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ABSTRACT: Gel formation via polymerization of amphiphilic macromers with a soluble central block and two
insoluble but polymerizable end groups was investigated by dynamic Monte Carlo simulation. A simplified free
radical polymerization of coarse-grained self-avoiding macromers was modeled on lattices. The simulation
reproduced the unexpected experimental phenomenon reported in the literature that polymerization of PEO-
acrylate or PEO-diacrylate macromers proceeded quite fast in water in contrast to in organic solvents. The simulation
confirmed that the enhancement of local concentration of the polymerizable groups in the micellar cores was
responsible for the rapid polymerization of self-assembled macromers in a selective solvent. A straightforward
criterion to determine an infinite gel network in a finite modeling system with the periodic boundary was also
put forward. The gelling kinetics associated with polymerization of such macromers with “double bonds” at both
ends was investigated. Fast chemical gelation of concentrated macromer solutions in a selective solvent was
interpreted from both the rapid polymerization and the more bridges linking micelles. Hence, this paper illustrates
a strong coupling between polymerization kinetics and self-assembled structures of amphiphilic monomers.

I. Introduction

Polymerization kinetics constitutes an ever-lasting important
topic in polymer science since more than half a century ago.1,2

As the associated theories and simulations of free-radical
polymerization are concerned, many researchers have investi-
gated the underlying polymerization mechanisms of monomers
in melts or in good solvents.3-10 Nevertheless, the modeling of
free-radical polymerization of amphiphilic macromonomers or
macromers in a selective solvent is rather limited. In contrast
to it, an interesting experimental observation has been done one
and a half decades ago.11 It is well-known that polymerization
of macromers (usually in an organic solvent) is relatively slow
due to a low concentration of polymerizable groups. Ito et al.
found, however, that the free radical polymerization of poly-
(ethylene oxide) (PEO) acrylate macromers proceeded surpris-
ingly fast in water.11 They interpreted this interesting phenom-
enon as a result of self-assembly of the macromers in water
into micelles because PEO chains are hydrophilic and the
polymerizable ends of these macromers are hydrophobic.
Afterward, such an experimental phenomenon has been found
in many pertinent cases by Ito’s group,12 Hubble’s group,13 the
author’s group,14,15and so on. An associated theoretical research
is thus required.

Monte Carlo (MC) simulation has been applied to study free-
radical polymerization in a great success.5,8,16,17However, the
conventional MC simulation approach to model polymerization
kinetics in polymer chemistry is, due to lack of sufficient spatial
information on monomers, not suitable for the study of the topic
of this paper. On the other hand, dynamic MC simulation has
been widely used to study chain configuration and dynamics in
polymer physics.18 After introducing reaction into lattices,
dynamic MC simulation is able to study ideal “living polymers”
in dynamic equilibrium,19 free-radical polymerization,20 living
ion polymerization,20 condensation polymerization,21 and in-

terchain exchange reaction.22,23Nevertheless, we have not found
any report concerning simulation of polymerization of am-
phiphilic macromers yet.

Dynamic MC simulation of lattice chains has been employed
to study self-assembly of block copolymers or amphiphiles in
a selective solvent.24-32 By combining these studies with the
free-radical polymerization of lattice monomers, this paper will
investigate the kinetics of free-radical polymerization of am-
phiphilic macromers in a selective solvent mimicking coarse-
grained PEO-diacrylate macromers in water. Recently, there are
many published experimental works concerning micelle-related
polymerization (but not limited to polymerization of macro-
mers).33-37 So, our simulation method and results might also
be meaningful for understanding various polymerizations of
monomers (including macromers) under a self-assembled state
in selective solvents.

Not less important is the modeling of the associated hydrogel
formation. Various hydrogels have been extensively investigated
and might be applied in many fields, especially as biomedical
materials.38-42 However, it is very hard to experimentally
characterize the internal structures of hydrogels in details. A
computer simulation affords a unique tool to “visualize” and
further investigate chain networks. Hence, this paper also aims
to extend MC simulation into studies of gels, especially
chemically cross-linked gels resulting from polymerization. As
an important extension of the work by Ito et al., who used mono-
end-capped PEO macromers,11 Sawhney et al.13 prepared
hydrogels by polymerization of PEO macromers with the two
hydroxy ends capped by acryloyl groups (PEO-diacrylate). The
present paper is focused on polymerization of two-double-bond
macromers into gel network in a selective solvent, as schemati-
cally presented in Figure 1.

This paper is organized as follows. Section II describes the
basic lattice model of self-avoiding macromer chains and
associated interaction potentials related to a selective solvent
and a common athermal solvent. The approach of dynamic MC
simulation to model chain relaxation and free radical poly-

* Corresponding author: Fax 86-21-65640293; e-mail jdding1@
fudan.edu.cn.

7433Macromolecules2006,39, 7433-7440

10.1021/ma061356j CCC: $33.50 © 2006 American Chemical Society
Published on Web 09/21/2006

CDV



merization are also introduced. Section III presents simulation
outputs of assembled structures, polymerization kinetics, and
resulting chemical gelation. Significant differences of poly-
merization and gelling behaviors under the selective solvent and
the athermal solvent are reproduced and further discussed. A
summary is made in the last section.

II. Lattice Model and Dynamic MC Simulation Approach

II.1. Lattice Model of Amphiphilic Macromers. The coarse-
grained bond fluctuation model43,44was employed to represent
lattice chains. The idea of bond fluctuation originally proposed
by Carmesin and Kremer43 makes chains on simple cubic lattices
behaving like quasi-off-lattice ones while keeping the high
efficiency of a lattice simulation. This model has also been used
in our group to study polymeric chains under shear flow,45,46

coil-helix transition of a polypeptide,47,48 and free-radical
polymerization of ordinary (small molecular) monomers.20 Each
repeating unit of a macromer is presented by eight lattice sites
in three dimensions. The periodic boundary condition is
introduced along each dimension. An empty lattice site repre-
sents an implicit solvent particle. Chains are self-avoided. The
bond intersection is also prohibited during each microrelaxation,
if the permitted bond lengths are set as suggested by Deutsch
and Binder.44

Since amphiphilic PEO-diacrylate macromers are modeled
in this paper, we set two ends of a macromer as beads A while
any remaining beads in a macromer as beads B. For a macromer
with chain lengthN, the central block contains thusN - 2 beads,
and the coarse-grained macromer could be denoted as an
A1BN-2A1 triblock copolymer. As in most of lattice simulations,
the interactions are considered only for those neighbor beads
in contact including face-to-face, edge-to-edge, and corner-to-
corner ways. Such a consideration of in-contact sites contains
all of sites surrounding a cubelike bead. For an amphiphilic
block copolymer, we introduce an attraction interaction between
insoluble beads “under a selective solvent” with each pair of
lattice sites among contacted beads A gained by a negative
reduced energyεAA while all of other interaction pairs between
A sites, B sites, and vacant sites are zero. Since the temperature
effect will not be explicitly examined in this paper, we just use
a reduced energyε ) ε′/(kBT), in which ε′, k, andT denote the
pair energy, the Boltzmann constant, and the Kelvin temperature,
respectively. In the case of “under a common solvent”, just the
athermal state is modeled and thus all of interactions are set as
zero.

II.2. Dynamic MC Simulation of Chain Relaxation and
Micellization . No matter polymerization occurs or not, chain
should be relaxed and self-diffuse. In dynamic MC simulation,
a bead is selected randomly at first, and then a direction is
chosen randomly for an attempt to move the bead. Supposing

the athermal state, an attempt is accepted unless it violates either
the excluded volume constraint or the allowed range of bond
length. In the case of a nonathermal state, an attempt or a trial
motion is accepted according further to the Metropolis impor-
tance sampling with the probability49 P ) min(1,e-∆E). Here,
∆E is the difference between the energies of the new (tried)
and initial configurations in units ofkBT. A Monte Carlo step
(MCS) is defined as the number of attempts for each bead to
be chosen once on average. According to the kinetic interpreta-
tion of the Metropolis importance sampling based upon the
master equation in statistics physics,18 the sampling process
reflects the kinetics of the underlying physics, namely, the
number of MCS is linearly proportional to the physical time.
So, such a MC simulation is called dynamic MC.

In this paper, the simulated system contains 64× 64 × 64
simple cubic lattices with the periodic boundary condition along
each dimension. We set the length of macromerN ) 16 and
the number of chainsnch ) 1024, 512, 256, and 128 to make
the volume fractionæ ) 0.50, 0.25, 0.125, and 0.0625,
respectively. At first, the macromers with a volume fractionæ
were put in the lattice sites uniformly, and then a randomly
distributed state was achieved at the athermal state after run
for 10 million MCS. These random states were used as the initial
states in the common athermal solvent in the forthcoming
polymerization.

In a selective solvent, a series of temperatures or reduced
energies were further tried from the athermal state to the lowest
temperature, and a sufficiently long relaxation was performed
to guarantee equilibrium at each temperature or reduced energy.
During the relaxation procedure from the athermal state to the
lowest temperature, the mean-square end-to-end distance and
the contact number of AA were calculated, which demonstrates
a transition from a homogeneous state to a micellar state. The
following polymerization was examined upon the initial state
atε ) 1.3εc, whereεc is the reduced interaction potential among
A beads just at the micellization transition point under each
volume fraction.

In our simulation, a physical domain or an associate is thought
to be formed once at least two insoluble beads are close to each
other. The term “close” means formation of a face-to-face, edge-
to-edge, or corner-to-corner contact. Self-assembled beads A
constitute the “core” of that domain. A domain with number of
core beads larger than seven is defined as a micelle in our
simulation. When two insoluble ends of a macromer are in the
same core, the central block of that macromer constitutes a
“loop”. A macromer looks like a “bridge” when their two ends
belong to different cores.

II.3. Dynamic MC Simulation of Free Radical Polymer-
ization. The dynamic MC could be extended to model both
chain-diffusion process and polymerization kinetics. Just ir-

Figure 1. Two-dimensional schematic presentation of the system modeled in three dimensions: (left) an amphiphilic macromer with a soluble
central chain end-capped by two insoluble polymerizable groups; (middle) core-corona micelles formed due to self-assembly of macromers in a
selective solvent; (right) free-radical polymerization of macromers in the micellar state resulting in a chemical gel network emphasized by coarsened
lines, whereas the thin lines represent those soluble central chains not belonging to any gel network. Blank and solid circles denote polymerizable
and polymerized ends, respectively.
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reversible reactions were modeled here. The initiation, propaga-
tion, and termination were considered, while chain transfer was
neglected in this simulation. Termination was assumed to happen
in the disproportionation way. The initiators were set as
phantom. The molar ratio of phantom initiator to monomer
[I]/[M] ) 0.031. A constant initiation probability for each
remaining initiatorpd was assumed throughout the polymeri-
zation process. Each initiation event produced two monomer
radicals, which were selected randomly among the unreacted
beads A in this simulation. A propagation event took place with
a probabilitypp when a radical bead met, along the randomly
selected direction in an attempt, with a nearest-neighbor (face-
to-face-contact) polymerizable bead or when a polymerizable
bead met with a radical. Similarly, a termination event happened
with a probabilitypt when two nearest-neighbor radicals met
with each other along the selected direction.

The probabilities of initiation, propagation, and termination
were set as 10-6, 10-3, and 1, respectively. Both polymerization
and chain relaxation were dealt with in each MCS. The total
reaction time was taken to be from 1 million to 2 million MCS
according to requirement. In each MCS, we first radicalized
monomers with the preset initiation probability. Then a bead
was selected randomly and tried to move according to the bond
fluctuation model. If a radical hit a “double bond” (unreacted
bead A), reaction occurred with the propagation probability; if
two radicals met with each other, a disproportionation termina-
tion took place; then if a bead and a vacant site were selected,
a chain relaxation was generated with the Metropolis acceptance
probability; otherwise, nothing would happen, but this attempt
was still included in record of a MC step. Because the
functionality of a macromer is four (two beads A or two double
bonds), a chemical gelation might occur due to cross-linking
of macromers in the sampling process. Different from a physical
domain, a “cluster” refers to a group of chemically linked
macromers in this paper. The criterion of chemical gelation
suitable for computer simulation will be suggested and discussed
in the next section.

III. Results and Discussion

1. Transition from a Homogeneous State to a Self-
Assembled Micellar State.Amphiphilic copolymers such as
diblock and triblock copolymers exhibit self-assembly into
micelles, etc., in a solvent which is selective to their
constituents.50-53 A PEO-diacrylate macromer is similar to a
triblock copolymer. The insoluble ends as polymerizing groups
in the macromers are, although very short compared to the
central blocks, likely to be concentrated and organized in the
micelle core, as suggested and experimentally confirmed by Ito
et al.11 This phenomenon was reproduced by our lattice dynamic
MC simulation (Figure 2). The number of pairlike contact of
end beads was employed to quantitatize the aggregation
behaviors. With the increase of the absolute value of the reduced
attraction energy or the decrease of temperature, a transition
from a free-chain state to a micellar state was observed in our
“computer experiment”. This transition is reversible. The
transition point is located atεAA ) -0.46 when the volume
fraction æ ) 0.25.

The transition point is dependent upon volume fraction of
macromers. To make our following simulation results of
polymerization under different concentrations comparable, the
forthcoming polymerization was examined upon the initial state
at ε ≈ 1.3εc. In all of the cases, the free chains were found to
be very few compared to the whole macromer chains, so most
of the amphiphiles have been aggregated or associated into

micelles. The number of chains in each micelle, namely, the
aggregation number of micelle, was then calculated on the basis
of the output snapshots. Some basic data of the self-assembled
state under four macromer concentrations are given in Table 1.
The number of micellesnmicel was increased significantly with
the amphiphile concentrations. It is also reasonable that the
aggregation number,naggre or waggre is, different from micelle
number, relatively not so sensitive to macromer concentration.
The order of magnitude of the aggregation number or the
number of chains in each micelle from our simulation is among
a common range observed in experiments.11

2. Polymerization Kinetics of Macromers in a Selective
Solvent and in the Common Athermal Solvent.Polymeriza-
tion kinetics of the macromers in a selective solvent and a
common solvent are shown in Figure 3 in a comparative way.
In the case of a selective solvent, an attraction potential was
introduced asεAA ) -0.48, -0.60, -0.74, and-0.82 corre-
sponding toæ ) 0.50, 0.25, 0.125, and 0.0625, respectively. In
the case of the common solvent, just the athermal states were
modeled for all of macromer concentrations. Under each
macromer concentration, the free radical polymerization in the
selective solvent proceeded faster than that in the athermal
solvent (Figure 3).

It is well-known that macromer polymerization is, as usual,
quite slow due to a low concentration of polymerizable groups.
About 15 years ago, Ito et al. found an interesting phenomenon
that PEO-acrylate macromers could be photopolymerized un-
expectedly fast in water.11 This phenomenon was reproduced
from our computer experiment. In any real experiment, it is

Figure 2. Averaged pair number of contact sites of insoluble ends in
the equilibrium state vs the absolute value of the reduced potential for
each A-A contact. The volume fractionæ ) 0.25. Each trajectory
was modeled from the athermal state to the lowest reduced energy in
the primary process. 1 million MCS was used to reach equilibrium at
each reduced energy, and then 100 thousand MCS was used for
statistics. 20 independent trajectories were averaged. The dashed line
indicates the transition pointεc, which was determined from the peak
of the differentiation of the curve. Insets are the snapshots underεAA

) -0.20 and-0.60 representing a free-chain state and a micellar state,
respectively. Just beads A of the macromers are displayed. The reversed
process was also examined, in which the reduced energy was increased
from the lowest to zero.

Table 1. Number of Micellesnmicel, Number-Average Aggregation
Number of Micelle naggre, and Weight-Average Aggregation Number

of Micelle, waggre, under Different Volume Concentrations of
Macromers (EAA ) 1.3Ec)

æ -εAA nch nmicel naggre waggre

0.50 0.48 1024 62.0 16.1 16.7
0.25 0.60 512 41.3 11.8 12.4
0.125 0.74 256 20.6 11.7 12.6
0.0625 0.82 128 8.7 14.5 14.9
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almost impossible to design controls with identical polymeri-
zation parameters (initiation, propagation, and termination
constants) under water and any organic solvent. So, an idealized
computer simulation has its own right to reveal the underling
general mechanism theoretically. The acceleration of macromer
polymerization in a selective solvent could be interpreted from
the efficient enhancement of local concentrations of polymer-
izable groups after self-assembly of the amphiphilic macromers
in a selective solvent if the polymerizable groups are eventually
located in the cores of micelles.

The above viewpoint was further strengthened by Figure 4.
While conversion in Figure 3 denotes the fraction of polymer-
ized double bonds (end groups in this paper), the rate of
polymerizationRp of macromers was determined from the initial
slope of the curve of conversion vs time. The ratios of
polymerization rates in the selective solvent (Rp,s) over those
in the athermal solvent (Rp,a) under the associated macromer
concentration are shown in Figure 4. All values are greater than
1 reasonably. We also found that the ratio was increased with
the decrease of macromer concentration. This trend is consistent
with that reported in the experiment by Ito et al.11 Macromers
under a homogeneous distribution in a good solvent should, at
a low concentration, diffuse over a long average distance to
collide with each other before a chain reaction is available. The
decrease of termination rate is beneficial for acceleration of the
global polymerization, but the decrease of propagation rate is
less beneficial. A combinatory result leads to a globally slower
polymerization under a lower monomer concentration, as is well-
known in any textbook of polymer chemistry.1,2 However, the
effective concentration in the case of macromers is directly

contributed by polymerizable groups instead of all repeating
units in macromers. Different from the behavior in a common
solvent (e.g., a suitable organic solvent for PEO-diacrylate
macromers), the local concentration of polymerizable double
bonds in the cores of micelles in a selective solvent (water for
PEO-diacrylate) is, due to self-assembly, not so sensitive to the
global concentration of macromers, which accounts for a higher
contrast between two kinds of solvents under a lower macromer
concentration (Figure 4). Therefore, self-assembly effects should
be taken into consideration in amphiphilic monomers especially
macromers, and polymerization of macromers might be influ-
enced by aggregation states to a large extent.

Dynamic chain length is another important parameter in
polymerization kinetics. Here, it just refers to the number of
consecutive covalently linked beads A instead of degree of
polymerization or molecular weight of a poly(macromer). Again,
Figure 5 confirms that such an amphiphilic macromer exhibits
different polymerization behaviors in a selective solvent from
those in the athermal solvent. In the paper of Hubble and his
colleagues,13 they assumed that the consecutive polymerized
ends in the network after polymerizing PEO-diacrylate mac-
romers might be less than ten. So far, we have not found any
straightforward experimental evidence in the literature. Now our
simulation supports their estimation quite well. The simulation
also reveals that even a few dynamic chain lengths are sufficient
for formation of a chemical gel network.

3. Kinetics of Chemical Gelation.The time evolution of
weight-average degree of polymerization of poly(macromer)
(cluster size) is plotted in Figure 6. Here, a cluster is defined as
a chemically linked poly(macromer). So, the molecular weight
of the poly(macromer) (including both beads A and B) could
be used to define “cluster size”. Besides the information that
the resulting molecular weight in the selective solvent is higher
than that in the athermal solvent, the abrupt change of molecular
weight at the later stage implies formation of a chemical gel.
Figure 6 also shows the range of average molecular weight of
micelles at the four volume concentrations. The value was
obtained by chain lengthN times the aggregation numberwaggre

in Table 1. According to Figure 6, the degree of polymerization
of poly(macromer) might exceed the average molecular weight
of micelles. So, for such macromers with two polymerizable
ends, the micellar polymerization must include the intermicellar
propagation. One big cluster consisting of connected micelles
might lead to chemical gelation. Therefore, chemical gelling
occurred in most of cases in Figure 6. Gel was, however, not

Figure 3. Conversion of macromers vs polymerization time under
indicated macromer concentrations. [I]/[M]) 0.031. Filled symbols:
selective solvent; open symbols: athermal solvent. Circle:æ ) 0.50;
square:æ ) 0.25; triangle:æ ) 0.125; inverted triangle:æ ) 0.0625.
In the case of selective solvent,εAA ) 1.3εc as indicated in Table 1.
Error bars come from standard deviation calculated from 20 independent
trajectories.

Figure 4. Ratio of polymerization rate in the selective solvent (εAA )
1.3εc) over that in the athermal solvent at each macromer concentration.

Figure 5. Dynamic chain length of “double bonds” at different
solvents, concentrations, and polymerization time. Filled symbols:
selective solvent; open symbols: athermal solvent. Circle:æ ) 0.50;
square:æ ) 0.25; triangle:æ ) 0.125; inverted triangle:æ ) 0.0625.
In the case of selective solvent,εAA ) 1.3εc as indicated in Table 1.
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formed in the cases ofæ ) 0.125 and 0.0625 in the athermal
solvent during our observation time, for we see from this figure
that the resulting cluster sizes are far less than the average
molecular weight of micelles. Thus, during formation of a cluster
in these two cases, polymerization happened just within each
isolated micelle.

A very large cluster might represent a gel network. Our
viewpoint is that although it could be acceptable to use a cutoff
cluster size to define a network, it is still much useful to suggest,
if available, an absolute criterion to define an infinite network
in simulation. However, the difficulty comes from the fact that
any multiparticle simulation with a constant or finite density
should be modeled in a finite-size system in any computer
simulation. This paper put forward a direct approach to define
an infinite chain network whenever the periodic boundary
condition is employed. An infinite network must cross at least
two opposite boundaries along at least one dimension; however,
a cluster crossing boundaries might not belong to any infinite
network but contain just an inner ring. Then, the key “calculation
technique” is how to distinguish and thus exclude those
boundary-crossing but finite clusters.

The suggested procedures suitable for programming are
described as follows: (i) Select a self-closed cluster. One could
try every bead in a cluster and search all of the possible routes
to return to that bead. If no closed way could be found, the
cluster is not self-closed. A typical case is shown in Figure 7a.
(ii) Exclude all of inner-loop-like clusters. A typical case is
displayed in Figure 7b. Supposing point P and point Q are two
linked beads crossing the periodic boundary along one dimen-
sion, say, thex axis with the tried direction from P to Q, we
define the basic crossing parameter as the sign function
expressed ass(∆x) ) -1 or +1 if x(Q) - x(P) < 0 or > 0 (x
∈ [1, 64] in this paper.) The basic crossing parameterss(∆y)
ands(∆z) along the other two dimensions are defined in a similar
way. If in any closed search the summation along any dimension
is nonzero, the cluster is an infinite network with a simple case
shown in Figure 7c; otherwise, it is an inner closed ring (Figure
7b), in which∑s(∆x) ) ∑s(∆y) ) ∑s(∆z) ) 0 for all of possible
self-closed search routes. Topological cross-link has not been
dealt with in this paper.

It should be mentioned that Nguyen-Misra and Mattice27

summarized and compared mainly three approaches to define
a system composed of clusters as a network when they
performed, under the periodic boundary condition, a simulation

of physical gelation of ABA triblock copolymers. These
approaches contain (1) divergence of weight-average cluster size,
(2) increase of functionality in the largest cluster over two (the
functionality is defined as the number of bridging chains over
the number of micelles belonging to the cluster), and (3) a
geometry definition, namely, passing through box boundaries
in all dimensions, in which the third approach shares the similar
physics to the criterion of the present paper. They found that
the gel points determined by the first and second approaches
(ægel,MW* andægel,Φ*, respectively) basically agreed with each
other albeit with a systematic difference (ægel,MW* < ægel,Φ*).
They also confirmed that the systems judged as a “gel” by the
second approach did always satisfy the geometry condition while
it was usually not the case at the volume fraction ofægel,MW*.
Nevertheless, ref 27 did not directly employ the third approach
to define a gel and then check the other two approaches. In
fact, even a free chain located on the corner might possibly
pass through box boundaries in one to three dimensions if the
period boundary condition is used. A direct and practical
geometry criterion is thus still open. The key of a direct
geometry criterion is how to rule out the routine boundary
crossing and any internal loop as indicated in Figure 7a,b. The
present paper realizes the idea of the third approach in a
straightforward way. We afford a mathematically rigorous and
computationally available criterion for a cluster to be an infinite
network in a finite system when the periodic boundary condition
is employed. It is also worthy of noting that Nguyen-Misra and
Mattice27 addressed the possible significant influence of simula-
tion box size on gel point unless the size was sufficiently large
(over 30 in their simulation systems). Our simulation system
with a box size of 64 has basically eliminated the box size effect
on gel formation.

Our straightforward criterion of an infinite network allows
for an unambiguous determination of onset time of gelling and
calculation of gel content for each trajectory. The gel content
is defined as the fraction of the number of beads in the
chemically cross-linked infinite network over the total bead
number. The ensemble averages of simulation outputs are shown
in Figure 8. Different from the time-dependent behaviors of
conversion (Figure 3), a transition related to chemical gelation
was observed. The onset point (gel point) is also quite clear in
Figure 8 (gel content determined on the basis of our straight-
forward gel criterion vs time) compared to that in Figure 6
(cluster size vs time). So, our criterion of an infinite network
is, as an analytical tool in computer simulation, quite helpful
for investigation of gel formation. Again, Figure 8 demonstrates
that gelling of the amphiphilic macromers in a selective solvent
is rather fast, which is reminiscent of the experiments of Hubble
and his colleagues13 and also of our own group.14,15

What is more, comparison between Figures 3 and 8 reveals
that the difference between gelling rates in a selective solvent
and in an athermal solvent is even more significant than that
between polymerization rates. Gel contents atæ ) 0.125 and
0.0625 are even kept zero in Figure 8 in the case of common
solvent. The usual gelling behavior in a selective solvent is not
merely an effect of acceleration of polymerization. Figure 9
illustrates unambiguously that even under the same conversion
gel content in the selective solvent might be higher than that in
the athermal solvent. Gelling occurred earlier in the selective
solvent than in the athermal solvent, which implies that besides
polymerization rate the gelling rates of the macromers in the
selective solvent might be controlled by another factor. This
factor is related to chain configuration according to our
examination in the following subsection.

Figure 6. Weight-average cluster size of chemically linked macromers
vs polymerization time. The shadow zone indicates the range of the
weight-average molecular weight of micelles at the four examined
macromer concentrations. Filled symbols: selective solvent; open
symbols: athermal solvent. Circle:æ ) 0.50; square:æ ) 0.25;
triangle: æ ) 0.125; inverted triangle:æ ) 0.0625. In the case of
selective solvent,εAA ) 1.3εc as indicated in Table 1.
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4. Spatial Structures of Macromers and Their Self-
Assemblies.The polymerization of macromers in a selective
solvent fixed the self-assembled structures of the amphiphiles,
as shown in Figure 10. It is not hard to think that, besides the
enhanced local concentration of polymerizable end groups, the
chain configuration and supermolecular structures of the initial
self-assembled state might affect the gelling kinetics.

Typical data of the distribution of the squared end-to-end
distance before polymerization are shown in Figure 11. Mac-
romers at the athermal state exhibited a unimodal distribution,
which indicates that the chains are quasi-Gaussian random coils.
In contrast to it, amphiphilic macromers in the selective solvent
exhibited a bimodal distribution. So, the chain configuration

has been significantly altered in the self-assembled state. The
two peaks in the selective solvent correspond to loops and
bridges, respectively. There are also some dangling chains (just
one end in a micelle leaving another end free of any micelle).
We found that the dangling chains were rare in the micellar
state. As reported in the literature,27-29 bridging among micelles
plays an essential role in percolation (physical gelation) of
associated triblock copolymers in selective solvents. Obviously,
bridge is also extremely important for the formation of a
chemically cross-linked gel network.

Figure 7. A two-dimensional schematic presentation of the criterion of a cluster as an infinite cross-linked network. (a) A nonclosed cluster, in
which any bead cannot return to itself from any route, cannot be a gel network. Marked is the value of a sign function describing a boundary
crossing from point P to point Q. (b) A self-closed cluster along the searching route starting from one of the solid-circle beads (P1 or P2) and
researching along the marked arrows. A basic crossing parameter is set as the sign function as shown in the figure and described in the text. In the
case of an inner ring, their summation in any closed search must be zero. (c) Another self-closed cluster determined as an infinite network considering
the periodic boundary condition. At least one closed search is nonzero for an infinite network.

Figure 8. Gel content vs polymerization time under four macromer
concentrations in a selective solvent (filled symbols) or in the athermal
common solvent (open symbols). Circle:æ ) 0.50; square:æ ) 0.25;
triangle: æ ) 0.125; inverted triangle:æ ) 0.0625. No gel was formed
in the athermal solvent whenæ ) 0.125 and 0.0625. In the case of
selective solvent,εAA ) 1.3εc as indicated in Table 1.

Figure 9. Gel content vs conversion in the selective solvent (filled
symbols) or in the athermal common solvent (open symbols).æ ) 0.25.

Figure 10. An exampled snapshot of a polymerizing system of
amphiphilic macromers in a selective solvent.æ ) 0.0625. The
insoluble ends (beads A) are displayed as dots while the soluble central
blocks composed of beads B are displayed as lines. Arrows mark typical
central blocks acting as loops in one micelle or bridges linking two
micelles.

Figure 11. Mass fraction of macromers vs squared end-to-end distance
of macromers in the selective solvent and in the athermal common
solvent before polymerization.æ ) 0.25.
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The fractions of bridged macromers in all of macromers at
the four concentrations are shown in Figure 12. A more
concentrated solution led to a higher fraction of bridged chains.
The associated initial state with more bridges must be very
beneficial for the formation of a gel network. Under the same
conversion during polymerization or cross-linking reaction, a
more concentrated solution resulted in a higher gel content. With
increase of macromer concentration, gel content changes in a
similar way to bridge fraction (Figure 12). So, the significant
differences of gelling kinetics under different solvents and
different concentrations in Figures 8 and 9 could be interpreted
from both enhanced local concentration of polymerizable groups
and the enhanced fraction of bridges of central blocks. These
two effects are unified from the self-assembled spatial structures
of the amphiphilic macromers.

IV. Summary

A dynamic MC simulation on simple cubic lattices was
performed to study a simplified free radical polymerization of
amphiphilic macromers in a selective solvent. Such a lattice
simulation owns the great advantage of fruitful spatial informa-
tion at the cost of computing time of a polymerization process,
compared to the conventional MC simulation of free radical
polymerization. Taking advantage of this simulation approach,
the present paper reproduced the interesting phenomenon
experimentally reported in the literature, namely, PEO-acrylate
macromers were polymerized unexpectedly fast in water. Since
each macromer in this paper contains two “double bonds”, the
polymerization could result in a chemically cross-linked gel. A
straightforward criterion to determine an infinite polymeric
network in a finite computer simulation system was also
suggested, and gelling behaviors were then investigated.

Besides the contribution to the methodology of a computer
simulation of polymerization kinetics related to microscopic and
mesoscopic spatial structures, this paper shed more insight into
micellar polymerization and associated chemical gelation. It has
been confirmed that the enhancement of the local concentration
of polymerizable and insoluble groups accounted for the
acceleration of polymerization rate of the amphiphilic mac-
romers in the selective solvent as compared to in the athermal
solvent. As revealed by the simulation, the gelling kinetics is,
compared to polymerization process, even more sensitive to
medium types and macromer concentrations in the examined
systems. Bridge content in the self-assembled state is very
important for gel formation during micellar polymerization. Both
microscopic chain configuration and mesoscopic supermolecular
structures of the amphiphlic macromers have been changed with
solvent and/or concentration. The polymerization kinetics and
possible gelling of amphiphilic monomers are thus highly

coupled to their self-assembled behaviors. Hence, the present
paper strengthened that, as a classic topic of polymer chemistry,
polymerization is sometimes closely related to the underlying
polymer physics.
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