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ABSTRACT: Free-radical crosslinking polymerization and crystallization of acrylic acid (AAc) were investigated by shear storage modu-
lus (G') measurements in pH 2, as well as in pH 6 and pH 10, by varying the molar ratio of crosslinking agent (N,N-methylene bis-
acrylamide; MBAAm) to AAc (0.583 X 1072, 1.169 X 10 2, 1.753 X 10 >, and 2.338 X 10 °). Our results showed that the pre-
gelation time was the same at pH 2, regardless of the concentration of MBAAm. The propagation time was determined by the initial
feed concentration of AAc, and the length of the linear curve in the propagation was proportional to the concentration of MBAAm.
The Avrami exponent (n), as an indicative of growing pattern of an infinite molecule, in the crystallization was increased in propor-
tional to the concentration of MBAAm, and generally low at pH 2. In the deceleration phase, n was observed near 1.0 throughout
the all specimens. These results indicated that (1) the length of the pre-gelation period was determined by the ionization of AAc (or
pH), (2) the polymerization rate of AAc was not affected by the concentration of MBAAm, and (3) the inhomogeneity of hydrogel
was determined by the growing pattern of infinite molecule in propagation phase. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015,
132, 42195.
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than in propagation. It has been reported that in the event of
contact probability, which is decided by the monomer mobility,
one reaction may occur per 10° collisions during propagation,
and one reaction per 10> collisions may occur during termina-
tion.'"" The ky/k, (propagation kinetic constant/termination
kinetic constant) ratio was near 10~ in the copolymerization of
acrylamide (AAm) and MBAAm,"” and 1072 to 107> until
50%—60% conversion in the copolymerization of styrene and

INTRODUCTION

The kinetics of crosslinking polymerization has not been clari-
fied because the addition of a crosslinking agent complicates the
reaction mechanism significantly. In addition, problems arising
from competing reactions between radicals and multifunctional
comonomers,' diffusion limitations,”™ substitution effects,’
inhomogeneities in network formation® remain unsolved.

Cyclization, which is distinctively observed in a free-radical
crosslinking polymerization, leads to the formation of a com-
pact intramolecular cross-linked structure known as microgel,”
and is due to the reaction between both ends of a growing
crosslinking agent molecule. Primary intramolecular cyclization
is initiated by one double bond and one radical in a propagat-
ing chain, and it would result in a loop structure which does
not contribute to the mechanical properties of the hydrogel.*’
Primary intramolecular cyclization is independent of the cross-
linking agent concentration but is dependent on the total
monomer concentration."”

Diffusion limitations have been a main concern in free-radical
polymerization. Diffusion is more dominant in termination
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divinyl benzene.'>'* Propagation progresses by the reaction of
one large radical and small monomer molecules, and thus, is
much less hindered by diffusion."

Bimolecular termination occurs by a consecutive three-step
reaction: two radical coils approach each other by translational
diffusion (center of mass diffusion of the active polymer
chains); segmental diffusion reorients the polymer molecules
until their chain ends come in close contact with each other;
and the chain ends react chemically via the so-called reaction
diffusion (activation energy required for the two radical ends to
react).">'® At low conversions, the small polymer coils easily
achieve translational mobility, and segmental diffusion becomes
the rate-determining step in termination.'” >’
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Figure 1. Free-radical crosslinking polymerization of AAc was achieved by
three steps—pre-gelation (phase 1), propagation (phase 2), and decelera-
tion (phase 3). Infinite molecule was formed with the growth of branched
molecules, increased G'. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

However, at high conversions, reaction diffusion is dominant,
while segmental and translational diffusions are neglected
because of the immobility of the chain.?!

One of the main differences between linear polymerization and
crosslinking polymerization is that the conversion rate, which
affects the type of dominant diffusion for termination, is lower
in the latter. Reaction diffusion-controlled termination is seen
after 40%—-50% conversion in the case of linear polymerization;
in cross-linking polymerization, this type of termination is seen
after 5% conversion, and it dominates after 15% conversion,
where k,/k, becomes constant.'»**72*

Network inhomogeneity throughout the polymerization is
another problem to be solved to improve its mechanical prop-
erty and to obtain more consistent results.”>° In case of the
living radical linear polymerization to decrease M,/M,, [polydis-
persity index (PDI)], kinetic chain propagation ceases when all
the monomers are consumed, because there is no termination
step.”">* However, in crosslinking polymerization, this pattern
would not be too effective to afford a homogeneous structure.
It was reported that the iniferter (initiator—transfer agent—termi-
nator) was not so effective to improve the homogeneity of
hydrogel.*!

Thus, for three main issues—primary intramolecular cyclization,
termination, and inhomogeneity in free-radical crosslinking
polymerization, we set the concentration of AAc constant in all
measurements to minimize the effect of primary intramolecular
cyclization on the polymerization, divided reaction time into
three intervals (Figure 1) and monitored the increase of G
when the termination by reaction diffusion was dominant, and
compared 7 in the Avrami equation with G(t)/G . values to
investigate inhomogeneity throughout the polymerization, vary-
ing pH value and the concentration of MBAAm.

From our real-time G’ measurement as a direct output of net-
work formation, it was expected to elucidate the relationship
between the polymerization rate of AAc and the concentration
of MBAAm, and the effects of pH on the pre-gelation period
and the inhomogeneity. At the deceleration phase, n was not
much different to each condition due to monomer composition
drift or radical inefficiency.”®
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Materials

AAc (anhydrous 99%) was purchased from Aldrich Chemical.
MBAAm was purchased from Fluka. Ammonium persulfate
(APS) (98+9%, A.C.S. reagent) was purchased from Sigma-
Aldrich. Potassium phosphate monobasic and sodium hydroxide
were purchased from Mallinckrodt. Hydrochloric acid (Reagent
A.C.S.) was purchased from Fisher Scientific. All these chemicals
were used as received.

Preparation of Solutions with the Desired pH

Two solutions with different pH levels were prepared to exam-
ine the effect of pH on the gelation behavior. Solutions (non-
buffers) of pH 2 and 10 were prepared by mixing appropriate
volumes of diluted HCl (pH 2, 0.1M) and NaOH (pH 13,
0.1M) stock solutions. The pH value of the DI water used as a
reaction medium was about 6.0. With pH meter, it took about
20 h for the pH value to be stabilized because ions were rare in
the solution.

Crosslinking Polymerization

Hydrogels were prepared by free-radical crosslinking polymer-
ization. The initial solution consisted of AAc, MBAAm, and pH
solutions. As shown in Table I, the MBAAm/monomer molar
ratios were 0.583 X 107% 1.169 X 1077, 1.753 X 10 °, and
2.338 X 10>, The solid content was fixed to 23 wt % to reduce
the termination reaction during the gelation. Before correspond-
ing chemicals were poured into the reactor, which had a
double-gap cylindrical geometry (DG27, MCR 301, Physica,
Anton Paar), the solution was stirred and deoxygenated by bub-
bling with nitrogen gas for 20 min. When the solution tempera-
ture reached to 60°C, the initiator APS solution was added, and
allowed the reaction to proceed to completion. The polymeriza-
tion time was 60 min for all samples.

Measurement of G’

Measurements of G' were performed in the time sweep mode.
The gap between the cylinder and the bottom of the reactor
was kept at 2 mm. The shear strain (amplitude gamma) was
1%, and the frequency was 1 Hz. The temperature, which was
fixed at 60°C, was controlled by a water bath controller (Julobo,
F25). The amount of initial gel solution poured into DG27 was
7 mL. After temperature reached 60°C, 1 mL of initiator solu-
tion was added. The time gap between the addition of the ini-
tiator solution and the starting time of the measurements was
15 s. A total of 30 points were scanned with a time interval of 2
min between each point.

RESULTS AND DISCUSSION

The goal of this study is to investigate the effects of pH and the
concentration of MBAAm on crosslinking polymerization of
AAc, as previously mentioned. We tried to interpret more in
detail the crosslinking polymerization of acrylic acid in view of
time intervals of each phase, slope of each curve, and inhomo-
geneity for a course of polymerization, which were not managed
in our previous work—G' and tand were monitored and com-
pared in the crosslinking polymerizations of three acrylic mono-
mers.”* Thus, first, we investigated the condition for network
formation. Second, the increase and slope of G' were monitored
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Code?® MBAAmM (mg) AAc (mL)P APS (mg) pH solution (mL)° (IMBAAm/AAC]) x 102
AAcl 2.83 2.16 13.44 8.0 0.583
AAc2 5.66 2.16 13.44 8.0 1.169
AAc3 8.49 2.16 13.44 8.0 1.753
AAc4 11.32 2.16 13.44 8.0 2.338

2[MBAAmM]: mol of MBAAm, [AAc]: mol of AAc.
®Density of AAc is 1.05 g/mL.
¢Solid wt % is 23% [(wt of monomer)/(wt of monomer + wt of pH solution).

at phase 2 and 3. Last, n was plotted from Avrami equation
with G(#)/G o values of relevance to the inhomogeneous
growth of infinite molecule. The criteria to determine the end
of phase 1 was the increase of G’ with the formation of infinite
molecule. End of phase 2 was determined when the curve
became leveled off after the inflection point. At this range where
phases 2 and 3 coexisted, it was believed that (1) most branched
molecules were already attached on the infinite molecule or
entrapped, and (2) AAc molecules dissolved in solution were
reacted with network or entrapped molecules. Propagation and
incorporation of branched molecules to the infinite molecule,
and network growth by AAc were assumed to induce the steep
increase of G’ during phase 2.

Condition for Network formation

The primary condition for network formation is the growth of an
infinitely large molecule in three dimensions.”” To achieve this
structure, two preliminary conditions should be met: (1) genera-
tion of trifunctional molecules or multifunctional molecules and
(2) a higher probability of propagation than termination.

In linear polymerization, chain propagation proceeds in one
direction because only one radical is present in a chain. If a
chain which is not linear has two functionalities (radical or
vinyl group), a branched structure would be formed. In cross-
linking polymerization, trifunctional molecules act as junctions
and produce a network structure [Figure 2(a)]. These trifunc-
tional molecules can be generated by the reaction between two
pendant double bonds (PDB).

In Figure 2(b), which presents eight possible reactions between
PDBs-between radicals or radical and double-bonds, the proba-
bility of formation of trifunctional molecules is about 50%
(4 trifunctional molecules produced from 16 PDBs), and the
probability of formation of dead molecules is 12.5%. About
37.5% of these reactions afforded bifunctional molecules. We
did not consider the further reactions between trifunctional or
bifunctional molecules, which were generated from PDB reac-
tions; rather, we hypothesized that the inefficiency of the tri-
offset the probability of
regenerating trifunctional molecules.

functional molecules would

As the second criterion for network formation, Flory*® reported
that the minimum number of the radicals in the branch units
should propagate; otherwise, the molecule would be a dead
polymer. This least probability («) is dependent on the number
of functionalities (f): oo=1/(f—1); for example, if f is 5, «
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would be 25%. Thus, at least 2 of 5 radicals should not be
terminated. The minimum number of end radicals (N;,) that
should be involved in the propagation increases with the gener-
ation number. If trifunctional molecules are attached to each
end of chain, the number of branches in the second generation
would be 6 (while the number of branches in the first genera-
tion is 3). In this case, more than three radicals at the ends of
the branched unit must propagate. Thus, N, would be
expressed by
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Figure 2. (a) Network could be formed by the reaction between trifunc-
tional molecules, (b) Possible reactions between pendant double bonds
(PDB) to generate trifunctional molecules
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Ninin = Q%) 2! (1)

where g is the number of generation.

The issue that is not considered in eq. (1) is the uncertainty in
the number of nucleation molecules (1st generation) which is
related to the concentrations of initiator and crosslinking agent,
mainly produced in the pre-gelation period and the probability
of formation of the infinite molecule even if N, decreases
with an increase in the generation number, provided the close
distance or the short time gap between each nucleation to facili-
tate the bridge formation.

Thus, we first considered the average molecular weight between
crosslinks (M,), so called “mesh size.” M, which is a nominal
value conventionally known to be 0.5 X ([AAc]/[MBAAm])
was modified as follows:

X [AAC]
0.25[MBAAM]

2
c 5 (2)
where [AAc] and [MBAAm] are the initial feed concentrations
(mol) of AAc and MBAAm, respectively, and 0.25 X [MBAAm]
means the fraction of trifunctional molecules generated in the
initial concentration of MBAAm. X, is the conversion rate of
the monomer. In Table I, [AAc] is 0.0315, and [MBAAm] is
1.838 X 107°, 3,675 X 1077, 5513 X 107> and 7.351 X
1077, respectively. X, at the end of phase 2 was about 90%.
Thus, M, (g/mol) was 4114, 2057, 1371, and 1028 for each cor-

responding MBAAm concentration.

Malkin et al.”” reported that the number-average degree of poly-
merization (N) in free-radical linear polymerization could be
expressed as

X.[AA(]
o —[1]
where [I], is the initial feed concentration of the initiator and
[I] is the current concentration of the initiator. The term
[Ilo — [I] denotes the decomposed concentration of the initiator.
Therefore, the average number of junctions (Ncr) per branched
molecule as a function of initiator concentration is equal to the
term of N [eq. (3)] divided by M, [eq. (2)], and expressed as
follows,

N=

3)

_ 0.375[MBAAm]
o (1o =[]

In trifunctional crosslinking, the number of junctions is given
by 3 X (25" = Ngg + 2. Thus, if eq. (4) can be rewritten as
(2571 =(1/3) [(0.375{MBAAm}/{[I]-[1]o}) + 2], and if this
equation is substituted in eq. (1), the average minimum number
of radicals required to form the network per branched molecule
will be expressed as a function of [MBAAm] and ([I], — [I]).

(4)

1 (0.375[MBAAm] +2) 5)

Moo =2\ o= 11

2
Therefore, the minimum condition to form the network could
be found in egs. (1) and (5). For example, in case of trifunc-
tional molecules (Ist generation), Ny, is 1.5 in eq. (1). If this
is substituted into eq. (5), [MBAAm]/([I] — [I]o] should be
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lower than 2.66. In Table I, the molar ratio of [MBAAm]/[APS]
is 0.31-1.24, which satisfies the minimum condition of network
formation. However, this hypothesis does not include two varia-
bles—(1) fraction of primary intramolecular cyclization that
decreases the efficiency of crosslinking, which related to the
total monomer concentration, and (2) the efficiency of initiator.
Values of 0.31-1.24 were obtained with the assumption that the
fraction of primary intramolecular cyclization was zero, and the
efficiency of initiator was 100%. It will be considered with fur-
ther studies to find more exact values in the future.

Efficiency of PDB in Phase 1: Effects of Concentration of
Crosslinking Agent and pH

Several reactions in crosslinking polymerization make the cross-
linking agent inefficient: primary or secondary cyclization, inter-
molecular, and intramolecular terminations. These reactions
result in looping, dangling, and dead polymers. Dangling chains
are an elastically inactive part of the network structure, which
do not contribute to stress.’® Loose, dangling chain ends
attached to the network by only one end are regarded as defects
that tend to decrease the retractive stress.””*' Tobita and
Hamielec*” reported that 80% of the PDBs are consumed by
primary cyclization reactions when the overall weight fraction
of AAm and MBAAm is 5.6%. Secondary cyclization was about
1000 times more effective in consuming PDBs than was cross-
linking. Okay et al.*’ estimated that 95% of the PDBs under-
went primary cyclization if the solid weight fraction was 5%.
The primary cyclization is influenced by chain flexibility, pri-
mary chain length, and solvent quality, apart from the weight
fraction of the monomer."

However, the extent of cyclization of PDBs in crosslinking poly-
merization would be mostly dependent on the type of monomer
and PDB, as well as the conversion rate of the monomer. The
extent of cyclization involving PDBs consuming was 80% in the
AAmM/MBAAm system and 30% in the methyl methacrylate
(MMA)/ethylene glycol dimethacrylate (EGDM) system at zero

conversion.”

Fast polymerization of AAc and low reactivity of PDBs could
increase the time gap among the reactions between the first and
the second functionalities of PDB. This would reduce the proba-
bility of cyclization because the gap between the propagating
chain lengths of the first functionalities and second functional-
ities of a PDB would be large. However, this hypothesis is trivial
or ineffective in improving the efficiency of PDBs. The reactivity
of a PDB is dependent on the distance between two PDB radi-
cals, but is independent of the propagation rate; this is because
the termination reaction is orders of magnitude faster than
the propagation reaction, which induces diffusion-based
polymerization.”’

Based on the above facts, at the pre-gelation period, it is evident
the polymerization rate does not significantly affect the effi-
ciency of PDB; in other words, monomer concentration is not a
key parameter to improve the homogeneity of the hydrogel if it
is not significantly different. Instead, ionization of the monomer
or other conditions to control the distance between radicals and
monomers would be more important for the efficiency of
PDBs.
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Figure 3. G'(Pa) behaviors to the crosslinking polymerization of AAc in phases of pre-gelation and propagation, (-*-) AAcl, (-{_]-) AAc2, (-A-) AAc3,
and (-V-) AAc4, (a) at pH 2, (b) at pH 6, (c) at pH 10, and (d) rate of network formation as a function of pH and the concentration of MBAAm,
(-M-) at pH 2, (-O-) at pH 6, and (-A-) at pH 10. R, denotes the rate of network formation.

Propagation Rate of an Infinite Molecule in Phase 2: Effects
of Concentration of Crosslinking Agent and pH

In this study, free-radical crosslinking polymerization was con-
ducted at different pH levels. The ionization of AAc was
expected to affect the termination rate or efficiency of PDB
based on the chain mobility and the distance between radicals.
The rates of network formation at different pH levels were
monitored by measurements of G. Termination would be lim-
ited by the immobility of chains in phase 2.

@ increased with the formation of an infinite molecule, and the
slope of each curve was influenced by the concentration of
MBAAm. G behaviors in phases 1 and 2 are presented in Figure
3. All the curves were stabilized at about 30 min, by the end of
phase 2. At this point, G (Pa) ranged from 2580 to 14,400 at
pH 2 [Figure 3(a)], from 3116 to 9780 in the case of pH 6 [Fig-
ure 3(b)], and from 4540 to 13,900 at pH 10 [Figure 3(c)].

The pre-gelation period was not significantly influenced by the
concentration of the crosslinking agent, but was influenced by
the pH. The range of this time period ends after 70-80 s at pH
2, 180-360 s in pH 6, and 120-180 s at pH 10. The feed con-
centration of the crosslinking agent was up to four-fold differ-
ent, but the gap between the lowest and highest time points
were much narrower.

The slopes before the inflection points of each curve are com-
pared in Figure 3(d). The increase in the slope with the concen-
tration of crosslinking agent was consistent for pH 6 and at pH
10, but steeper at pH 2.

The polymerization rate of AAc was independent of the
MBAAm concentration. First, in the propagation phase, the
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time period was determined by the initial feed concentration of
AAc, and the length of the curve was influenced by the MBAAmM
concentration. The inflection points were observed near 750 s
for pH 6 [Figure 3(b)] and pH 10 [Figure 3(c)], and at 600 s
for pH 2 [Figure 3(a)]. However, the augment points (end of
pre-gelation) at pH 2 appeared about 150 s earlier than that for
pH 6 and pH 10. Thus, the time lag between the augment and
inflection points was similar for all pH ranges.

Second, the slope linearly increased with the MBAAm concen-
tration. G'(t)/G . curves for pH 6, pH 2, and pH 10 are plot-
ted in Figure 4. The increasing ratio of G'(t) to G . was the

T 1
1000 1500
Time(s)

Figure 4. G'/G . behaviors—curves for four concentrations of MBAAm
were converged to one master curve at each pH. G/G . was increased
faster in the order pH 2 >pH 10 > pH 6.
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same, regardless of the MBAAm concentration: four curves con-
verged into one master curve. Thus, three master curves were
plotted against pH. The relationship between the efficiency and
concentration of PDBs may be dependent on the intrinsic prop-
erty or the ionization of monomer.

Lattuada et al.*® reported Monte Carlo simulations of the cross-
linking polymerizations of MMA and AAm. In their simulation,
the termination rate was low and the polymerization rate was
high because of the high amount of radicals produced when the
amount of crosslinking agent was increased. Batch et al’
reported kinetic models of the crosslinking polymerization of
divinyl benzene and vinyl ester. In their study, a higher fraction
of crosslinking agent induced a lower polymerization rate. The
following explanation was provided: unimolecular radical trap-
ping was promoted when increasing the concentration of cross-
linking agent, even if the crosslinking agent decreased the rate
of bimolecular termination.

Keskinel and Okay’ compared MMA/EGDM and AAm/MBAAm
systems on the basis of the polymerization rate of the monomer.
In the MMA/EGDM system, the polymerization rate did not dif-
fer drastically with the concentration of EGDM (the difference in
conversion rate was below 3% after 3 h), and in the AAm/
MBAAm system, the polymerization rate increased when sodium
acrylate (NaAc) or 2-acrylamide-2-methylpropanesulfonic acid
sodium salt (NaAMPS) was added as a comonomer. Further, the
termination rate of ionic macro-radicals was lower than that of
non-ionic radicals at high concentrations of the crosslinking
agent.

The efficiency of MBAAm in AAc crosslinking polymerization
was different at pH 2. The pKa of AAc is known to be about
5.0.>* Thus, at pH 2, most of the carboxyl groups of AAc were
not ionized, which resulted in a shorter distance between AAc
molecules and radicals in solution as compared with that for
pH 6 and pH 10. When a PDB reacts with propagating radical
chains, there is an increased probability of the radical on the
PDB coming in contact with the nearby monomer. This in turn
may increase the efficiency of PDBs (decreasing the number of
intramolecular cyclizations). As seen in Figure 3(d), the effi-
ciency of PDBs was influenced to a greater extent by the con-
centration of PDBs than at pH 6 and pH 10, owing to the lack
of ionization. However, at pH 10, the efficiency of PDBs was
higher than at pH 6 because of the greater mobility induced by
the stronger electrostatic repulsion force.

Therefore, in our system, the polymerization rate of AAc was
independent of MBAAm concentration, and the reactivity of
MBAAm toward AAc radicals increased with the ionization of
AAc because of the increased mobility even if the distance
between MBAAm and AAc radicals was similar at pH 6 and pH
10. The dependence of the reactivity of MBAAm toward AAc
radicals on the MBAAm concentration was higher at pH 2. The
augment time of phase 2 with increase of G at pH 2 was faster
than at pH 6 and pH 10, and it was due to the shorter distance
between AAc and PDB radicals increased the dependency of the
reactivity of PDBs on the PDB concentration. Thus, the reactiv-
ity of MBAAm would be high in the order of at pH 2> pH
10> pH 6.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

42195 (6 of 10)

Applied Polymer

SCIENCE

Termination could be significantly reduced after the infinite
molecule was formed at the beginning of phase 2. Diffusion-
limited bimolecular termination was more hindered after the
radicals were attached to the network, and termination might
be insignificant.®® The decreased termination rate in this phase
would be caused by an increase in the viscosity of the system
and the mechanism of reaction diffusion termination, that is,
the termination of diffusion-limited immobile chain radicals
formed by growth through the propagation.””*® Several stud-
ies®! also reported that the termination coefficient became
constant to the double-bond conversion as it was proportional
to the propagation kinetic constant, where reaction diffusion
was the primary mode of termination. Intramolecular termina-
tions (between two functional groups on the same molecule)
could be neglected, based on Kienle et al’s study on glycerol-
dibasic acid.”* Bradley’s report™ on drying oil resins stated that
the number of consumed molecules was slightly less than the
number of inter-unit linkages formed. Therefore, it could be
possible to exclude the termination in this phase.

Herein, the network formation was reinterpreted by the crystal-
lization behavior. Crystallization progresses via nucleation and
crystal growth. During nucleation, branched molecules converge
to the infinite molecule via chain propagation or intermolecular
reaction. This type of nucleation is categorized as contact
nucleation.”*

The kinetics of network formation at pH 2, pH 6, and pH 10 in
Figure 5, as evaluated from G (t)/G . measurements, were
analyzed using the Avrami equation,’>”®

G (1)
G/max
G max 1s the value of G after 1 h of polymerization, and the
ratio G'(t)/G max represents the extent of gelation. The Avrami
equation using the value of G'(t)/G ax allows us to find the
exponent n that governs the crystallization kinetics. The values
of G hax are listed in Table II. #n values obtained from the linear
fit at pH 2 [Figure 5(a)], pH 6 [Figure 5(b)], and pH 10 [Fig-
ure 5(c)] were 1.5-2.3, 2.8-5.7, and 3.0-3.6, respectively. It is
worth noting that the maximum variation in G (t)/G . does
not exceed 2% even if G, is obtained at 2 h of polymeriza-
tion, because the increasing slopes of G in phase 3 are below
0.6 (Pa/s) [Figure 6(b)]. This means that the determination of
G max after 1 h of polymerization is relatively insensitive to the
kinetics.

1_

=exp (—kt") (6)

In Figure 5, about four points were taken out of Figure 4. As
explained previously, the infinite molecule is propagated by the
incorporation of branched molecules and AAc. In the transition
region between phase 2 and phase 3, it was thought that most
branched molecules already incorporated (except entrapped
ones), and the infinite molecule propagated only by AAc. With
depletion of AAc in solution, phase 3 started. Thus, we have
tried to get n values which are for the network growth by both
branched molecules and AAc, not only by AAc, and excluded
that coexisted region.

There is no clear interpretation of », but it is generally known
that n ranges between 1 and 4.°” Crystallization is progressed
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pH 10.

on the surface if n is about 1, and inside if # is over 3. An n
value of more than 3 implies three-dimensional growth,® which
is usually observed at the beginning of the nucleation.”” In our
result, the highest value of n was observed for AAc4 at pH 6,
5.7, and the gap between the lowest and highest was the most
significant at pH 6, 2.8-5.7. The n value was in the order pH
6>pH 10 >pH 2. Further, n increased in proportional to the
concentration of MBAAm.
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The n value indicates the change in the nucleation pattern. A
more random growth would result in higher values of n,
exceeding 3. In other words, as more MBAAm is incorporated,
the number of growth directions would increase. This behavior
is regardless of the number of chain radicals because the initial
feed concentration of the initiator is the same for all specimens
and the termination reaction in this phase is not significant.

Thus, the above behavior could be explained by two aspects.
First, as n is higher, there is a higher concentration of defects
such as looping, dangling, or dead polymers, which proportion-
ally increase with the concentration of MBAAm, and induce a
greater number of growing directions when encountered. Thus,
based on our results, the efficiency of PDBs is the highest at pH
2, and the G values of AAc3 and AAc4 at pH 6 are much lower
than those at pH 2 and 10 (Figure 3); PDB was generally more
efficient as n was lower, given the same concentration of
MBAAm.

Second, based on the fact that n was higher at high MBAAm
concentration, n increased with a decrease in the size of clusters
that were separated from the infinite molecule. It has been
reported that the local concentration of PDBs within a cluster
separated from the infinite molecule should increase as the con-
centration of MBAAm increased.” Each cluster would tend to
form more cycles and result in a more compact structure. As
the size of cluster decreases, the probability of growth of the
infinite molecule inside its structure would be higher.

At pH 2, n is generally low, and this means that the size of each
cluster is large. This might imply that nucleation was progressed
on the surface of the infinite molecule. Therefore, it could be
inferred that the structure was more homogeneous as the size of
the cluster separated from the infinite molecule was larger. This
behavior could be traced by the value of n.

Rate of Microgel Formation in Phase 3: Effects of
Concentration of Crosslinking Agent and pH

In phase 3—the deceleration phase—which was observed after
30 min of polymerization, the rate of network formation was
severely reduced. In general, from 30 to 60 min of polymeriza-
tion, about 10% increase in G was observed. The conversion
rate was about 90% at 30 min [Figure 6(a)].

The reduced polymerization rate in this phase could be possibly
ascribed to the exhausted AAc molecules in solution. If AAc
molecules exist in solution, chain propagation of network is still
possible because AAc is one order-of-magnitude smaller than
mesh size, and water-soluble, thus its mobility is not limited by
the network.

Table II. Maximum Values of G at pH 2, pH 6, and pH 10

G’ max (Pa) pH 2 pH 6 pH 10
AAcl 2,930 3,674 5,170
AAc2 8,350 7,846 9,690
AAc3 12,700 9,004 12,300
AAc4 15,600 10,690 15,500
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Figure 6. (a) G/(Pa) behaviors to the crosslinking polymerization of AAc in the phase of deceleration, (-#-) AAcl at pH 2, (- --) AAc2 at pH 2, (- -)
AAc3 at pH 2, (- -) AAc4 at pH 2, (---) AAcl at pH 6, ({ ]-) AAc2 at pH 6, (-A-) AAc3 at pH 6, (-V-) AAc4 at pH 6, (- -) AAcl at pH 10, (- -)
AAc2 at pH 10, (-XK-) AAc3 at pH 10, and (-%-) at AAc4 at pH 10, and (b) rate of network formation as a function of pH and the concentration of
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Thus, it could be assumed that the trapped radicals from the
network chain could not come in contact with the AAc mole-
cules, but rather came in contact with the other radicals and
induced termination (even if this probability was low), or
encountered trapped PDBs. Kloosterboer et al.”® reported that
many PDB molecules could be entrapped in the microgel
regions, which decreased the reactivity of PDBs because of steric
hindrance. Ward and Peppas® reported that the homogeneity
could be controlled by the reactivity of PDBs, and not by the
polymerization rate. Besides these reports, in our all specimens,
this independence of microgel formation on the polymerization
rate could be also explained by the similar increase (10%) in G.
The entrapped growing PDBs may show similar probabilities of
interacting with radicals in other PDBs or in the network chain.

As shown in Figure 6(b), the increase in G' was higher as the
concentration of MBAAm was increased. This behavior was
generally similar to that in phase 2 [Figure 3(d)]. The slope
increased most steeply at pH 2, and the gap in the curves at pH
6 and pH 10 was almost constant. Thus, it was hypothesized
that network growth still progressed, although at a low rate.

Figure 7 presents the growth rate of the network in phase 3.
The n value at pH 2, pH 6, and pH 10 was in the range of 1.0
to 1.4 (Figure 8(a—c)]. The interesting point to be noted is that
n is generally independent on the pH value and the concentra-
tion of MBAAm.

The non-linear regions at the end of curves in Figure 8 have
been considered in R. These non-linear regions were ascribed
to the slower decrease of values of 1 — G'(£)/G nax since G (t)/
G max increased more slowly as it approached to 1.0 in that cor-
responding region. This induced the faster increase of
In[—In(1 — G ()/G max)]. It could be interpreted to the reduced
rate of reaction between functionalities of network.

CONCLUSIONS

G was measured to monitor the effects of ionization and the
concentration of MBAAm on the rate of network formation at
pH 2, pH 6, and pH 10. The crystallization behaviors in the
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propagation phase and deceleration phase were determined
from the plots of G(t)/G . and n values from the Avrami
equation.

The condition for network formation was dependent on the
ratio of MBAAm concentration and the radical concentration, if
the concentration of AAc was not significantly different. Num-
bers of junctions per branched unit could be related to the
structure of hydrogel. However, in this crosslinking polymeriza-
tion of AAc as an ionic monomer, ionization of AAc and pH of
solution were more important factors to determine the period
of pre-gelation than the polymerization rate. This might be
induced from the fact that the efficiency of PDB was dependent
on the ionization of AAc.

In the propagation phase, G’ showed a steep increase. The poly-
merization rate of AAc was independent of the concentration of
MBAAm and ionization, because the length of this period was
the same for all specimens, and the G/(t)/G . curve was the
same at four different concentrations of MBAAm but differed
with pH. Crystallization in this phase indicated nucleation—

pH 6

2500 3000 3500
Time(s)

Figure 7. G/G . behaviors in the deceleration phase—curves for four

T
concentrations of MBAAm were converged to one master curve at each pH.
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growth of the infinite molecule; branched molecules separated
from the infinite molecule were more compact as the concentra-
tion of MBAAm was increased. The low values of n at pH 2
were attributed to the fact that the infinite molecule propagated
faster with the larger branched molecules on its surface.

The termination reactions in phases 2 and 3 were not significant
because of the immobility of chain. The number of junctions in
each branched unit was not much affected by the concentration
of AAc, even if the mesh size was influenced by the concentra-
tion of AAc. Moreover, in phases 2 (sufficient monomers) and
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3 (exhausted monomers), the efficiency of PDBs and its
dependency on the PDB concentration were similar and were
determined by the ionization, that is, different pH levels.
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