
DOI: 10.1002/chem.200601428

Exhaustive Analysis of Frontal Copolymerization of Functionalized
Monovinyl and Divinyl Monomers

Narahari S. Pujari,[a] Satish R. Inamdar,[b] Jalindar D. Ambekar,[c] B. D. Kulkarni,[a] and
Surendra Ponrathnam*[a]

Introduction

Frontal polymerization (FP) is a technique in which the
monomer converts into the polymer through a localized
region that propagates in the form of a moving front as a
result of the interplay between thermal conveyance and tem-
perature-dependent reaction rates. After the first observation
of this technique,[1] Pojman et al. carried out an extensive study

of the macrokinetics and dynamics of FP in which properties
such as front velocity, conversion, and the effect of different
system components were studied.[2–6] Over the last couple of
years, the technique has been applied to diverse fields such
as polymer nanocomposites,[7] superabsorbant polymers,[8,9]

functionalized crosslinked copolymer networks,[10, 11] copoly-
mers,[12, 13] and the consolidation of stone.[14]

In the case of mono- and multivinyl systems (crosslinking
agent), a sharp front propagates through the reaction media,
as polymerization and crosslinking occur simultaneously.
The mechanism of this process is similar to that in the con-
ventional free-radical polymerization systems. Initially, the
monomer(s) is placed in a test tube together with a thermal-
ly unstable initiator. After applying a heat source, the initia-
tor decomposes and radicals form and begin to combine
with the monomers, thus forming new radicals. The new rad-
icals then bond with other monomers, thereby causing
chains to grow. Eventually each chain combines with a
second radical and terminates the growth and produces a
polymeric structure. Crosslinking in FP yields rigid thermo-
sets with novel microstructures and morphologies capable of
withstanding high temperatures.[15]
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Nagy et al.[16] and Szalay et al.[17] prepared filled materials
and composites by FP from mixtures of triethylene dimeth-
ACHTUNGTRENNUNGacrylate and acrylamide comonomer using different fillers.
Washington and Steinbock[18] and recently Yan et al.[8,9] re-
ported the formation of hydrogels, and Fiori et al.[19] studied
the effect of the crosslinker in the curing of unsaturated
polyester resins. Similarly, interpenetrating networks and
functionalized networks were reported by Pojman et al.[20]

and Pujari et al.,[10, 11] respectively. Likewise, the effect of
convection on the propagating front was analyzed by
Bowden et al.[21] on a model copolymerization reaction of
acrylamide N,N-methylenebisacrylamide in dimethyl sulfox-
ide (DMSO). Masere et al.[22] observed a periodic doubling
bifurcation sequence on varying the crosslinker feed ratio,
and a magnetic resonance imaging (MRI) technique was
used by Manz et al.[23] to analyze the spin modes in the co-
polymerization of 1,6-hexane diacrylate and pentaerythritol
tetraacrylate. Recently, Binici et al.[24] reported spherical
front propagation in a 1,6-hexanediol diacrylate system. A
multivinyl monomer is important in FP as it decreases the
nucleation of the bubbles and the Taylor and double-diffu-
sive instabilities.[15]

FP resembles self-propagating high-temperature synthesis
(SHS) in that both techniques involve a variety of intricate
physiochemical processes, such as melting, diffusion of heat,
and the confinement of the reaction in a localized region.
The reaction mechanism is not well understood. The reac-
tion is triggered at one end of the reactor by ignition, and
polymerization/SHS self-propagates as a front.[25] One of the
features of FP, also akin to SHS processes, is the presence of
various instabilities. In the simplest steady state, all of the
wave points will move with a constant and ideal velocity.
The thermal feedback between the chemical kinetics and
the heat diffusion results in a sustainable traveling wave.
The uniformly propagating wave will become unstable
under certain parametric regimes. The dynamics have been
studied numerically and analytically in SHS.[26–31] It has been
established that heat conduction and diffusion processes de-
termine the structure of the wave front. When there is a
competition between heat production in the reaction zone
and heat diffusion from the reaction zone to the cold reac-
tants, the front may become thermally unstable. The front
absorbs the excess energy into itself and thereby enters a
generally unstable state. Experimentally, for the first time,
the loss of stability was observed for the anion-activated
polymerization of e-caprolactum in FP.[32] A subsequent
study was carried out by Pojman et al. in 1995,[33] and since
then a number of authors have reported the presence of var-
ious instabilities and have put forth stability analy-
ses.[22,25, 33–41] To date, the four types of instabilities that have
been identified in FP are 1) thermal, 2) convective, 3) fin-
gering (Rayleigh–Taylor), and 4) hydrodynamic instability.

Herein, for the first time, we report exotic patterns ob-
servable under a microscope. When the thermal diffusion
does not spread across adjacent layers of a liquid mixture of
monomer and initiator, planar wave propagation occurs in
the axial direction. During this axial motion, a spiral core

forms radially, and before this core descends down towards
the bottom of the reactor, a spiral wave propagates to reach
the reactor-tube boundary. Inamdar et al.[42] first showed
these patterns formed during the FP of 2-hydroxyethyl
methacrylate. They demonstrated that the motion gives rise
to a characteristic spatial pattern as a result of nonlinear
coupling between thermal diffusion and reaction kinetics.
Pattern formation in the radial direction was not visible to
the naked eye and was observed only with scanning electron
microscopy (SEM). This pattern was regular and the micro-
structure and morphology of the solidified polymer pre-
pared in the reactor tube was preserved.

Beaded poly(glycidyl methacrylate–co-ethylene dimeth-
ACHTUNGTRENNUNGacrylate) (poly ACHTUNGTRENNUNG(GMA–EGDM)) and poly(2-hydroxyethyl
methacrylate–co-ethylene dimethacrylate) (poly(HEMA–
EGDM)) have a reactive epoxide ring and a hydroxy group
in the side chain, respectively, which are useful in the design
of a whole range of compounds with various functional
groups.[43] The optimal morphological porous structure of
these crosslinked network copolymers has been demonstrat-
ed for application as catalysts, chromatographic materials,
separation and adsorbent media, immobilization matrices
for enzymes, and agents in clinical fields.[44,45] We have previ-
ously presented preliminary results of the synthesis of func-
tionalized crosslinked copolymer networks of 2-hydroxyeth-
yl methacrylate (HEMA)/glycidyl methacrylate (GMA) and
ethylene dimethacrylate (EGDM) by FP and compared
these networks with those formed by suspension polymeri-
zation (SP).[10,11] It was shown that FP leads to porosity in
the matrix, even in the absence of a porogen, as a result of
the gases evolved (decomposition of azobisisobutyronitrile
(AIBN)) and the osmotic pressure of the monomers. High
temperature in FP led to the formation of narrow pore size
and narrow pore-size distribution.

Herein, a comprehensive analysis of the FP of monovinyl-
functionalized monomers HEMA and GMA with the divinyl
monomer EGDM is reported. In first part of this study, the
effect of the type and concentration of the initiators and sol-
vents as well as complex initiation and the mode of FP (de-
scending and ascending) system on the sustainability and
shape of the front, front velocity, front temperature, and
yield (%) are investigated. The polymers are exhaustively
characterized in terms of their micro/macroporosity in the
matrix, gel formation, and surface morphology and com-
pared with identical compositions prepared by SP. Later, we
present a detailed account of the experimental observations
using SEM images, which show the formation of spinning
modes in FP. The propagation of spin modes gives rise to
layered patterns in the solidified polymer material. The
physicochemical phenomenon of the pattern formation is
also discussed.

Results and Discussion

Free-radical frontal copolymerization between a mono- and
multivinyl comonomer forms a thermoset. In the present
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system, EGDM is the difunctional monomer. The reactivity
ratios r1 and r2 for the GMA and EGDM systems are 0.98
and 1.00, respectively,[44] whereas in the HEMA and EGDM
systems r1 and r2 are 0.84 ACHTUNGTRENNUNG(�0.20) and 6.2, respectively.[46]

When r1 and r2 are close to unity and the front temperature
of polymerization is quite high, the composition of the co-
ACHTUNGTRENNUNGpoly ACHTUNGTRENNUNGmer is expected to mirror the monomer feed ratios. For
the copolymerization of HEMA with EGDMA, r2@ r1,
which means that both types of radicals react preferentially
with EGDMA. There is a tendency for successive homo-
ACHTUNGTRENNUNGpoly ACHTUNGTRENNUNGmerization of the two monomers; therefore, a heteroge-
neous network is expected to form. During FP, the situation
is rather complicated and the reactivity ratio concept may
get violated because of a high front temperature and rapid
reaction rates. As a result of the high temperature and the
presence of oxygen in the system, side reactions and prema-
ture termination are expected to take place, thus leading to
a complex crosslinked structure. The conditions for the
preparation of heterogeneously crosslinked copolymers
from the GMA–EGDM and HEMA–EGDM systems are
shown in Tables 1 and 3.

Front shape, propagation, and bubbles : In all the reactions,
large and small bubbles were generated at the beginning
and the front was uneven and propagated randomly
(Figure 1). The bubble layer can act as an insulating layer

for heat transfer and causes a slow pulsation of the moving
front. The front attains stability after such an uneven propa-
gation for 2–3 cm. This stability depends on the amount of
crosslinker, initiator type, and initiator concentration. The
diffusion of heat through the bubble to the adjacent layer is
critical. Bubbles are formed as a result of the liberation of
gaseous products due to initiator decomposition, monomer
vapors, and the presence of traces of moisture in the mono-
mer solution. As the bubble grows, it pushes the monomer
out of its path. At the front temperature, there is a rolling
motion of low-viscosity polymer and monomer. The mono-
mer rapidly heats up as it reacts, thereby increasing the
volume of the bubble. Because bubbles are descending, the
monomer can only swell and push up.[47] Competition now
ensues between the descending bubbles and expanding mo-
nomer. In this process, the bubbles generally find their way
down and the monomer rises, whereupon it polymerizes,
thus triggering a repetition of this process. If convection is
higher and the bubbles are in a large excess, heat is removed
in the process and the front ceases. In some examples, the
polymerization front was forced upward as a result of con-
vection and pressure generated by the monomer(s). This be-
havior happens when thermal expansion exceeds the isother-
mal contraction, thus creating a gap between the polymer
and monomer liquid layers, which results in a complete ces-
sation of the polymerization process (Figure 2). This behav-
ior was predominant in the presence of a solvent (e.g., G20–
43). We also encountered velocity lag, for which an addition-
al heat impetus for 2–5 s (e.g., H3 and G3) was needed.

Initiator effects : The front velocity is related to the initiator
concentration and crosslink density (CLD).[3,4] Copolymeri-
zation reactions were evaluated at concentrations of 2 and
4 mol% for AIBN and BPO (Table 1; H1–H20 and G1–
G20) as well as with dicumyl peroxide (DCP; not shown in
Table 1). For AIBN and BPO, clear fronts were observed in
both the HEMA–EHDM and GMA–EGDM systems at
concentrations of 2 and 4 mol% (sometimes an additional

Figure 1. Snapshots of front propagation in a complex initiation system
(GMA—EGDM: CLD: 100 mol%; AIBN+DCP: 2 mol%). a–c) Front
propagation is uneven and in the form of bubbles; d–f) front is stabilized
and propagation is even without bubbles. The images were taken by
high-speed CCD camera (Motionpro) at a speed of 50 frames s�1; the
above montages are the images obtained after every 5 s in each set.

Figure 2. The front was extinguished as a result of the gap created be-
tween the monomer and propagating polymerization front (G27; reactor
size: 12L125 mm; BPO: 4 mol%; EGDM: 100 mol% CLD; monomer/
porogen: 1:0.4, v/v).
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impetus of 5–10 s had to be given at lower CLDs), thus lead-
ing to the formation of the polymeric product, which took
the shape of the reactor (cylindrical). No double-diffusive
instabilities were observed. Table 2 summarizes the details
of the front velocity, temperature, and yield (%). No specific

trend was observed at low initiator concentration for the
HEMA–EGDM system. Figure 3 is a representative depic-
tion of the front velocity (cmmin�1) as a function of the

CLD at the two concentrations (2 and 4 mol%) of AIBN
and BPO in the GMA–EGDM system. It is clear that front
velocities are higher at an initiator concentration of 4 mol%
for all monomer feed compositions (CLD; mol%). The in-
crease in radical concentration increases the rate of heat
generation and thus the velocity of FP. It was also seen that
the front velocity increases with the CLD. With a high CLD,
the rate of termination decreases, which in turn increases
the activation energy of the reaction. In other words, multi-
functional vinyl compounds react faster at room tempera-
ture than monovinyl monomers.[22] A relative increase in di-
vinyl monomer concentration (EGDM) leads to more inter-
and intramolecular crosslinking reactions. A comparison of
the two initiators indicates that AIBN produces slightly
faster fronts than BPO.

The results with DCP, however, were different. DCP is a
thermally stable initiator (activation energy:
147.42 kJmol�1[48]). Front sustainability (i.e., the activation
energy of the polymerization front) depends upon the de-
composition activation energy of the initiator. At low DCP
concentration (2 mol%), as a result of its high decomposi-
tion activation energy, a front propagation was initiated but
ceased after propagating for a short distance (50–80% of
the column length) for both copolymerization systems
(GMA–EGDM and HEMA–EGDM). The radiational and
convective heat loss could bring the front temperature
below that required to sustain the front. At a concentration
of 4 mol%, a sharp transparent front propagation was ob-
served. In both sets, at CLDs of 25 and 50 mol%, a long
trail of bubbles could be seen during polymerization or on
the specimen after polymerization (Figure 4). At a CLD of

Table 1. Experimental variables used for the copolymerization of the
HEMA–EGDM and GMA—EGDM systems: Effect of variation of the
initiator type and concentration.[a]

Code no. CLD [mol%][b] AIBN [mol%] BPO [mol%] Code no.

H1 25 – 2 G1
H2 50 – 2 G2
H3 100 – 2 G3
H4 200 – 2 G4
H5 400 – 2 G5
H6 25 – 4 G6
H7 50 – 4 G7
H8 100 – 4 G8
H9 200 – 4 G9
H10 400 – 4 G10
H11 25 2 – G11
H12 50 2 – G12
H13 100 2 – G13
H14 200 2 – G14
H15 400 2 – G15
H16 25 4 – G16
H17 50 4 – G17
H18 100 4 – G18
H19 200 4 – G19
H20 400 4 – G20

[a] H1–20 and G1–20: Frontal copolymerization reactions using the
HEMA–EGDM and GMA—EGDM systems, respectively. For FP: heat-
ing time: �60 s; total reactant volume: 8.2 mL. Identical compositions
were synthesized by SP (SP): T: 70 8C, stirring speed: 300 rpm, reaction
time: 3 h. [b] CLD: (mol of EGDM)/(mol of HEMA/GMA + mol of
EGDM)L100.

Table 2. Front velocity (FV), front temperature (FT), and yield of the re-
actions performed as in Table 1.

Code
no.

FV
ACHTUNGTRENNUNG[cmmin�1][a]

FT
[8C]

Yield
[%][b]

Code
no.

FV
ACHTUNGTRENNUNG[cmmin�1][a]

FT
[8C]

Yield
[%][b]

H1 1.37 175 85.81 G1 0.71 177 86.22
H2 1.10 182 92.71 G2 0.87 187 88.23
H3 1.19 185 94.54 G3 0.94 190 91.25
H4 1.09 185 89.38 G4 0.95 199 90.35
H5 1.42 187 92.26 G5 1.01 198 92.55
H6 0.89 192 84.12 G6 0.76 186 86.70
H7 0.95 196 90.21 G7 0.92 196 85.60
H8 1.06 198 92.45 G8 0.97 183 83.60
H9 1.16 200 91.12 G9 1.03 187 89.41
H10 1.2 203 94.45 G10 1.11 191 95.10
H11 0.87 175 89.12 G11 0.81 189 80.32
H12 0.95 169 87.35 G12 0.86 197 80.67
H13 0.83 172 96.02 G13 0.88 194 81.23
H14 0.85 162 86.10 G14 0.92 179 83.88
H15 0.87 158 97.40 G15 0.94 181 81.16
H16 0.82 181 85.56 G16 0.83 184 82.10
H17 0.92 190 86.12 G17 0.88 187 79.24
H18 0.93 193 94.51 G18 0.9 191 87.10
H19 1.08 198 84.94 G19 0.97 167 92.70
H20 1.20 198 95.53 G20 1.22 178 86.25

[a] FV values were measured with a precision of �0.10. [b] Percent yield
of the polymer.

Figure 3. Representative graph of front velocity (cmmin�1) versus CLD
(mol%) of poly ACHTUNGTRENNUNG(GMA–EGDM). PolyACHTUNGTRENNUNG(GMA–EGDM) was synthesized
using 1) 2 mol% BPO; 2) 4 mol% BPO; 3) 2 mol% AIBN, and
4) 4 mol% AIBN.
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100 mol%, a transparent front propagation was observed.
However, the front could not be sustained at higher CLDs
perhaps due to the increase in activation energy with the in-
creasing CLD needed to sustain the front. The greater the
stability of the initiator, the higher the overall energy of ac-
tivation of the front, the slower the front velocity. Therefore,
in both sets, the front velocities were low and in the range
0.4–0.6 cmmin�1. With AIBN, a velocity lag was observed at
higher CLDs as a result of a density gradient between the
polymer and monomer reaction mixture. This result was cir-
cumvented by adding diluents, such as silica gel, to increase
the viscosity of the medium or by giving an additional heat
impetus for 5 s.

The front temperature is dictated by a combination of fac-
tors, such as the enthalpy of the reaction, the heat capacity
of the product, and heat lost to the surroundings. Table 2
shows that the front temperature varied within (�10) 8C for
all the polymerization processes of identical compositions.
Also, the front temperature was generally high at higher
CLDs (100, 200, and 400 mol% (180�10) 8C) for all compo-
sitions. The front temperature was lower with AIBN at a
concentration of 2 mol% in the HEMA–EGDM system. As
a general trend, the data reveal that the front temperature
oscillates with monomer feed composition, with maxima in
the CLD range 50—100 mol%, and then a minima at a
CLD of 200 mol%, followed by a gradual increase until a
CLD of 400 mol%, at initiator concentrations of both 2 and
4 mol%. Temperature drift, however, is not very high and is
in the range at which thermal fluctuations exceed the varia-
tions in the temperature. With DCP, as expected, in the re-
actions which ceased, the temperature was lower (153�
5) 8C; otherwise, it was (180�3) 8C.

Initially, the problem in FP was the lower conversions be-
cause of the high front temperature, which is responsible for
rapid initiator decomposition or “burning out”. Gel forma-
tion in FP is known to flatten front curvature, prevent insta-
bilities, and increase yield.[3] In the system studied herein,
we observed higher conversions relative to those previously
reported;[51] however, there was no trend. Generally, maxi-
mum conversions were observed at higher CLDs (Table 2).
This behavior may be attributed to the fact that increasing

the concentration of EGDM with two reactive double bonds
decreases transfer reactions.

Solvent effects : High-boiling-point solvents are needed to
produce a propagating front; at the same time the tempera-
ture also should be high enough to produce a sufficiently
rapid decomposition of the free-radical initiator. A front can
sustain itself only when the volumetric rate of heat generat-
ed exceeds the volumetric rate of heat loss incurred by heat
dissipation as a result of solvent and convective losses.
Whereas the rate of the conduction heat loss increases line-
arly with temperature, the free-radical-initiator decomposi-
tion is a high activation-energy process whose rate increases
much more rapidly than linearly with temperature. Thus, as
the temperature decreases, the ratio of heat loss to heat gen-
eration increases, thus eventually leading to extinction of
the front if the temperature is too low. We conducted our
experiments with dimethyl sulfoxide (DMSO), paraffin, di-
chloroethane, dodocane, cyclohexanol, cyclohexane, and 2-
ethoxyethyl acetate (EEA) in monomer/solvent ratios of
1:0.4 and 1:0.8 (v/v), with the initiator concentration (AIBN
and BPO) at 2 and 4 mol% in both sets. Amongst all the
solvents, the front could be sustained only with EEA in the
HEMA–EGDM system (Table 3). In presence of low-boil-
ing-point solvents, the front could not start and only the
boiling of the monomer mixture was observed, and in
others, the front extinguished at lower conversions (10–30%
of the column length).

Figure 4. A path of a bubble observed in a DCP-initiated poly ACHTUNGTRENNUNG(GMA–
EGDM) system (DCP: 4 mol%; CLD: 50 mol%).

Table 3. Experimental variables used for copolymerization of HEMA–
EGDM and GMA–EGDM: Effect of the variation of solvent volume.[a]

Code
no.

CLD [mol%] AIBN [mol%] BPO [mol%] EEA [mL] Code
no.

H21 25 – 2 2.36 G21
H22 400 – 2 2.36 G22
H23 25 2 – 2.36 G23
H24 400 2 – 2.36 G24
H25 25 – 4 2.36 G25
H26 50 – 4 2.36 G26
H27 100 – 4 2.36 G27
H28 200 – 4 2.36 G28
H29 400 – 4 2.36 G29
H30 25 – 4 3.67 G30
H31 50 – 4 3.67 G31
H32 100 – 4 3.67 G32
H33 200 – 4 3.67 G33
H34 400 – 4 3.67 G34
H35 25 4 – 2.36 G35
H36 50 4 – 2.36 G36
H37 100 4 – 2.36 G37
H38 200 4 – 2.36 G38
H39 400 4 – 2.36 G39
H40 25 4 – 3.67 G40
H41 50 4 – 3.67 G41
H43 100 4 – 3.67 G42
H43 200 4 – 3.67 G43
H44 400 4 – 3.67 G44

[a] For FP: heating time: �60 s; the total reactant volume: 8.2 mL. Iden-
tical compositions of the HEMA–EGDM system (H25-H44) were syn-
thesized by SP (SP): T: 70 8C, stirring speed: 300 rpm, reaction time: 3 h.
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Porogens (synonym used for solvent) are solvating or non-
solvating inert reagents used to generate a “tailor-made”
porous structure in crosslinked polymer networks synthe-
sized by SP.[43] In the GMA–EGDM system, the polymer
formed immediately after the initial ignition and the front
propagation was started. At all compositions, although the
front propagation was initiated, it extinguished after propa-
gating approximately 50% of the column length. The poro-
gen dissipates the threshold heat required to sustain the
front. The front temperature was significantly low (130–
140 8C). We then performed a few reactions using a diluent,
which is an inert material that acts as a filler and is added to
inhibit buoyancy-induced convection in the solutions.[3] FP
carried out using silica gel as the diluent achieved comple-
tion only at a CLD of 400 mol%.

In HEMA–EGDM polymerization, however, the front
could be sustained in EEA at an initiator concentration of
4 mol%. At 2 mol% of AIBN and BPO, the front ceased
after the initial burst and little propagation (Table 3, H21–
H24). Porogen type has marginal influence on the rate of
polymerization in SP, but it has a strongly favorable effect in
FP. Porogens such as cyclohexane and DMSO quenched the
front as a result of extensive heat loss, whereas EEA sus-
tained the front with both AIBN and BPO. The main ration-
al for EEA sustaining the front in the HEMA–EGDM
system but not the GMA–EGDM system is the slow phase
separation of EEA in HEMA–EGDM as a result of solva-
tion. In the HEMA–EGDM system, there was a marked dif-
ference in front velocities and temperatures with AIBN and
BPO. BPO produced higher rates of polymerization
(Table 4). In both systems, front velocity and temperature
increased with CLD. The rate of polymerization in the
monomer/porogen system was also found to be dependent

on the CLD. With AIBN, bulk polymerization competed
with FP at a higher volume of porogen (1:0.8, v/v; Table 3,
H40–H44). AIBN, which has a low activation energy, de-
composes rapidly and the porogen transferred the heat to
the subsequent layers, thus causing bulk polymerization to
occur. However, no bulk polymerization was observed with
BPO, and the reactions were completed by true FP. All the
reactions with DCP ceased as a result of extensive heat loss.

Complex initiation : High front temperature causes depletion
of the initiator, which in turn lowers the conversion (%) in
FP. A mixed initiation system comprising AIBN and DCP
was developed based on a strategy that the lower activation-
energy initiator will increase the rate of polymerization,
while the higher activation-energy initiator will increase
conversion.[49,50] It was indeed observed that the front was
stabilized and that the yields were much higher (>96%).
The nature of the front was flat after the initial uneven
propagation (see Figure 1). When the reaction is triggered,
AIBN, with a lower activation energy, is decomposed more
rapidly, whereas DCP, with a higher activation energy, sta-
bilizes the front. Thus, AIBN ensures moderate velocity,
whereas DCP polymerizes the final traces of the unreacted
monomers before the front moves, thereby ensuring a
higher conversion. At a concentration of 2 mol% (without
solvent), AIBN/DCP (2:1, mol/mol) generated higher front
velocities in both the HEMA–EGDM and GMA—EGDM
systems relative to DCP alone at a concentration of
4 mol%. Figure 5 presents the front-velocity data of the
HEMA–EGDM system. Front velocities were almost con-
stant ((0.93�0.02) cmmin�1, except CLD=25 mol%). The
front temperature was also slightly lower (151–172 8C), and,
as expected, the yields were high ((97�2)%). Similarly, in
the GMA–EGDM system, the front velocities were almost
constant and relatively faster than that in the HEMA–
EGDM system (Figure 5). The front temperatures of 160–Table 4. Front velocity, front temperature, and yield of the reactions pre-

sented in Table 2.

Code no. FV [cmmin�1][a] FT [8C] Yield [%]]b]

H21–24 no reaction
H25 0.64 169 66.78
H26 0.68 163 75.34
H27 0.78 186 93.12
H28 0.82 189 92.44
H29 0.80 175 91.9
H30 0.75 172 67.11
H31 0.44 187 71.96
H32 0.40 181 83.66
H33 0.24 185 96.00
H34 0.20 179 96.03
H35 0.27 141 81.49
H36 0.37 147 85.86
H37 0.47 145 81.73
H38 0.74 154 95.89
H39 0.43 166 87.67
H40 0.22 86 76.21
H41 0.32 105 75.54
H42 0.26 121 80.24
H43 0.48 115 72.62
H44 0.22 122 72.98

[a] FV values were measured with a precision of �0.10. [b] Percent yield
of the polymer.

Figure 5. A graph of front velocity versus CLD for a complex initiator
system (AIBN+DCP: 2 mol%): 1) poly ACHTUNGTRENNUNG(HEM–EGDM) and 2) poly-
ACHTUNGTRENNUNG(GMA–EGDM) systems.
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180 8C and yields of (98�2)% were comparable with those
in the HEMA–EGDM system.

We also conducted reactions on mixtures comprising
monomer(s), mixed initiators (2 mol%), EEA (porogen),
and a diluent (silica gel; 5 wt% of monomer). At a ratio of
1:0.4 for monomer/porogen (v/v), it was observed that addi-
tional heat impetus was needed for 5 s for the reaction to go
to completion. The shape of the front was flat, and the prod-
ucts obtained were opaque. In both sets, front propagation
did not go to completion at higher CLDs (200 and
400 mol%). All reactions carried out at a monomer/porogen
ratio of 1:0.8 (v/v) ceased, even in presence of the diluent.
The reason for this behavior is that the front temperature
was not sufficient to sustain front propagation.

Ascending polymerization: To understand front-propagation
behavior, we conducted selected reactions in both the
HEMA–EGDM and GMA–EGDM systems with and with-
out a solvent at CLDs of 25 and 100 mol% by giving heat
impetus at the bottom of the reactor. Ascending fronts are,
generally, not stable as a result of convective motions, which
cause an extensive amount of dispersed heat.[5,21,51] In our
methodology, when the reaction was performed without sol-
vent, the ascending front went through in a nonplanar mode
in both sets. The front propagated in the upward direction
and yielded a polymer gel. The propagation was along the
walls of the reactor first and was clubbing at the center.
DMSO ceased descending polymerization, but ascending
polymerization went to completion when performed with a
monomer/DMSO ratio of 1:0.4 (v/v) in presence of a diluent
(silica gel) in both sets. All the other solvents studied could
not produce stable fronts.

Comparison with suspension polymerization : In our previ-
ous report, we compared front polymerization (FP) to sus-
pension polymerization (SP) without a porogen and at a
AIBN concentration of 2 mol%.[10,11] Herein, more detailed
analysis and comparisons are presented. We compared the
GMA–EGDM and HEMA–EGDM polymerizations at
AIBN and BPO concentrations of 4 mol%. As solvents
ceased the reactions in the MA–EGDM system, we only
evaluated and compared the HEMA–EGDM system with
the porogen EEA, at monomer/porogen ratios of 1:0.4 and
1:0.8 (v/v) with AIBN and BPO concentrations of 4 mol%
(Table 3), with identical compositions prepared by using SP.
All the polymers were characterized by IR spectroscopy,
epoxy/hydroxy number, surface area, pore volume, porosity,
solvent/nonsolvent regain, and SEM analysis.

SP is widely used to synthesize macroporous beaded poly-
mers. Beads have an internal porosity in both the swollen
and dry states. The macroporous structure results from
phase separation of an inert organic solvent (porogen)[43]

from the discontinuous polymerizing droplet. For the pro-
duction of macroporous copolymers, a typical recipe com-
prises a monovinyl monomer, a divinyl monomer (cross-
linker), an initiator, and an inert porogen (diluent). The de-
composition of the initiator produces free radicals that ini-

tiate the polymerization and crosslinking reactions. After a
certain reaction time, a three-dimensional network of infin-
itely large size starts to form. At this point (the gel point)
the system (monomer/diluent mixture) changes from a
liquid to solid-like state. Continuing the polymerization and
crosslinking reactions decreases the amount of soluble reac-
tion components. After complete conversion of the mono-
mers into polymer, only the network and the diluent remain
in the system. Crosslinked copolymers prepared by free-rad-
ical copolymerization exhibit differing pore structures and
surface properties (within the pores), depending on the
amount of the crosslinker and diluent present during the re-
action and on the solvating power of the diluent. We have
used higher CLDs of crosslinker in our system. Increasing
the divinyl monomer (EGDM) content in the monomer
mixture (increase in CLD (mol%)) leads to an increase in
the size of the nucleus at the expense of the growing chains.
The product that results from the high conversion of the
monomer mixture, namely, high divinyl monomer content, is
therefore a compact and rigid structure with marked net-
work entanglement in the nuclei. In FP, there is rapid cross-
linking as a result of the high front temperature. Phase sepa-
ration occurs instantaneously and polymerization propagates
as a phase-separated polymer front. Gel is continuously
formed as the front propagates. Initiation occurs evenly
throughout the layers (propagating reaction zones) and
chains grow by the addition of monomer units. We conceive
no drift in the final composition as the polymerization pro-
cess is stoichastic in the narrow reaction zone. We believe
that porosity is independent of the divinyl monomer but de-
pendent on the solvent. When an EGDM molecule is added
to a growing chain, the chain carries a pendent double bond,
which may be incorporated in another growing chain.
Unlike SP, there is no nuclei formation in FP. Polymer
chains are less solvated. Porosity in FP is due to the gases,
monomer, and solvent vapors being released during the re-
action. This porosity is discontinuous in the absence of a sol-
vent. Solvent (porogen) develops higher porosity in the
matrix. As seen above, all our reactions, except that with
EEA, failed. EEA is a high-boiling liquid and probably sol-
vates the polymer chains. Therefore at the front tempera-
ture, a partial phase separation takes place, which on remov-
al of the solvent creates the higher pore volume and porosi-
ty.

The formation of the copolymer network was confirmed
by IR spectroscopy.[10,11] Epoxy/hydroxy numbers for all
polymers were lower than the theoretical value, thus indicat-
ing possible intramolecular reactions, as observed in HEMA
homopolymerization,[52] as a result of disproportionate ter-
mination reactions and partial opening of the epoxy ring at
high temperature (front temperature) through etherifica-
tion.[11] At higher CLDs, the probability of side reactions is
decreased as a result of the high reactivity of the bifunction-
al monomer EGDM, which predominantly undergoes cross-
linking reactions rather than side reactions; thus, the loss of
functionalities can be considerably reduced. For example,
the experimentally observed surface epoxy value of FP at a
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CLD of 200 mol% was 1.79 mmolg�1, which is very close to
the theoretical value of 2.01 mmolg�1. Instead, the observed
value was 1.36 mmolg�1 in SP at an identical CLD. At the
beginning of the SP, the more reactive bifunctional mono-
mer forms compact nuclei, which bury the epoxy group of
the monovinyl monomer (GMA), and thus are not favorably
available for surface-related determination.

It was observed that copolymers prepared by FP and SP
without a porogen have low pore volumes (H1–H20 and
G1–G20; pore-volume data is not shown). Comparing the
use of AIBN and BPO, BPO produced the larger pore
volume in both sets. The maximum pore volume was found
in G8 (CLD=100 mol%; BPO initiator), namely,
0.20 cm3g�1; in all other samples, the pore volumes were
0.03–0.20 cm3g�1. SP at identical compositions did not have
any porosity, and the pore volume and surface area were as
little as 0.03–0.09 cm3g�1 and 5–15 cm2g�1, respectively. The
macroporous morphology and formation of porous texture
is dictated by the presence of a porogen, its type, and rela-
tive volume.[43] In the absence of a porogen, the pore
volume that results from meso- and macropores is very low.
The total porosity in these matrices was also very low and
varied within 5–15% in both methodologies for both sets.
At the front temperature, a larger number of free radicals
are produced and simultaneous front propagation occurs. At
higher initiator concentration, more free radicals are gener-
ated per unit time, thus lowering the internal pore volume
by favoring intramolecular cyclization reactions and result-
ing in compact nonporous or less-porous nuclei.

We compared the HEMA–EGDM copolymers prepared
by both FP and SP using EEA as the porogen, and the
monomer/porogen ratio was varied (1:0.4 and 1:0.8, v/v;
Table 3). More than a threefold increase in intruded pore
volume was obtained in the porogenic system in FP. At a
monomer/porogen ratio of 1:0.4 (v/v), the maximum pore
volume was obtained with CLD at 400 mol% for both ini-
tiation systems (Figure 6). At a monomer/porogen ratio of
1:0.8 (v/v), a higher pore volume was obtained with AIBN.
However, these data may not be exact as there was competi-
tion from bulk polymerization during the reaction. In gener-
al, BPO produced a stable front and higher pore volume. A
representative SEM image of the porous structure is shown
in Figure 7. Brunauer–Emmet–Teller (BET) surface-area
measurement data also revealed moderate surface areas of
polymers (30–95 cm2g�1) produced by FP suitable for chro-
matographic applications. The maximum surface area was
obtained at a monomer/porogen ratio of 1:0.8 (v/v) with
CLDs of 200 and 400 mol% with AIBN and BPO, respec-
tively. FP produced a narrow pore-size distribution and
higher porosities (30–50%) in the matrix. Identical composi-
tions using SP did not yield porosity as a result of the solvat-
ing nature of EEA and absence of phase separation. The
network collapsed as it formed to yield a glassy amorphous
gel-type resin on drying. Moreover, bead formation did not
take place in SP with a monomer/porogen ratio of 1:0.8 (v/
v) with a BPO concentration of 4 mol% and only an ag-
glomerated mass was obtained. FP also proved to be better

in terms of yield. SP produced lower yields of 40–60%,
whereas the corresponding yields for FP were 65–95%, de-
pending upon the reaction conditions (Table 4).

Pattern formation : Although the degree of crosslinking can
be considered as a measure of bifurcation,[23,53] we did not
observe the visible helical patterns in any of the systems. We
observed that during the polymerization, along with gases,

Figure 6. FP of the HEMA–EGDM system carried out using EEA as the
porogen. 1) monomer/porogen: 1:0.4 (v/v) with 4 mol% BPO; 2) mono-
mer/porogen: 1:0.8 (v/v) with 4 mol% BPO; 3) monomer/porogen: 1:0.4
(v/v) with 4 mol% AIBN; 4) monomer/porogen: 1:0.8 (v/v) with 4 mol%
AIBN.

Figure 7. SEM images showing the porous structure of the polymer
matrix: a) polyACHTUNGTRENNUNG(GMA–EGDM) at 25 mol% CLD synthesized by using
4 mol% BPO; b) poly(HEMA–EGDM) at 2 mol% CLD synthesized by
using a monomer/EEA ratio of 1:0.4 (v/v).
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monomer vapors also escape along the walls of the reactor
tube. These vapors polymerize as they go in the upward di-
rection and form a skin layer upon the already formed poly-
mer. Therefore, it is highly probable that this skin layer is
one of the reasons for the absence of helical patterns. When
the patterns were observed carefully in sunlight, we could
see weak helical patterns buried inside the skin layer that
were not regular. When polymer rods (prepared without
using a solvent) were broken along its axis, translucent and
pale sections were observed. This behavior shows that hot
spot(s) must be present and a pattern must have formed be-
cause of the spiral motion of the reaction zone. A similar ex-
periment was reported by Manz et al.[23] for the FP of 1,6-
hexanediol diacrylate. They showed the presence of a single
head hot spot by slicing the gels and performing an MRI
analysis of each slice followed by a computer-aided recon-
struction. In our system, although the helical patterns were
invisible, the traversal of a heat wave along the radical di-
rection resulted in planar spatial patterns. The radial pitch
of these patterns was very small and therefore were observa-
ble only by SEM analysis. Pujari et al. reported similar lay-
ered patterns in water-triggered FP.[54]

The detailed pattern formation (both planar and helical)
is explained thus: The interplay of thermal diffusion and
chemical kinetics during the FP reaction gives rise to pattern
formation.[3] The pattern formation that occurs during the
axial motion of the moving reaction interface is a complex
phenomena. This behavior arises as a result of the occur-
rence of chemical instability when plane waves appear on
both sides of the reaction interface that form a continuous
motion. Furthermore, a differ-
ence in concentration gradients
across the interface exists, thus
indicating the presence of a
narrow reaction zone that sepa-
rates the gel and liquid
phases.[40,55] Also, the planar re-
action interface is at an uniform
temperature, which is a front
temperature that describes the
steady state of the moving
front. In addition, we note that
the physicochemical phenom-
ena of pattern formation is
identified as the self-organiza-
tion of wave motion in the vi-
cinity of the spiral core. This
spiral core forms around the
center of the reactor tube along
the radial axis. The spiral wave
motion occurs along a radial co-
ordinate,[56,57] along which the
temperature or heat wave tra-
verses and gives rise to a char-
acteristic spatial wave form as a
result of an interaction with the
chemical kinetics. The moving

reaction front descends at a constant speed of propagation,
and the spatial pattern repeats itself. This behavior is still a
planar motion of the moving reaction front and is termed an
instability as it occurs at a critical point as a self-organizing
phenomena. These spatial planar patterns are of two types:
1) a concentric ring pattern or 2) a characteristic pattern
with an impulse followed with a smooth regular motion.
Koga[57] reported conditions for the occurrence of such pat-
terns for planar spiral motion, which can be easily extended
to a case of a moving reaction interface. Under our experi-
mental conditions, we did not observe concentric ring pat-
terns; instead, we observed the second pattern. An SEM
image shows the spatial patterns along the radial direction
perpendicular to the axial motion (Figure 8a,b). In this case,
the reaction is narrow and results in a planar front propaga-
tion. When the thermal diffusion spreads itself to the adja-
cent monomer and initiator mixture, the motion of the
moving reaction interface becomes a nonplanar front propa-
gation and still repeats itself as a steady characteristic spatial
pattern. Again, these patterns are of two types: layered con-
centric rings and winding staircase patterns. The SEM image
in Figure 8c shows the winding staircase pattern, whereas
Figure 8d shows layered concentric rings. These layered pat-
terns are formed during the front motion and are a self-or-
ganizing phenomenon.[58] We also observed some intermedi-
ate spatial patterns (not shown here) that are planar and
nonplanar, but not a clearly identifiable pattern as discussed
above. The mathematical analysis that explains the condi-
tions for the pattern-formation phenomenon will be present-
ed in a later communication.

Figure 8. SEM images showing exotic patterns: Planner patterns of poly(HEMA–EGDM) at a) 25 mol%
CLD, synthesized by using BPO (H16); b) 25 mol%, CLD synthesized by using 2 mol% AIBN (H11). Poly-
ACHTUNGTRENNUNG(GMA–EGDM) synthesized at c) 50 mol% CLD, synthesized by 4 mol% AIBN (G17); d) 25 mol% CLD,
synthesized by using a complex initiation system (AIBN+DCP).
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In the presence of a solvent, the front temperature drops
drastically. Therefore, we did not observe traces of spiral
motion when we carried out the reactions in a porogen.
Therefore, we may conclude that the occurrence of hot
spots is controlled by temperature, and as the solvent con-
trols the front temperature, the instabilities are absent in the
system or the patterns might be very weak and unobservable.

Conclusion

A series of copolymers of HEMA/GMA and EGDM were
synthesized by frontal polymerization. It was predominantly
observed that the front initially propagates in the form of
bubbles that try to escape along the walls of the reactor
tube. The front stabilizes and propagates smoothly after the
initial uneven movement. AIBN and BPO produced stable
fronts, whereas the higher activation-energy initiator DCP
could not sustain a front as a result of extensive heat loss.
As a general observation, front velocity increased with in-
creasing CLD (mol%). AIBN produced faster fronts than
BPO, and a dual initiator system (AIBN + DCP) was
found to be effective in stabilizing front propagation and re-
sulted in higher yields. At lower initiator concentration, the
front ceased when the reactions were carried out in the
presence of solvents. Amongst several solvents evaluated,
ethoxyethyl acetate (EEA) was found to sustain the front in
the HEMA–EGDM system. All the reactions in the GMA–
EGDM system were extinguished in the presence of a sol-
vent. These reactions were sustainable only when diluents,
such as silica gel, were added and at higher CLD. In the
HEMA–EGDM system, bulk polymerization competed with
pure FP at a higher monomer/solvent ratio of 1:0.8. In as-
cending polymerization, convective instabilities were ob-
served and the front propagation was in the nonplanar
mode. Interestingly, we could perform reactions in DMSO,
which was otherwise not possible in descending polymeri-
zation.

The synthesized polymers were also compared with SP, as
functionalized polymers are prepared by SP for chromato-
graphic and enzyme-binding applications. When reactions
were carried out without a solvent (porogen), pore volumes
were lower and discontinuous. EEA was evaluated as a po-
rogen for the first time, and it was observed that sufficient
pore volume and specific surface area was produced. Pore
volume and specific surface area in FP were found to be in-
dependent of the crosslinker but dependent on the type and
volume of the solvent. At higher volumes of EEA, higher
pore volumes were generated. Pore-size distribution in FP
was also narrow and within 10–50 nm. In the presence of a
porogen, the porosity was continuous. With identical compo-
sitions, SP could not produce porosity in the matrix as a
result of the lack of incipient phase separation. Suspension
polymerized beads were glassy and nonporous. Thus, FP was
found to be superior over SP in terms of producing higher
pore volume with or without a solvent, higher yields, and
shorter reaction times.

The presence of exotic patterns is an important finding in
this study. Polymers possessed spatial patterns along the
radial direction, observable by SEM analysis. These patterns
were of two basic types, namely, planar and nonplanar. The
physicochemical understanding of the process is explained.

Experimental Section

Materials : GMA, HEMA, and EGD were obtained from Sartomer
(USA) and used as received to prepare the copolymers. AIBN was ob-
tained from SISCO (India) and recrystallized from methanol before use
as an initiator. All the other reagents were used as received.

Polymerization : Thick-walled test tubes graduated in 1-mm intervals (12
(I.D.)L125 mm) were used for the experiments. Polymerization was trig-
gered with a soldering iron. The progress of the polymerizing front was
monitored visually. The rate of the propagation of the front was timed
with a stopwatch and reported as the velocity of the front (cmmin�1). A
thermocouple (diameter=0.125 mm; Hi-Tech Scientific, India), was in-
serted after the monomers and initiator (BPO, AIBN, DCP, or DCP/
AIBN) were charged into the test tube. The temperature was measured
relative to time with a programmable temperature controller (Hi-Tech
Scientific, India). Monomer feed ratios and copolymer composition are
indicated as CLD (mol%): the mole percent of the crosslinking divinyl
monomer EGDM relative to the functional monovinyl monomer HEMA
or GMA. The reactions were videotaped at 50–400 framess�1 using a
Red Lake Imaging, Motionpro model attached with AF micro Nikkor
105-mm lens charge-coupled device (CCD) camera. A few experiments
were triggered by a heat source at the bottom (ascending FP).

Copolymers formed were ground using a blender, purified by washing
several times with methanol and water, and dried in a vacuum oven at
50 8C for 36 h.

Suspension polymerization : The synthesis was conducted in a double-
walled cylindrical reactor fitted with an eight bladed Ruston turbine stir-
rer and a nitrogen inlet. The continuous phase comprised of an aqueous
solution of poly(N-vinyl-2-pyrrolidone) (PVP; 1%, w/w). The discontinu-
ous organic phase consisted of GMA, the crosslinking divinyl monomer
EGDM, and the polymerization initiator AIBN. The discontinuous or-
ganic phase was introduced into the aqueous phase, stirring was set at
300 rotationsmin�1, and the temperature was maintained at 70 8C by cir-
culating hot water. The reactant compositions were identical to those
used in FP. The polymerization was continued for 3 h. The copolymer ob-
tained in beaded form was separated by decantation, washed with water
and methanol, and dried at room temperature under reduced pressure.

Both sets of copolymers, obtained from FP and SP, were sieved using
Kumar test sieves (Mumbai, India) to obtain uniform particles of similar
size (80–100 mesh), which were used for characterization.

Characterization : The surface epoxy/hydroxy functional groups of the co-
polymers were estimated titrimetrically.[10,11] Millimoles of epoxide/hy-
droxy per gram of polymer was estimated by end-group analysis.

The skeletal density db and the apparent density da of the polymers were
measured by picnometry with mercury as the confining fluid. The copoly-
mers were degassed in a picnometer and filled with mercury under
vacuum at 25 8C. From the density measurements, the total porosity in
the matrix was estimated from Equation (1).

porosity ð%Þ ¼ ðl�db=daÞ � 100 ð1Þ

Mercury intrusion porosimetry (Quantachrome Corp., USA) was used to
estimate pore volume, and the specific surface-area measurements, based
on the single-point nitrogen adsorption method (more popularly known
as the BET method), were conducted using a surface area analyzer
(Quantachrome Corp., USA).

A scanning electron microscope (Phillips model XL 30) was used for
morphological observation of the polymers. These polymers were cut
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carefully from different parts of the column and mounted on stubs and
sputter coated with gold to visualize the surface morphology.
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