor instability with a descending front of butyl
acrylate polymerization.

Asakura et al.'?® recently explained that FP was not applied
to thin layers because it was thought that FP could not occur in
thin layers. In fact, interfacial tension-driven convection can
cause so much heat loss that fronts are quenched. Figure 29
shows a front propagating in a thin layer (about 1 mm) of a
tetraacrylate in which fumed silica is dispersed. The large tem-
perature gradient created by the reaction ‘pushes’” monomer
ahead but not enough to quench the front.

For a given surface, three variables affect whether a front
will propagate, specifically, the viscosity (determined by the
amount of fumed silica), the initiator concentration, and
the thickness of the layer. For a fixed layer thickness, we
determined that for trimethylolpropane triacrylate, with
2 phr silica, no front would propagate with 1phr Luperox
231 but would propagate with 1.1phr. (phr stands for
‘parts per hundred resin’.) Figure 30 shows how compli-
cated patterns can arise when the amount of silica was
increased to 4 phr.

Figure 29 A front of pentaerythritol tetraacrylate propagating in a thin
layer on wood.

4.38.5.16.3 Dispersion polymerization

Pojman et al. overcame the Rayleigh-Taylor instability by dis-
persing benzyl acrylate in a salt water solution whose density
was greater than that of the polymer,'?* an approach that had
been considered theoretically.129 Fronts reached 200 °C, the
same temperature as benzyl acrylate fronts with a diacrylate to
prevent fingering. This indicated that the dispersion broke
relatively quickly, leaving the monomer to polymerize in bulk
and the salt water to settle to the lower section of the tube. The
polymer was insoluble in tetrahydrofuran (THF) and in
DMSO, and so they concluded that the acrylic acid formed
then formed anhydride crosslinks.

4.38.5.16.4 Thermal instabilities

Fronts do not have to propagate as planar fronts. Analogously
to oscillating reactions, a front can exhibit periodic behavior,
either as pulsations or as ‘spin modes’ in which a hot spot
propagates around the reactor as the front propagates, leaving
a helical pattern. This mode was first observed in SHS.'*° This
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Figure 30 A front propagating in a thin layer of a triacrylate with 4 phr fumed silica and 2.1 phr Luperox 231, a peroxide initiator.

general issue nonlinear behavior in FP has been considered in
great detail >>7% 131132

The linear stability analysis of the longitudinally propagat-
ing fronts in the cylindrical adiabatic reactors with one reaction
predicted that the expected frontal mode for the given reactive
medium and diameter of the reactor is governed by the
Zeldovich number

7 = Tm—To Eeff
Tm RTn

(12]

For FP, lowering the initial temperature (T), increasing the
front temperature (T,,), and increasing the energy of activation
(Eefr) all increase the Zeldovich number. The planar mode is
stable if Z<Z. = 8.4. By varying the Zeldovich number beyond
the stability threshold, subsequent bifurcations leading to
higher spin mode instabilities can be observed. Second, for a
cylindrical geometry, the number of spin heads or hot spots is
also a function of the tube diameter. We point out that poly-
merization is not a one-step reaction, so that the above form of
the Zeldovich number does not directly apply. However, esti-
mates of the effective Zeldovich number can be obtained from
the overall energy of activation with the steady-state assump-
tion for free-radical polymerization.

The most commonly observed case with FP in tube is the
spin mode in which a ‘hot spot’ propagates around the front. A
helical pattern is often observed in the sample. The first case
was with the FP of .s—caprolactam,13 3134 and the next case was
discovered by Pojman et al.'** in the methacrylic acid system in
which the initial temperature was lowered.

Spin modes have also been observed in the FP of transition
metal nitrate acrylamide complexes,'®”'% which are solid, but
were not observed in the frontal acrylamide polymerization
system.”’

The single-head spin mode was studied in detail by
Ilyashenko and Pojman.'*® They were able to estimate the
Zeldovich number by using data from the initiator and the
methacrylic acid. The value at room temperature was about 7,
less than the critical value for spin modes. In fact, fronts at
room temperature were planar and spin modes only appeared
by lowering the initial temperature. However, spin modes
could be observed by increasing the heat loss from the reactor
by immersing the tube in water or oil.

4.38.5.16.5 Effect of complex kinetics

Solovyov et al.'>” performed two-dimensional numerical simu-
lations using a standard three-step free-radical mechanism.
They calculated the Zeldovich number from the overall activa-
tion energy using the steady-state theory and determined the

critical values for bifurcations to periodic modes and found
that the complex kinetics stabilized the front.

Shult and Volpert'*® performed the linear stability analysis
for the same model and confirmed this result. Spade and
Volpert'*® studied linear stability for nonadiabatic systems.
Gross and Volpert'*® performed a nonlinear stability for the
one-dimensional case. Commissiong et al.'*" extended the non-
linear analysis to two dimensions. They confirmed that, unlike in
SHS,'*? uniform pulsations are difficult to observe in FP. In fact,
no such one-dimensional pulsating modes have been observed.

An interesting problem arises in the study of fronts with
multifunctional acrylates. At room temperature, acrylate like
1,6-hexanediol diacrylate (HDDA) and TGDMA exhibit spin
modes. In fact, if an inert diluent, such as DMSO is added, the
spin modes are more apparent even though the front tempera-
ture is reduced. Masere and Pojman'*® found spin modes in
the FP of a diacrylate at ambient conditions. Thus, although the
mechanical quality of the resultant polymer material can be
improved by using multifunctional acrylates, spin modes may
appear and a nonuniform product results. This observation
implicates the role of polymer crosslinking in front dynamics.
In that same work, Masere and Pojman showed that pH indi-
cators could be added to act as dyes that were bleached by the
free radicals, making the observation of the spin pattern readily
apparent (Figure 31).

Figure 31 A single-head spin mode propagating around a front of
1,6-hexanediol diacrylate (40%) in diethyl phthalate with Luperox 231 as
the initiator.'** Tube diameter was 1.5 cm.
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Tryson and Schultz'*® studied the energy of activation of
photopolymerized multifunctional acrylates and found it
increased with increasing conversion because of crosslinking.
Gray found that the energy of activation of HDDA increased
exponentially during the reaction.'*® Applying the steady-state
theory of polymerization to Gray’s results, Masere et al.'** cal-
culated the effective energy of activation for thermally initiated
polymerization (photoinitiation has no energy of activation)
by including the energy of activation of a typical peroxide. They
calculated that the energy of activation of HDDA polymeriza-
tion increased from 80 kJ mol™! at 0% conversion, the same as
methacrylic acid, to a 140 k] mol~ 1 at 80% conversion. This can
explain how spin modes appear at room temperature with
multifunctional acrylates but not monoacrylates. The
Zeldovich number of methacrylic acid polymerization at
room temperature is below the stability threshold. Using the
activation energy at the highest conversion that can be obtained
with HDDA, Masere et al. estimated a Zeldovich number of 12.

Masere et al."** studied fronts with a peroxide initiator at
room temperature and used two bifurcation parameters. They
added an inert diluent, diethyl phthalate, to change the front
temperature and observed a variety of modes. More interest-
ingly, they also varied the ratio of a monoacrylate, benzyl
acrylate, to HDDA, keeping the front temperature constant.
Changing the extent of crosslinking changed the effective
energy of activation, which revealed a wide array of interesting
spin modes. Using trimethylol propane triacrylate in DMSO,
they observed complex modes (Figure 32).

The three-dimensional nature of the helical pattern was
studied by Manz et al.'*” using Magnetic Resonance Imaging
(MRI). Pojman et al. observed zigzag modes in square reac-
tors'*® and bistability in conical reactors.'*’

Figure 32 Complex modes of propagation observed with an IR camera
in a 1.5 cm tube with trimethylol propane triacrylate in DMSO with
Luperox 231.

4.38.5.16.6 Effect of bubbles

Pojman et al.'*>> found an unusual mode of propagation when
there are large amounts of very small bubbles that can occur
when a linear polymer precipitates from its monomer. In study-
ing fronts of methacrylic acid polymerization, they observed
convection that periodically occurred under the front at the
same time as the front deformed and undulated. The period
of convection was about 20 s and remained constant during the
entire front propagation.

Volpert et al.'*° analyzed the effect of the thermal expansion
of the monomer on the thermal stability and concluded that
the reaction front becomes less stable than without thermal
expansion. The effective thermal expansion can be increased
because of the bubbles, and it can considerably affect the
stability conditions.

4.38.5.16.7 Effect of buoyancy

The first experimental confirmation that gravity plays a role in
spin modes in a liquid-solid system came in the study of des-
cending fronts in which the viscosity was significantly increased
with silica gel. Masere et al."** found that silica gel significantly
altered the spin behavior, as predicted by Garbey et al''
Pojman et al."*® made a similar observation in square reactors.
Pojman et al.”’ studied the dependence of spin modes on visc-
osity with the FP of HDDA with persulfate initiator. They found
that the number of spins was independent of the viscosity until a
critical viscosity was reached, when the spins vanished.

The issues arises why the analysis of Ilyashenko and Pojman
worked so well for the methacrylic acid system, even though
they did not consider the effect of convection. They induced
spin modes by reducing the initial temperature to 0 °C - below
the melting point of methacrylic acid. Thus, the system was a
solid-solid system and so hydrodynamics played only a small
role.

McFarland et al.'>''>? observed that spin modes did not
occur when the initiator was microencapsulated. Not only were
spin modes not observed, the material was 10 times stronger,
which the authors attributed to the absence of spin modes.

4.38.5.16.8 Three-dimensional frontal polymerization

FP allows the study of spherically propagating fronts. Binici
et al.'>* developed a system that was a gel created by the
base-catalyzed reaction of a trithiol with a triacrylate. The gel
was necessary to suppress convection. However, it turned out to
be difficult to find a system that would exhibit spin modes in a
gel. They succeeded and were able to create waves on the sur-
face of the expanding polymerization front (Figure 33).

{1

Figure 33 A spin mode on the surface of a spherically expanding front of triacrylate polymerization. Adapted from Binici, B.; Fortenberry, D. |.; Leard, K. C.;

etal J. Polym. Sci. Part A: Polym. Chem. 2006, 44, 1387-1395.1%3
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4.38.5.17 The Effect of Fillers

Fillers are added to frontal systems to prevent convection, to
modify the rheology of the unreacted formulation and
to affect the mechanical properties of the product.
Nason et al.'>* studied the effect of inorganic fillers on the
photoinduced FP of a triacrylate. Not surprisingly, the front
velocity decreased with increased loading of calcium
carbonate or kaolin clay.

Pojman et al.'*>> developed a system for studying Snell’s Law
of refraction in FP. Using trimethylolpropane triacrylate with
47% by mass kaolin clay (Polygloss 90), they created a formu-
lation with the consistency of a putty, which could be molded
into desired shapes. Viner et al.'* used fillers that were inert
but melted, so-called ‘phase change materials’, in an attempt to
lower the front temperature without significantly reducing the
front velocity.

Fumed silica was used by Bowden et a and McCaughey
et al.'?° to precisely control the viscosity for convection
studies. For acrylates, about 4 phr fumed silica will create a
gel. For kaolin clay, about 40phr is necessary to create
moldable putty.

l119

4.38.5.18 Encapsulation of Initiators

McFarland et al.'>"'*? studied the effect of encapsulating the

initiator cumene hydroperoxide. They found that the front
velocity was consistently slower than when the peroxide was
dissolved. However, the particles do not need to be extremely
small. The front velocity is 25% slower for 400-pm capsules
than for fronts with a dissolved initiator but almost the same
with 50-um capsules. These systems hold the promise of creat-
ing fronts that propagate rapidly at moderate temperatures by
coupling the encapsulated initiator with a redox system
(Figure 34).
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Figure 34 The frontal polymerization velocity for TMPTA polymerization
with encapsulated dicumyl peroxide. Image courtesy of Chris Bounds.

4.38.5.19 Copolymerizations

Tredici et al.'*® studied the frontal copolymerization of acrylic
acid-methacrylic acid, methyl methacrylate-methacrylic acid
and styrene-methacrylic acid. They studied the velocity depen-
dence on initiator concentration. They claimed that the elevated
temperature of the front created a more random copolymer
because the reactivity ratios were closer to one than under typical
polymerization conditions. They performed numerical simula-
tions for the velocity dependence and conversion on initiator
concentration but strangely neither in experiments nor simula-
tions did they study any dependence on monomer feed ratios.

Perry et al.'>” did study front velocity as a function of the
monomer feed composition and the reactivity ratios. Frontal
copolymerization experiments were performed with three differ-
ent monomer systems. They are (1) methacrylic acid and acrylic
acid (MAA-AA), (2) aayloyloxyethyltrimethylammonium chlor-
ide and acrylamide (AETMA-acrylamide), and (3) acrylic acid
and acrylamide (AA-acrylamide). They chose these pairs because
of their different reactivity ratios. The most significant result they
found was that adding a highly reactive monomer could signifi-
cantly increase the front velocity for a system that would
propagate slowly or not at all. For example, AETMA in water
would not support FP but could frontally copolymerize with
acrylamide. For methacrylic acid, the velocity increased (from
2 cmmin ') with 40% MAA to 4 cmmin™ ' at 10% MAA.

Thiols can be used in two ways with free-radical polymeriza-
tion."”® Thiols react with electron-rich enes (allyl ethers) via a
step-growth mechanism to create a polymer only if both ene and
thiol have functionalities of at least two. The allyl ethers cannot
homopolymerize. If thiols are present, the acrylate can
homopolymerize and copolymerize with the thiol.'*® Pojman
et al.'® studied frontal thiol-ene polymerization using pentaer-
ythrytoltriallyl ether (PTE) and trimethylolpropanetris
(3-mercaptopropionate) (95%) (TT1). Not surprisingly, the
front velocity was a maximum at a 1:1 thioliene ratio
(Figure 35).'%!

4.38.5.20 Atom Transfer Radical Polymerization

Bidali et al.'® performed frontal atom transfer radical polymer-

ization (ATRP) with tri(ethylene glycol dimethacrylate). They
used CBry, tris(2-aminoethyl)amine, and CuBr. When the com-
ponents were dissolved in the monomer, the solution was
cooled to 0 °C to prevent bulk polymerization, which did not
react for at least 3 h. Samples were heated to 25 °C before fronts
were then initiated, which propagated with velocities of about
0.5 cmmin~ ', The major advantage of this system compared to a
typical peroxide-based system was the lack of bubbles. However,
because the system reacted relatively quickly at room tempera-
ture, the system has limited applicability.

4.38.5.21 Ring-Opening Metathesis Polymerization

Mariani et al.'® first demonstrated that FP could be achieved

with the ring-opening metathesis polymerization (ROMP) of
dicyclopentadiene. In a typical run, a glass test tube already
containing suitable amounts of solid Grubbs catalyst (GC) and
PPh; was filled with liquid dicyclopentadiene at 35 °C. After
the reagents dissolved, the reaction mixture was cooled to
27 °C in order to permit solidification of the solution.
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Figure 35 The front velocity as a function of the mole ratio between
pentaerythrytoltriallyl ether (PTE) and trimethylolpropanetris(3-mercap-
topropionate). Adapted from Pojman, J. A.; Varisli, B.; Perryman, A.; et al.
Macromolecules 2004, 37, 691-693.'%°

A problem with this system is that it has a relatively short pot
life. The authors found that by using PPh; the pot life was
extended to 20 min. To overcome this drawback, they dissolved
all components at 35 °Cand quickly cooled them to 27 °C. This
means that frontal ring opening metathesis polymerization runs
were performed on solid mixtures, which melted immediately
before being reached by the front. If stored at 7-8 °C, the samples
could support a front after 3 weeks.

4.38.5.22 Polyurethanes

Fiori et al.'®*"% were the first to perform frontal urethane poly-
merization. They used 1,6-hexamethylene diisocyanate, ethylene
glycol, and the catalyst dibutyltin dilaurate in DMSO with fumed
silica. Pyrocatechol was added to extend the pot life up to 25 min
(Figure 36). The front velocities were less than 1 cm min™".

Texter and Ziemer' °° created polyurethanes via FP in micro-
emulsions. Chen et al."®” created epoxy-polyurethane hybrid
networks frontally. Pot lives were on the order of hours. Hu
et al."®® frontally prepared urethane-acrylate copolymers in
DMSO using persulfate as the initiator. Chen et al.”? studied
FP of poly(propylene oxide) glycol, 2,4-toluene diisocyanate,
and 1,4-butanediol with the catalyst stannous caprylate in
dimethylbenzene. At room temperature, bulk polymerization
did not occur quickly, and the pot life could be extended to 6 h
if the solution was cooled to 10 °C. Mariani et al.'® prepared
diurethane diacrylates.

4.38.5.23 Epoxy Curing

In 1975, Arutiunian demonstrated frontal epoxy curing with
amines using resins based on bisphenol A.'”° Chekanov
et al.'”" studied the frontal curing of diglycidyl ether of bisphe-
nol F (DGEBF), which was cured by the aliphatic amine curing
agent Epicure 3371 in a stoichiometric ratio both frontally and
in a batch-cure schedule. The pot life for the system was about
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Figure 36 Front velocity vs [pyrocatechol]/[DBTDL] ratio. Experimental
conditions: [DBTDL]/[HDI]=9.4 x 10~*mol mol~", DMSO =18 wt.%,
Cabosil =3 wt.%. Adapted from Fiori, S.; Mariani, A.; Ricco, L.; Russo, S.
Macromolecules 2003, 36, 2674-2679."%4

60min. Glass transition temperatures (T,) were determined
using differential scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA). The properties of the frontally
cured epoxy resin were found to be very close to that of
batch-cured epoxy resin. They achieved 90% of the mechanical
strength in 10% of the time for a sample 2.2 cm in diameter by
25cm in length. The front temperatures were about 250 °C
with front velocities of 4 cm min™'. The maximum percentage
of filler in the epoxy resin allowing propagation was 30%.
Frulloni et al.'”? and Mariani et al.'”> studied a similar system
and developed a phenomenological model of the front
propagation.

Because the reaction between the amine curing agent and
the epoxy is stoichiometric, the front velocity cannot be varied
by changing the amount of curing agent without significantly
affecting the conversion and mechanical properties of the pro-
duct. Another significant difference between these systems and
free-radical cured fronts is the relatively short pot life.

Mariani et al. combined FP and radical-induced cationic poly-
merization to cure thick samples of an epoxy monomer bleached
by UV light. They used 3,4-Epoxycyclohexylmethyl-3'4'"-
epoxycyclohexanecarboxylate (CE), benzoyl peroxide (BPO),
and {4-[(2-hydroxytetradecyl)oxy|phenyl } phenyliodonium hex-
afluoroantimoniate (HOPH). The effect of the relative amounts
of cationic photoinitiator and radical initiator was investigated
and was related to the front’s velocity and its maximum
temperature.

Scognamillo et a studied the cationic curing of a trie-
poxy using latent BF;—amine catalysts.

l 174

4.38.5.24 Binary Systems

If two noninteracting polymerization systems are mixed
together, a binary FP can be created. Pojman et al.'”>'7° studied
the binary system composed of triethyleneglycol dimethacry-
late with Luperox 231 as the free-radical initiator and diglycidyl
ether of bisphenol A (DGEBA II), using the dual curing system
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Figure 37 The front velocity as a function of the ethyleneglycol
dimethacrylate mole fraction in the binary frontal polymerization with
diglycidyl ether of bisphenol F. Adapted from Pojman, J. A.; Griffith, J.;
Nichols, H. A. e-Polymers 2004, 13, 1-7.'7

of an alkyl amine (Epicure 3271) and a boron trichloride/
amine (BC13-NR3). Figure 37 shows how the front velocity
exhibits a minimum as a function of the mole fraction of the
two reactants.

4.38.5.25 Patents

In 1980, Dixon'”? received the first patent on FP, entitled In
Depth Curing of Resins Induced by UV Radiation. He produced
curing to depths of 500 mils (500/1000in.) using a combina-
tion of a photoinitiator, thermal initiator, and multifunctional
acrylate resin. The UV light caused a photopolymerization on
the surface, which then triggered a propagating front. To
increase the reactivity, he also added an accelerator such as a
tertiary amine.

Scranton et al.'”® patented Thick, Composite Parts Made from
Photopolymerizable Compositions and Methods for Making Such
Parts, in which photopolymerization was combined with ther-
mal FP.

In 2000 and 2001, Pojman and McCardle!”®18° received
two patents on Functionally Gradient Polymeric Materials.
Functionally gradient materials possess spatially varying prop-
erties. By creating an ascending front into which reagents were
flowed at a rate sufficient to maintain a layer thin enough to
significantly reduce buoyancy-driven convection, spatial varia-
tions of properties could be created. Chekanov and Pojman'®!
discussed the process in detail.

Pfeil et al.'®? received a patent in 2003 on Mortar
Composition, Curable by Frontal Polymerization, and a Method for
Fastening Tie Bars. Chemical anchors are adhesives, usually
based on epoxy chemistry that are used to secure rods in
holes drilled in concrete. Their approach is to use multifunc-
tional acrylates with silica and quartz fillers and thermal
initiators as the frontally cured chemical anchor.

Biirgel and Bock'® patented a further development in che-
mical anchors. They used a two-part formulation with one
consisting of a monomer with an organic substituted

ammonium salt and the other consisting of the monomer
with ammonium persulfate. When the two components are
mixed, the organic substituted ammonium salt exchanges
with the ammonium persulfate to form an organic soluble
persulfate, which does not produce gas during decomposition.

Gregory'®* patented Ultraviolet Curable Resin Compositions
Having Enhanced Shadow Curing Properties in 2001. This patent
has the same idea as Dixon'’s patent, that is, use photopolymer-
ization at the surface of a filled resin to trigger a thermal front.
Gregory went beyond using peroxide-cured vinyl resins. He
used dialkyl iodonium salts, sensitized by a-hydroxy ketones,
that produced Lewis acids upon UV irradiation. The Lewis acid
triggered cationic polymerization of epoxy resins and vinyl
ethers. The heat from the photoinitiated process decomposes
peroxides into radicals that react with the iodonium salts to
produce Lewis acids.

Crivello'®® patented Command-Cure Adhesive that is acti-
vated by UV light and then propagates thermally.

Pojman et al.'®® have a patent pending on FP microencap-
sulated monomers.

4.38.5.26 Applications of Thermal Frontal Polymerization

These patents demonstrate some possible applications of ther-
mal FP but none have been commercialized. So we now
consider if FP is more than a laboratory curiosity or an inter-
esting way to study nonlinear phenomena in polymeric
systems.

4.38.5.26.1 Solventless processing

The ability to prepare thermoplastics rapidly without solvent is
a potential advantage.’*”*'37~1°° Two problems were present
in all these works, namely, lack of complete conversion and the
necessity to add a component to suppress convection.

4.38.5.26.2 Energy savings

Numerous early publications included the claim that FP
required less energy than conventional processing meth-
0ds.**>° This was based on the observation that once the
reaction was begun, no additional energy input was required.
However, no detailed energy balance has been performed to
verify this claim. Moreover, unless the conversion of a mono-
functional monomer is 100%, some purification is required,
which would reduce the energy advantage.

4.38.5.26.3 Rapid synthesis of materials

For all of the chemistries studied, a clear advantage over bulk
polymerization is the speed at which materials can be prepared.
The high temperature increases the rate of reaction but because
that reaction is localized, the process can be carried out safely.
For monoacrylates, the high temperature leads to relatively low
molecular weights but this may be acceptable for some
applications.

4.38.5.26.4 Preparation of hydrogels

Frontal preparation of hydrogels is a promising area. The first
example was performed by Washington and Steinbock in 2001
with N-isopropylacrylamide.'®! They were able make a poly-
mer with the expected temperature-dependent properties but in
much less time than with a batch polymerization.
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Figure 38 A comparison of porous polyacrylamide prepared by bulk
polymerization and by frontal polymerization. Adapted from Lu, G. D.;
Yan, Q. Z; Ge, C. C. Polym. Int. 2007, 56, 1016-1020.'%?

Lu et al.'>? shows that porous polyacrylamide could be

prepared frontally using NaHCO; as a foaming agent. The
frontal samples (Figure 38) exhibited higher swelling rate and
swelling ratio than the bulk polymerized samples. Pujari
et al.'>® studied a series of glycidyl methacrylate-ethylene
dimethacrylate copolymers synthesized by FP and by disper-
sion polymerization. They found that the frontal samples had
higher internal pore volume and surface area than those pre-
pared by dispersion polymerization but they had inferior
surface morphologies.

Tu et al.'* prepared amphiphilic gels in N-methyl-
2-pyrrolidone as the solvent. They found the gels had good
swelling capacity in water and organic solvents but could be
prepared more rapidly than via bulk polymerization. Fang
et al'®® frontally prepared N-vinyl pyrrolidinone-based
thermosensitive hydrogels in glycerol. Feng et al.'”® prepared
macroporous polyacrylamide and poly
(N-isopropylacrylamide) monoliths using FP.

Yan et al.">’7'%? studied the FP of starch-grafted hydrogels.
They used partially neutralized acrylic acid in water containing
starch and bisacrylamide with persulfate as the initiator and
determined that they hydrogels produced were spatially
homogeneous.

All the investigators Mariani and his co-workers prepared
poly(N,N-dimethylacrylamide) hydrogels’’ and super water
absorbent hydrogels frontally.?°° Gavini et al.®* evaluated FP
to prepare drug controlled release systems based on polyacry-
lamide. They tested the sodium salt of diclofenac as the drug to

be released and found that it survived the FP process. They also
found that the samples showed comparable drug release char-
acteristics to those of the batch polymerized samples.

4.38.5.26.5 Consolidation of stone

Proietti et al.,”°" Mariani et al.,”> and Vicini et al.’°® have
studied FP to consolidate stone. The idea is to allow an acry-
late-initiator solution to infuse into a stone structure and then
start a front to cure the monomer. The advantage over two-part
formulations is that the resin would have a long time to infuse
before curing. The advantage over autoclave curing is the mate-
rial can be prepared in place and not moved to a lab.

4.38.5.26.6 Autoclaveless curing of large composites
White explored the idea of using the frontal curing of large
composite parts as a means to avoid the charring that can occur
when heat released from the curing causing a thermal run-
away.?*2% This approach is worth further exploration.

4.38.5.26.7 Cure-on-demand repair and adhesives

A promising application of FP is cure-on-demand repair and
adhesives. The concept is to use a system with a very long pot
life that can be used as a putty to fill a hole (Figure 39) in a
floor, wall, or wood, which can be locally heated to start a front
that rapidly cures the resin. The approach can also be applied to
creating a wood adhesive. It would be especially exciting it if
could be applied to the rapid repair of composites.

4.38.6 Conclusions

The three modes of FP have proven to offer advantages for
different applications. Photofrontal polymerization is driven
by a continuous flux of energy and has been applied to the
preparation of microfluidic chips. It can be applied to any
photopolymerization. IFP relies on the gel effect to create a
slowly moving localized polymerization through monomers
like methyl methacrylate. This method can be used to prepare
gradient refractive index materials.

Thermal frontal polymerization can be applied to the
widest range of materials. Any polymerization that follows

Figure 39 Cure-on-demand repair of a stone floor using an acrylate-based putty filled with kaolin. The coin is a US quarter.
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Arrhenius kinetics and is highly exothermic can support loca-
lized polymerizations that propagate. Frontal polymerization
has been studied with many different polymerization mechan-
isms but free-radical polymerization is the most studied. Most
of the work has focused on the dynamics of the process, but
recently applications have been studied. Hydrogels have been
prepared frontally, which have superior properties to those
prepared by conventional methods.

The major advantage of thermal frontal polymerization is

the high rate of conversion. Cure-on-demand applications
appear to be the most promising use for this approach.
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