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The structures of gels synthesized by controlled radical copolymerization (CRP) and conventional
DOI:00.0000/000000000x free radical copolymerization (FRP) were studied by a coarse-grained molecular dynamics simulation.
It was confirmed that the CRP gel has a larger number of elastically effective chains and fewer cyclic
structures and entanglements than the FRP gel, i.e., the network structure of the CRP gel is more
uniform than that of the FRP gel. However, the difference in the shear modulus between the two
gels was small due to the opposing changes in the number of elastically effective chains and that
of entanglements. The relatively uniform structure of the CRP gel is attributed to the suppression
of intramolecular cross-linking by the fast initiation and slow propagation, and the development of
cross-linked structures in the post-gel region due to the limited termination. The effects of these CRP
characteristics were studied in detail. From the results, it was found that all of these characteristics

of CRP cooperatively act to improve the homogeneity of the structure of the CRP gel.

1 Introduction

Polymer gels, in which three-dimensional cross-linked network
polymers retain large quantities of solvent molecules, are impor-
tant materials used in many applications.™ @ Free radical poly-
merization (FRP) of monomers in the presence of cross-linkers
is widely used as an industrial method for producing polymer
gels, 285 because it can be carried out under mild conditions
with a wide variety of monomers. However, in conventional FRP,
since the growth and cross-linking of polymers heterogeneously
proceed at the same time due to the slow initiation and fast prop-
agation, the control of the network structure of the obtained gel
is difficult.*5

In order to control the structure of gels synthesized by radi-
cal polymerization, many studies using controlled radical poly-
merization (CRP) have been actively conducted. ™™ These stud-
ies have shown that CRP gels have a more uniform structure
than FRP gels. For example, in CRP, gelation uniformly proceeds
without the heterogeneous formation of microgels commonly ob-
served in FRP,®%™ and the gelation points of CRP systems are
closer to the theoretical values, ™™ which are calculated assum-
ing an ideal structure, than those of FRP systems. %™ Analysis
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of the gelation process and the spatial inhomogeneity of gels us-
ing dynamic light scattering also indicated that CRP gels are more
homogeneous than FRP gels.»™16 GRP gels exhibit high trans-
parency™™ and improved toughness™ ™ and swelling prop-
erties™™#1F due to the relatively uniform structure. In CRP,
polymers uniformly grow with conformational relaxation because
of the fast initiation and slow propagation of CRP. The uniform
structure of CRP gels is considered to be attributed to the uni-
form polymer growth, which suppresses the formation of cyclic
structures by intramolecular cross-linking. However, some exper-
iments reported that there was no significant difference between
the structure of CRP gels and that of FRP gels.”™%? Therefore, we
think that a further careful analysis is necessary to understand the
formation mechanism of the uniform structure of CRP gels.

Various simulations have been performed to investigate the
structure formation mechanism of CRP gels at the molecular
level.”%4 This is because it is difficult to experimentally or the-
oretically clarify the time evolution of the detailed structure of
gels. A series of studies of Matyjaszewski’s group have reported
the effects of the initial composition on the gelation point and
the molecular mechanisms of gelation.”28 The simulated gela-
tion points showed good agreement with the experimental re-
sults, and increasing the cross-linker content or the solute con-
centration increases the number of intermolecular cross-links and
promotes gelation. They also revealed that not only the ratio of
intramolecular to intermolecular cross-links but also the changes
in the reactivity of monomers and cross-linkers due to spatial con-
straints affect the gelation point.?®?4 In addition, practical prob-
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lems such as the repair mechanism of severed gels utilizing the
living property of CRP have been computationally studied.” For
the structural change by varying the synthesis method from FRP
to CRP, the decrease in the polydispersity index of the molecu-
lar weight between cross-linking points, i.e., the homogenization
of the cross-linked structure has been reported by a kinetic Monte
Carlo simulation.”” However, there are not many simulations that
systematically compare FRP gels and CRP gels.

In this study, we aim to understand the molecular mechanism
by which a more uniform structure is formed in CRP gels than
in FRP gels. We systematically compare the structural forma-
tion process, network structure, and mechanical properties of
CRP gels and FRP gels using a coarse-grained molecular dynam-
ics (CGMD) simulation. Furthermore, we examine the effects of
each of the CRP characteristics: the fast initiation, slow propa-
gation, and suppressed termination. We conduct the calculations
using the model systems in which one of the CRP characteris-
tics is introduced into FRP, and compare the structures of the gels
obtained by these model systems and CRP. We think that these re-
sults provide important information for understanding the factors
that control the structure of gels synthesized by radical polymer-
ization.

2 Simulation Model

In this study, the CRP system contains monomers,
linkers, and initial dormant species represented by a bead-spring
model® 4 at the initial stage (Fig. Ma). The monomer and the
initial dormant species are modeled with a single bead. The cross-
linker consists of three beads, the beads at both ends are func-
tional beads with the same reactivity as the monomer, and the
central bead is an inactive bead. The polymers are formed by
stochastic reaction models Z53*38 quring the CGMD simulation.

Cross-

The CRP is assumed to consist of the reversible activation, prop-
agation, and termination (Fig. Da-c). Assuming that the re-
versible activation is always in equilibrium, we set the probability
that a propagating end is a radical at time ¢ to P, and the probabil-
ity that a propagating end is a dormant species to 1 — P,. The CRP
is initiated when the initial dormant species become the radicals.
The propagation proceeds with probability p, when the distance
r between a radical and a functional bead (unreacted monomer
or unreacted end of a cross-linker) becomes less than or equal
to r.. Here, r. is the cut-off radius of the reactions. The propa-
gation forms a new bond between the radical and the functional
bead, and transforms the radical and the functional bead into
an inert bead and a propagating end, respectively. The termina-
tion proceeds with probability p, between a pair of radicals with
a distance r < r., both radicals involved in the termination then
change to inert beads. We set the probability that the termination
proceeds as the combination and the probability that the termina-
tion proceeds as the disproportionation to pfc) and pt(d) =1- pt(c),
respectively. When the combination occurs, a new bond is formed
between the beads. The detailed calculation method of the CRP
is shown in the ESI7.

The FRP system contains monomers, cross-linkers, and initia-
tors consisting of two beads (Fig. Mb), and the FRP consists of the
initiation, propagation, and termination (Fig. Bb-d). The FRP is
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Fig. 1 Schematic illustration of network formation by (a) controlled
radical copolymerization (CRP) and (b) conventional free radical copoly-
merization (FRP).
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Fig. 2 Elemental reactions in the radical polymerization model.

initiated when the initiators decompose with probability pq and
change to the primary radicals. The propagation and termination
proceed in the same manner as in the CRP. However, we assumed
that the decomposition of the initiator is reversible, i.e., a pair of
primary radicals become an initiator by the combination, when
they come into contact with each other. The detailed calculation
method of the FRP is shown in the previous study. 3

In order to change the CRP-like properties, the following three
values were used for the activation probability P,: P, = 0.1, 0.02,
and 0.01. The equilibrium of the reversible activation is usually
biased toward the left side in Fig. Ba;®**"¥ therefore, we think
that the smaller P, is, the higher the CRP-like properties are. Since
P, in real CRPs is estimated to ca. 1 x 107> from the literature,%*
the effects of the CRP-like properties of real CRPs are thought to
be greater than those in the simulation.

In this study, unless otherwise noted, the reaction probabilities
Pda> Pp, and p, were set to pg = 1x 1077, p, = 0.5, and p, = 1,
respectively. These probabilities were adjusted in the previous
study®* so that the FRP simulation reproduces some features of
the kinetics of FRP®¥ (Section S2.1 in the ESI{). We have con-
firmed that the CRP simulation also reproduces some features of



the kinetics of CRP®458 (Fig. S27). Although the termination in
the FRP simulation is slower than that in real FRPs, we focused
on the slow initiation and fast propagation of FRP, and used the
above probabilities to avoid unrealistically long calculation times.
The probabilities of the combination and the disproportionation
were set to pEC) =0 and pt(d) = 1, respectively, with reference to
the experimental results of polyacrylamide systems, in which the
termination was reported to be mainly the disproportionation. %

We here explain the differences between the CRP model and
the FRP model. In the CRP, since the dormant species are placed
at the initial stage, uniform polymerization immediately begin.
However, the propagation is slow and the termination is signifi-
cantly suppressed, because most of the propagating ends are the
dormant species due to the reversible activation. In the FRP,
the initiation, which depends on the stochastic initiator decom-
position, is slow and heterogeneous. Once polymerization starts,
the propagation and termination rapidly proceed, because all the
propagating ends are the radicals.

We used the following interactions between beads. The
Weeks-Chandler-Andersen (WCA) potential®" was used for
the non-bonded interactions between the beads: Uy(rij) =
4ewcal(0/1ij)2 — (0/rij)® + 1/4] for r;; < 2'/°G, where r;; is the
distance between the i-th and j-th beads; ey, is the potential
strength; and o is the collision diameter. In this simulation, &yca,
O, T= 0+\/m/€wca, Ewca/kp, and m are used as units of energy,
length, time, temperature, and mass, respectively. Here, kg is
the Boltzmann constant and m is the mass of one bead. Us-
ing this unit system, we set the cut-off radius r. to r. = o, and
fixed the temperature T at T = €yca/kg. In addition to the WCA
potential, we introduced the finitely extensible non-linear elas-
tic (FENE) potential® into the interactions between the bound
beads: Uy (ri;) = —(1/2)kor3In[1 — (r;j/r9)?]. In order to prevent
the crossing of the polymers, the spring constant k, was set to
ky = 30&wca/0? and the maximum bond length ry was set to
ro = 1.56.5%%2 A cosine harmonic potential was applied to the
bond angles of the cross-linkers to prohibit bonding between the
ends of the same cross-linker: Ug(6;) = (1/2)kg(cos 8; — cos 6p)>.
Here, 6; is the angle between the two bonds of the i-th cross-
linker; kg = 100gy.c, is the spring constant; and 6y = « is the equi-
librium bond angle.

Using the above potentials, the motion of each bead was cal-
culated by integrating the following Langevin equations by the
velocity Verlet method *? with timestep Ar =5 x 10731:

dzri(t)
dt?

dri(t)
dt

:F,-(t)—mC

+Wi(), €3]

where r;(¢) is the position vector of the i-th bead at time ; F;(z)
is the force acting on the i-th bead at #; { = 0.5/7 is the friction
coefficient; and W;(¢) is the random force acting on the i-th bead
atr satisfying (W;(r)) =0 and (W;(r)-W ;(¢')) = 6mCkgT ;6 (r —1').

The simulation of the network formation was performed ac-
cording to the following procedure. We first placed n,, monomers,
ny cross-linkers, n,_x dormant species, and »; initiators at random
in the cubic simulation box with periodic boundary conditions.
Here, n; = 0 for the CRP, and n, x = 0 for the FRP. The molecules
were homogeneously mixed by the simulation of r = 5 x 1027 with-

out processing the reactions. The simulation was then conducted
until the monomer conversion a reached a target value while cal-
culating the reaction process at each time step. We here note that
the conversion oy of the functional group of the cross-linker is
lower than o, but there is no difference in oy between the FRP
gel and the CRP gel (Fig. S51). We fixed the numbers n,, and ny
of monomers and cross-linkers at n, = 1 x 10° and ny = 2650, re-
spectively. We adjusted np x in the CRP and »; in the FRP so that
the number average molecular weights M, , of the primary chains
in the corresponding systems were almost equal, because the net-
work structure and physical properties significantly depend on
Myp. # Here, the primary chains are the polymers obtained by
the scission of the cross-linkers in the network. The volume V of
the simulation box was set so that the monomer volume fraction
m = NmC-T /6V was ¢, = 0.1. The detailed simulation conditions
are shown in Table S17.
In this study, we performed ten independent runs for all condi-
tions, and used the average value for each condition as the simu-
lation result.

3 Results and Discussion

3.1 Comparison of CRP gel and FRP gel

We first present the results of well-developed gels with the
monomer conversion o = 95%. Fig. B shows the number density
vy of elastically effective chains formed by cross-linking, the num-
ber density v of elastically effective chains generated by entan-
glements trapped in the network, and the shear modulus G for the
FRP gel and the CRP gels with varying the activation probability
P,. Here, in order to obtain the networks with the number average
molecular weight M, ;, of the primary chains of ca. 1.0 x 103, the
initial initiator concentration [I]y for the FRP gel and the initial
dormant species concentration [P-X] for the CRP gels were set to
[[o ~6.7x 10+ (n; = 350) and [P-X]p ~ 1.9 x 10~ (np_x = 100),
respectively. These [I]y and [P-X], correspond to 0.35 mol% and
0.1 mol% based on monomers, respectively, which are close to
the reported experimental concentrations.®*™™ We measured
v using the Scanlan—Case criterion®*#3, As shown in the ESIT,
Vie Was calculated with reference to Langley’s criterion®® after
the analysis of entanglement by the method of Everaers et al.*”
The shear modulus G was calculated by the simulation in which
the uniaxial deformation was applied to the network. Specific
calculations were performed in the same way as in the previous
study.™ The error bars in the figures represent 95% confidence
interval.

As seen in Fig. B, by changing the gel synthesis method from
the FRP to the CRP, vy increases, and v, decreases. The decrease
in P,, i.e., the enhancement in the CRP-like properties increases
the difference between the structure of the CRP gel and that of
the FRP gel. However, under the conditions shown in Fig. B, G
hardly changes. This is thought to be due to the cancellation of
the effects of the increasing vx and decreasing vie.

In order to analyze the local cross-linked structure in detail, we
depict the result of classifying network strands, which are poly-
mer chains connecting adjacent cross-linking points, into bridges,
loops, and dangling ends (Fig. H). By changing the synthesis
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Fig. 3 Number density vy of the elastically effective chains formed by
cross-linking, number density V. of the elastically effective chains gen-
erated by the trapped entanglements, and shear modulus G of gels with
My ~1.0x 103. The monomer conversion is & = 95%. Dotted lines in-
dicate the average values of the FRP gel.

method from the FRP to the CRP and decreasing P,, the number
of bridges increases, and the number of loops decreases. Since
M, is almost the same in all the gels, the number of dangling
ends rarely varies.®¥ The differences in the cross-linked structure
between the gels with almost the same composition are caused
by kinetic effects. 53 The increase in vy due to the change in the
synthesis method from the FRP to the CRP is attributed to the
change of the network strands from the loop, which is a defect in
the cross-linked structure, into the bridge.
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Fig. 4 Relative populations of bridges, loops, and dangling ends in gels
with My, ~ 1.0 x 10>. The monomer conversion is o = 95%. Dotted lines
indicate the average values of the FRP gel.

From the results in Figs. B and B, we find that the CRP gels
have the relatively uniform network structures compared to the
FRP gel as reported in the experimental studies.”™ We have con-
firmed that vy and the number of bridges increase, and v, and
the number of loops decrease, by changing the synthesis method
from the FRP to the CRP and decreasing P,, even in the gels with
different M, , (Fig. S67). Although the trend of the change in G
appears to depend on M, ;, the change in G is small and can be
explained by the number of elastically effective chains formed by
cross-linking and the trapped entanglements. (Fig. S77). In addi-
tion, we have confirmed that the same results as in this study are
obtained even when the termination is mainly the combination,

ie., pl = 1and p!¥ =0 (Fig. 8.
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In order to elucidate the homogenization mechanisms of the
network structure by changing the synthesis method, the struc-
tural analysis results of clusters formed during the network for-
mation process of the FRP gel and the CRP gel with P, = 0.01 are
shown in Fig. B. Here, € = o — a* is the distance from the gela-
tion conversion a*; M, and My, are the number average molecular
weight and weight average molecular weight of clusters formed
in the sol fraction, respectively; and v, is the number density of
clusters in the sol fraction. In this study, we regard the minimum
conversion o at which a cluster connects to images in adjacent
simulation boxes in all three directions as the gelation conversion
o* B8589 Although M, and My, in the FRP are larger than those in
the CRP in the low € region, in both systems, M, and M,, show
the maximum values near the gelation point (¢ ~ 0) and then
decrease (Fig. Ba). The behavior of vj, and the cross-linked struc-
tures of the network strands are greatly changed by changing the
synthesis method (Figs. Bb and HBc). In the FRP, v, and the cross-
linked structures only show slight changes around the gelation
point, whereas in the CRP, v, and the number of dangling ends
significantly decrease with gelation, and the number of bridges
greatly increases.

The differences in the behavior of v,, and the cross-linked struc-
tures of the strands between the FRP and the CRP are due to
the difference in the gelation mechanism. As shown in Fig. Ba,
in the CRP, a large number of sparsely cross-linked clusters, i.e.,
branched polymers are first formed by the fast and uniform initia-
tion and slow propagation. The gelation of the CRP system occurs
by intermolecular cross-linking of such branched polymers. On
the other hand, in the FRP (Fig. Bb), a small number of densely
cross-linked clusters (hereafter, we call it “microgel”) are formed
in the pre-gel region due to the slow and heterogeneous initiation
and fast propagation. The gels spanning the simulation box are
formed by cross-linking between such microgels. Due to the mi-
crogel formation, M;, and M,, of the FRP exhibit large values even
in the low ¢ region (Fig. Ba).

The density fluctuations generated during the network forma-
tion process also change depending on the difference in the gela-
tion mechanism. Fig. @ shows the structure factor S(g) at various
€. The detailed calculation method of S(g) is shown in the ESIj.
In the CRP, although the strength in the wide-angle region grad-
ually rises with the progress of the polymerization, the strength
in the small-angle region is almost constant. In contrast, in the
FRP, since the heterogeneous microgel formation generates long-
period density fluctuations, the strength in the small angle region
significantly increases before gelation and decreases in the post-
gel region. We here note that the strength in the small angle
region of the FRP gel is higher than that of the CRP gel even in
the post-gel region (Fig. Md). The occurrence of entanglement
is considered to be promoted in the high-density regions caused
by the large density fluctuations; hence, the number density v, of
the elastically effective chains generated by the trapped entangle-
ments of the FRP gels indicates a high value. We have confirmed
that, even in the pre-gel region, the number of entanglements in
the FRP is larger than that in the CRP (Fig. S97).

The differences between the CRP and the FRP also affect the
manner of cross-liking in the network formation process. Fig. B
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Fig. 5 Structural changes of clusters during the network formation pro-
cess by the FRP and the CRP with P, =0.01. (a) Number average
molecular weight M, and weight average molecular weight My, of clusters
in the sol fraction. (b) Number density v, of clusters in the sol fraction.
(c) Relative populations of bridges, loops, and dangling ends in clusters.
My ~1.0x 103 at a = 95%.

presents the ratios &iner = Minter/thotal a0d Eingra = Hinwra/Hiotal OF
the number of intermolecular cross-linking points and the num-
ber of intramolecular cross-linking points to the number of all
cross-linking points. Here, Ui, Hinter, aNd Hinga are the num-
ber densities of all the cross-linkers incorporated in the polymers,
the cross-linkers cross-linking different primary chains, and the
cross-linkers both ends of which are bound to the same primary
chain, respectively. In the CRP with the uniform and fast initi-
ation, the probability of the intermolecular cross-linking is high
because there are many primary chains before gelation. The in-
tramolecular cross-linking occurs more easily in the FRP than in
the CRP due to the heterogeneous and rapid polymer growth in
the FRP. Thus, the CRP exhibits larger &; and smaller &y, in
the pre-gel region than the FRP. Since the intramolecular cross-
linking reduces the spatial size of the primary chain, we think
that high &, of the FRP also contributes to the enhancement
of the density fluctuations. Furthermore, in the post-gel region,
&Einter Of the CRP increases faster than that of the FRP. From these
results, we consider that the CRP gel can significantly develop

(a) CRP (P,=0.01)

(b) FRP

“

Fig. 6 Structures of clusters formed by (a) the CRP with P, =0.01 and
(b) the FRP at each distance € from the gelation conversion. Different
clusters are shown in different colors.

cross-linked structure even in the post-gel region due to the sup-
pressed termination. The relatively high number density vy of the
elastically effective chains formed by cross-linking of the CRP gel
is attributed to the high &, in the pre- and post-gel regions.

3.2 Effects of Characteristics of CRP on Network Structure
In this section, we discuss in detail the effects of each character-
istic of CRP. We here perform the calculations using the following
three model systems in which one characteristic of CRP is intro-
duced into the FRP: FRPfi, FRPsp, and FRPwot. FRPfi is a system
with a fast initiation, in which the decomposition probability pq
of the initiator is set to pq = 1. For FRPsp, the propagation prob-
ability p; is set to pp = 0.025, and the propagation rate is slower
than that of the CRP with P, = 0.01 (Fig. S10at). FRPwot is a sys-
tem without terminations, of which the termination probability p;
is equal to zero. The reaction probabilities of each model system
other than the reaction probabilities specified here are the same
as the basic FRP. Although the molecular weight distribution of
the primary chains differs between the CRP gel and the FRP gel,
we have confirmed that the difference in the molecular weight
distribution does not significantly affect the network structure.**
We plot the number density vi. of the elastically effective chains
generated by the trapped entanglements against the number den-
sity v of the elastically effective chains formed by cross-linking
for well-developed gels with a = 95% (Fig. B). Here, the data
for each system shows the results with varying the number aver-
age molecular weight M, ;, of the primary chains by changing the
initial initiator concentration [I]j or the initial dormant species
concentration [P-X]y. The shift of the data in the lower right di-
rection in Fig. B indicates a decrease in the number of defects
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Fig. 8 Proportions ey and &Eipya of the intermolecular cross-links and
the intramolecular cross-links in the clusters formed by the CRP with
P, =0.01 and the FRP.

such as the loops and entanglements, i.e., the homogenization
of the network structure. As discussed in the previous section,
since the density fluctuations are related to the cross-linked struc-
tures and entanglements, the results regarding density fluctua-
tions (Fig. [Md), which are spatial inhomogeneities, are consis-
tent with the trends in Fig. B.

In Fig. @, the results of the FRPfi gel and the FRPwot gel almost
overlap with the basic FRP gel, whereas the data of the FRPsp gel
is shifted to the lower right. Therefore, we find that the slow
propagation independently homogenizes the network structure,
but the fast initiation or the prohibition of the termination alone
does not improve the homogeneity of the structure. However,
the FRPsp gels have more heterogeneous structures than the CRP
gels, although the polymerization rate of FRPsp is slower than
that of the CRP with P, = 0.01. In addition, the results in the
previous section suggest the effects of the fast initiation and the
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Fig. 9 Number density v of the elastically effective chains generated
by the trapped entanglements plotted against the number density vy of
the elastically effective chains formed by cross-linking. The monomer
conversion is ot = 95%.

suppressed termination on the network structure. Therefore, we
next conduct more detailed analyses for each system.

Fig. [M shows the number density v, of clusters in the sol
fraction, the ratios &er and &y of the intermolecular and in-
tramolecular cross-linking points, and the maximum intensity
Smax Of the structure factor S(g), which is the intensity at the min-
imum ¢, as functions of the distance € from the gelation point. In
Fig. M, the initial initiator concentration [I], for each model sys-
tem is set as follows so that M, , becomes ca. 1.0 x 103 at o = 95%:
[0 ~9.5x 1075 (n; = 50) for FRPfi, [y ~ 1.4 x 10~* (n; = 75) for
FRPsp, and [I]p~ 1.1 X 1073 (n; = 550) for FRPwot. The snapshots
of the network formation process and the cross-linked structures
of the network strands are shown in the ESIL.}

As seen in Figs. Mb and MMc, &, of FRPsp is smaller than
that of the FRP, while &, of FRPsp is almost equal to that of
the FRP. Therefore, the occurrence of the intramolecular cross-
linking is suppressed by slowing down the propagation rate. In
the FRP, since the propagation is fast and diffusion-controlled
(Fig. S10b7), the propagating ends have a high probability to
react with nearby beads. After one end of a cross-linker is incor-
porated into a polymer, the propagating end of the polymer has a
high probability to react with the other end of the cross-linker, i.e.,
form an intramolecular cross-link. On the other hand, in FRPsp,
the propagating ends can react with a wide range of beads due
to the slow propagation which is not diffusion-controlled (Fig.
S10b7); hence, the probability of forming intramolecular cross-
links reduces.

We find that the density fluctuations formed in the network
formation process of the FRPsp gel are smaller than those of the
FRP gel, because Spax of FRPsp indicates smaller values than that
of the FRP (Fig. Md). The small density fluctuations in FRPsp
are considered to be due to the decrease in the number of in-
tramolecular cross-links. In FRPsp, the occurrence of entangle-
ment, which is considered to be promoted in high-density regions,
is suppressed due to the small density fluctuations. However, v,
of FRPsp almost overlaps with that of the FRP (Fig. [Ma), i.e.,
the gelation in FRPsp occurs by cross-linking between heteroge-
neously formed microgels. The development of cross-linked struc-



tures in the post-gel region is inhibited by the termination. There-
fore, the structure of the FRPsp gel is more heterogeneous than
that of the CRP gel.
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Fig. 10 (a) Number density v, of clusters in the sol fraction, (b) pro-
portion &jyer of the intermolecular cross-links, (c) proportion &y, of the
intramolecular cross-links, and (d) maximum intensity Smax of the struc-
ture factor S(q). Map~1.0x 103 at a =95%.

Similar to the CRP, FRPfi with the fast initiation shows a sharp
drop in v, around the gelation point; thus, the gelation of FRPfi
is caused by cross-linking between branched polymers (Fig. [Ma).
In the pre-gel region, due to the gelation mechanism of cross-
linking between branched polymers, FRPfi exhibits relatively high
&inter, Which is comparable to that of the CRP (Fig. Mb). How-
ever, the difference in &, between FRPfi and the CRP expands
in the post-gel region. This expanding difference is accounted for

by the inactivation of propagating ends by the termination, which
prevents the development of cross-linked structures in the post-
gel region like the CRP gels. The higher v, of FRPfi in the post-gel
region compared to the CRP indicates free inactivated polymers
that are not incorporated into the gel network. In addition, in
FRPfi, where the propagation is fast, &, and the density fluc-
tuations are larger than those in the CRP (Figs. [Mc and @0d);
therefore, the entanglement occurs more easily than in the CRP.

The results shown in Fig. [ indicate that FRPwot without the
termination exhibits non-uniform gelation due to cross-linking
between microgels, and the manner of cross-linking is similar to
that of the FRP. In the CRP, since the termination is suppressed,
the cross-linked structure quickly develops in the post-gel region,
but in FRPwot, no such trend is observed. This is considered to be
because the propagating ends in FRPwot are confined in the high-
density regions formed during the non-uniform gelation, and be-
come ineffective for cross-linking.

Although the fast initiation and the prohibition of the termina-
tion do not seem to affect the network structure from the results
in Figs. B and [0, we have confirmed that they also contribute
to the formation of the relatively uniform structure of the CRP
gel. As shown in the ESIf, gels formed by a model system incor-
porating these two characteristics of CRP into the FRP, i.e., FRPfi
without the termination or FRPwot with the fast initiation, have
more uniform structures than the FRPfi gels and the FRPwot gels.

From the above results, we considered that the characteris-
tics of CRP, the fast initiation, slow propagation, and suppressed
termination, cooperatively act to improve the structural homo-
geneity of the CRP gel. The fast initiation promotes uniform
polymer growth and intermolecular cross-linking in the pre-gel
region. The slow propagation suppresses intramolecular cross-
linking. The uniform polymer growth, the promotion of inter-
molecular cross-linking, and the suppression of intramolecular
cross-linking reduce the density fluctuations and the number of
entanglements during gelation. The suppressed termination de-
velops the network structure in the post-gel region. However, sys-
tems with only one of these characteristics show limited effects or
almost no effect on improving the structural homogeneity.

Finally, we mention the effects of temperature 7. Although we
have fixed T at &yca/kp in this study, we think that the CRP gel is
more homogeneous than the FRP gel even at different 7. In the
FRP at low T, even if the propagation is slow and the bimolec-
ular termination is negligible, since the slow initiation heteroge-
neously proceeds, gelation occurs by cross-linking the microgels.
Therefore, the structure of the FRP gel is considered to be more
heterogeneous than that of the CRP gel. At high T, the initiation
of the FRP becomes fast, which results in relatively uniform gela-
tion of the system. However, the initiation of the CRP is also fast,
and the propagation and termination of the CRP are slower than
those of the FRP due to the propagating ends existing as dormant
species. Thus, we think that the CRP gel has a more uniform
structure than FRP gel.

4  Conclusions

We have studied the structure of gels synthesized by CRP and
FRP by the CGMD simulation. From the comparison of the CRP
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gel and the FRP gel, we have found that the former has a larger
number of elastically effective chains and a smaller effect of en-
tanglements, i.e., a more uniform structure than the latter. The
simulation results qualitatively agree with the experimentally re-
ported results comparing CRP gels and FRP gels. ™ By analyz-
ing the network formation process of model systems that have
one of the characteristics of CRP, we have clarified the molecular
mechanisms that make the structure of the CRP gel relatively uni-
form. We have shown that the systems with only one of the CRP
characteristics have limited effects or almost no effect on improv-
ing the structural uniformity. Therefore, we have found that the
characteristics of CRP, the fast initiation, slow propagation, and
suppressed termination, cooperatively contribute to the improve-
ment of the structural homogeneity of the CRP gel.

In this study, although we have discussed only the structure
and equilibrium mechanical properties of CRP gels and FRP gels,
it has also been reported that the two differ in fracture behav-
ior."™® We are planning to analyze the effects of the difference
in polymerization mechanisms on the fracture behavior of gels.
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