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The effects of the primary structure of multifunctional reactive polymers on the network structure and the mechanical properties of
gels formed by crosslinking the reactive polymers with crosslinkers are studied by a coarse-grained molecular dynamics simulation.
When functional groups are randomly arranged on the polymers, the network structure, such as the number densities of elastically
effective chains and entanglements, and the mechanical properties depend on the number average molecular weight of the polymers;
however, these properties are almost independent of the molecular weight distribution and the functional group number distribution
of the polymers. The control of the arrangement of functional groups on the polymers improves the uniformity and the mechanical
properties. By changing the arrangement from a random one to a periodic one, the number of elastically effective chains and the
shear modulus increase, and the occurrence of entanglement is suppressed. The detailed analysis of the network structure reveals
that the improvement of the mechanical properties is mainly due to the reduction of intramolecular crosslinking.

1 Introduction

Polymer gels are materials in which three-dimensional crosslinked network polymers hold a large amount
of solvent. Therefore, polymer gels exhibit both solid-like and liquid-like properties[1, 2, 3]. In addition,

various functional polymer gels can be synthesized by appropriately modifying polymers constituting the
gels[4, 5]. Due to such properties, polymer gels have been researched and developed for applications in a
wide field such as biomedical material, sanitary material, drug delivery system, and soft robotics|6, 7).

The free radical copolymerization of monomers and crosslinkers is a widely used method for synthesiz-

ing industrial polymer gels. Since crosslinking points are randomly introduced into the network poly-

mers synthesized by such method, the networks have structural inhomogeneity that reduces the mechan-
ical strength and the transparency of gels[8, 9, 10]. In order to control the network structure, a lot of
researches on gels formed by selectively crosslinking the functional groups of pre-synthesized reactive
polymers, which have the controlled primary structure, have been carried out[11, 12, 13, 14, 15, 16, 17].
Sakai and coworkers have succeeded in the synthesis of homogeneous gels by the end-coupling reaction

of two types of tetra-arm star polymers, and have shown the enhancement of mechanical strength[11, 12,
13]. End-linking gels formed by crosslinking telechelic reactive polymers, which carry functional groups

at both ends, with multifunctional crosslinkers have been reported to have relatively uniform structures|14,
15, 16]. Ida and coworkers have found that gels synthesized by crosslinking linear reactive polymers hav-
ing multiple activated ester groups with diamines have more uniform structures than the gels formed by
the radical copolymerization[17]. In the gels of crosslinked linear reactive polymers, they have also re-
ported that the crosslinking density can be easily controlled by using monoamines in addition to diamines|[18],
and that the monomer arrangement of the polymers affects the macroscopic physical properties[19]. The
gel preparation methods of crosslinking the reactive polymers which have the controlled primary struc-
ture are able to vary the physical properties of gels in a wide range. Therefore, the understanding of the
relation between the primary structure of the reactive polymers and the properties of gels is important

not only for gel science but also for applications.

In this paper, we mainly focus on the gels formed by crosslinking the multifunctional linear reactive poly-
mers, and study the effects of the primary structures of the reactive polymers (such as the average molec-
ular weight, the molecular weight distribution, the functional group number distribution, and the ar-
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rangement of the functional groups on the polymers) on the network structure and the mechanical prop-
erties of the gels by a computer simulation. Numerous computer simulations of crosslinking of linear
polymers have been conducted |20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. Computational studies have
shed light on the effects of the crosslinking density on the microscopic structures such as the distribution
of the length of network strands connecting the crosslinking points[21, 27, 28|, the conformation of the
strands[28, 29, 31], the bonding structure of the strands[20, 21, 23, 29, 31]. The verifications of theoret-
ical models for the elasticity of the polymer networks have been performed by evaluating the contribu-
tions of the crosslinking and trapped entanglements in the networks[22, 24, 27, 30]. These studies have
revealed that, although the mechanical properties of gels can be fitted by the theoretical models, the de-
tailed structures such as the efficiency of the crosslinking and the trapped entanglement factor[32] are
different form the theoretical descriptions[27, 30]. Furthermore, simulations have clarified other mecha-
nisms related to the polymer networks such as the toughening mechanism of interpenetrating networks
with chemical and physical crosslinks[25], the enhancement of the crosslinking efficiency by improving
the dispersion degree of the crosslinking points[26], and the effects of crosslinking rate on the network
structure[28]. Most of the previous studies were concerned with the crosslinking of linear polymers with
monodisperse molecular weight distributions, in which the networks were formed by random crosslinking
between polymers[21, 22, 23, 24, 27] or the crosslinking of telechelic polymers and crosslinkers[29, 30].
Although some studies have been reported the relation between the strand length distribution in the
networks and the physical properties[33, 34|, the effects of controlling the arrangement of the functional
groups on the polymers, that is, the controlling the strand length, have been rarely studied. Therefore,
we consider that further studies are required to understand the effects of the detailed primary structures
of the multifunctional linear reactive polymers on the network structure and the mechanical properties
of the gels.

In order to elucidate the effects of the primary structures of the reactive polymers on the properties of
gels, we prepare several types of networks with varying the primary structures. We calculate the number
of elastically effective chains[35, 36], that of entanglements[37], and the shear modulus. We analyze the
bonding structure of the network strands, the probability for a strand to form a loop structure, and the
spatial correlation between the crosslinking points in order to understand the molecular mechanisms of
the effects of the primary structures. We discuss the effects of the arrangement of the functional groups
by the comparisons between the results of random reactive polymers which have a random arrangement
of the functional groups and those of periodic reactive polymers which have a periodic arrangement of
the functional groups. In recent years, the syntheses of polymers with precisely controlled monomer se-
quences have been reported[38, 39]. We think that the studies of the periodic reactive polymers pro-
vide insights into the development of novel gels formed by crosslinking polymers which have such con-
trolled monomer sequences. We show that the results of the networks composed of the random reactive
polymers qualitatively agree with the results of the Miller—Macosko theory[40, 41]. However, the results
of the periodic reactive polymers significantly deviate from those of the corresponding random reactive
polymers due to the change in the number of intramolecular crosslinks. In order to deepen the under-
standing of the effects of the primary structures, we also compare the results of this study with those of
the networks formed by crosslinking reactive polymers with different architectures[42].

2 Simulation Model

In this study, we employed the bead-spring model called the Kremer—Grest model[43, 44, 45| for the lin-
ear reactive polymers and modeled the crosslinker by a single bead. The reactive polymers consisted of
functional beads and non-functional beads, and formed the networks by generating bonds between the
functional beads on the polymers and the crosslinkers (Figure 1). Each functional bead on the poly-
mers can form one bond with the crosslinker, and each crosslinker can form two bonds with the poly-
mer functional beads. Hence, the crosslinkers serve as bifunctional crosslinkers and act as four-branch
crosslinking points in the networks when those form the bonds with the polymers as shown in Figure 1.

We used the mass m of one bead as a unit of mass. We fixed the ratio r = (Zn >t mef) / (Zn >t nNmf)
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of the total number of polymer functional beads to the total number of polymer beads at » = 0.05. Here,
N, 5 is the number of f-functional reactive polymers consisting of n beads. We set the number N, of

crosslinkers to the stoichiometric amount N, = (Zn > [ Nn, f) /2.

In order to study the effects of the primary structures of the reactive polymers such as the average molec-
ular weight, the molecular weight distribution, the functional group number distribution, and the ar-
rangement of the functional groups on the network properties, the following seven types of the polymers
were used: P80-1, P160-1, P240-1, P96-1.7, P160-1.7, P160-1m, P160-1p. Here, the number following

“P” and the number after hyphen represent the number average molecular weight and the polydisper-
sity index of the reactive polymers, respectively. The alphabet “m” at the end means that the functional
group number distribution of the polymers is monodisperse, and “p” means that the arrangement of the
functional groups is periodic. Table 1 lists the data of each reactive polymer: the number average molec-
ular weight M, the weight average molecular weight M, the polydispersity index M, /M,, the number

average number of functional groups f, = (Zf >on mef) / (Zf >on Nmf), the weight average number
of functional groups f, = (Z Fom 2N, f> / (Z 7 2n S Nn, f), and the polydispersity index of the number
of functional groups f, /f,. The polymers P96-1.7 and P160-1.7 consisted of 201 beads (I is an integer of
[ > 1) and had molecular weight distributions similar to the Schulz—Zimm distribution[46, 47] (Figure
S1 in the Supporting Information). For the polymers other than P160-1m and P160-1p, the functional
groups were randomly arranged on the polymers, and we restricted for each reactive polymer to have

at least one functional group. For P160-1m and P160-1p, the number of functional groups was fixed at
8. In P160-1m, the functional groups were randomly arranged on each polymer. For P160-1p, we peri-
odically arranged the functional groups on each polymer so that the number ng of bonds between adja-
cent functional beads was constant, that is, ng = 20 (Figure S2(a) in the Supporting Information). In
contrast, since the functional groups of the polymers except P160-1p were randomly distributed on the
polymers, the distributions P(ng) of the bond number ng showed the exponential distribution: P(ng) =
w1 — u) ~ (1/mg)e ™ /7 (Figure S2(b) in the Supporting Information). Here, u is the probability
for a bead to connect to a non-functional bead that is not a bead at a polymer end, and g = 1/(1 — u)
is the average number of bonds between adjacent functional beads. In this study, five independent sys-
tems were generated for each condition, and the average of the results of the five systems was used as
the simulation result for each condition.

The excluded volume effect between each pair of beads was introduced by the Weeks—Chandler—Anderson
(WCA) potential which is the truncated and shifted Lennard—Jones potential[48]:

Uwca (Tij) = { de [("‘Z)m - (%)6 + 411] for Tij S 2%0’ ‘ (1>

0 for r;; > 25

Here, r;; is the distance between the i-th bead and j-th bead, ¢ is the strength of the WCA potential,
and o is the unit length of the WCA potential. In this study, € and ¢ were used as a unit of energy and

length, respectively. We used ¢/kg and 7 = o4/m/e as a unit of temperature and time, respectively.
Here, kg is the Boltzmann constant. In this study, we fixed the reduced temperature at kgT'/e = 1.

For the elastic energy potential of each pair of bonded beads, we employed the finitely extensible nonlin-
ear elastic (FENE) potential[49]:

1 2 Tij 2
Utene (Tij) = —§kbr0 In|1— () . (2)
To
Here, ki, is the spring constant and 7 is the maximum bond length. We set k, = 30 and rp = 1.5 in

order to avoid the crossing of the polymers[43, 44, 45].

We next explain the generation of the bonds between the functional beads on the polymers and the crosslink-
ers. The following FENE-C potential was introduced between an unreacted functional bead and a crosslinker
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which can form additional bonds[49, 50]:

) Ufene(rij) - US(Tija AT) - Ufene(rc) + Us(’rca AT) fOI‘ /rij S Te
Ua(rij) = { 0 for ri; > re - (3)

Here, r. is the cut-off radius of the FENE-C potential, and Ug(r., Ar) is a smoothing function that acts
at ro — Ar < r;; < r.and ensures dU,/dr;; = 0 at r;; = r.. In this study, we fixed r. = 1.2 and
Ar = 0.02. The FENE-C potential forms a transient bond between a functional bead and a crosslinker
at r;; < r.. We changed the FENE-C potential between the beads connected by the transient bond to
the shifted FENE potential (Usene(ri;) — Utene(7c) + Us(re, Ar) for r;; < ro) when the distance r;; between
the beads of interest became 7;; < r. — Ar. By this procedure, we generated permanent bonds between
the functional beads and the crosslinkers without discontinuities in force and energy.

The motion of each bead was calculated by the following Langevin equation:

d27'i(t) o - d’l‘l(t)
e~ Bill) =me—y

where 7;(t) is the position vector of the i-th bead; F;(t) = —0U;(t)/0r;(t) is the force acting on the i-th
bead; U;(t) is the sum of the potential energies working on the i-th bead; ¢ is the friction coefficient; and
W, (t) is the random force with (W;(¢)) = 0 and (W;(t) - W;(t')) = 6mCkgT0,;;6(t —t'). In this study, we
set ¢ = 0.5771[43, 44, 45], and integrated the Langevin equation by the velocity Verlet method[51] with
timestep At = 0.0057.

+ Wi(t) (4)

In the calculation of the network formation, we first placed N, = 3=, >>¢ N,, y polymers and N crosslink-
ers at random in the cubic simulation box with periodic boundary conditions. We next performed the
simulation of t = 5 x 1037 without the bond formation between the functional beads and the crosslinkers
in order to homogeneously mix the polymers and the crosslinkers. We then carried out the simulation
with the bond formation between the polymers and the crosslinkers until the conversion a became a con-
stant value, that is, the network formation was completed. In order to investigate the effects of the con-
centration at the network formation stage on the network structure and the mechanical properties, we
prepared the network with systematically varying the volume fraction ¢ = (NC + 20 2Ny, f) v,/ V of

the polymers and the crosslinkers. Here, v, = 76%/6 and V are the volume of one bead and that of the
simulation box, respectively. In this simulation, although there were some variations in the P96-1.7 and
P160-1.7 systems, we fixed the total number of beads at N, + >2,, 2>y nN, ; ~ 3.69 x 10%, and changed
the volume fraction ¢ by adjusting V. As shown in Figure S3 in the Supporting Information, the conver-
sions a were 95 % or more under all conditions, and the differences between the different polymer sys-
tems were within 1 %. Although « slightly increased with increasing ¢, we thought that the effects of
the difference in o were not significant.

In order to study the relation between the network structure and the mechanical properties, we also con-
ducted the simulation under the uniaxial deformation. We applied the uniaxial deformation to the sim-
ulation box, that is, the lengths of the simulation box were changed from the initial length Ly = V1/3
to ALg in the z-direction and to Lg/ VA in the y- and z-directions. Here, A is the one-dimensional de-
formation ratio. The simulation box was deformed by repeating a deformation process and a relaxation
process until A was reached a target value. In the deformation process, we performed the simulation of

t = 507 while changing X\ at the deformation rate d\/dt = 2 x 1073771 In the subsequent relaxation
process, we carried out the simulation of t = 1.25 x 10*r under a constant A\. The mechanical properties
at each \ were calculated from the average values at 1 x 10*7 <t < 1.25 x 10*r in the relaxation process.
We confirmed that the nominal stress reached almost a constant value at ¢ > 1 x 10*7 in the relaxation
process after the deformation process (Figure S4 in the Supporting Information).
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3 Results and Discussion

3.1 Network Structure

In order to study the effects of the primary structure of the reactive polymers on the network connec-
tivity, we show the number density v.g of the elastically effective chains in Figure 2. We here used the
Scanlan—Case criterion[35, 36] to count the number of elastically effective chains. We focused on a path
between the crosslinking points, and judged that the path is elastically effective when the ends of the
path are both connected to the crosslinking points that carry at least three paths leading to the network
matrix.

As shown in Figure 2(a) and 2(b), the number density ves of the elastically effective chains increases
with increasing the number average molecular weight M,,. However, the change in v.g accompanying
the change in M, reduces in the high M, region. From the comparison of P160-1, P160-1.7, and P160-
1m, we find that v.g is independent of the molecular weight distribution and the functional group num-
ber distribution in the random reactive polymer systems in which the functional groups are randomly
arranged on the polymers. According to Miller—-Macosko’s theory shown in the Supporting Information,
Vet of well-developed gels with a high conversion o mainly depends on the reciprocal (M,)~! of the num-
ber average molecular weight, and decreases with increasing (Mn)_l. The behavior of v.g in the net-
works of the crosslinked random reactive polymers can be qualitatively explained by the theory; veg in-
creases with increasing M, and the M, dependence of v.g reduces in the high M, region. Since (M,)™*
is proportional to the number of polymer ends, the effect of M, indicates the influence of the polymer
ends.

From Figure 2(c), we find that the gel of P160-1p which has the periodic arrangement of the functional
groups exhibits higher number densities v.g of the elastically effective chains than the gels made of the
random reactive polymers with the same number average molecular weight M,. The increase in veg due
to the periodic arrangement of the functional groups decreases with increasing the volume fraction ¢. In
order to investigate the mechanisms of the increase in v, we classified the network strands which are
parts of the polymers connecting the adjacent crosslinking points into the following three categories ac-
cording to the local bonding structure: bridge chain, loop chain, and dangling chain. Figure 3 shows
the relative populations of each chain category. As seen in Figure 3(a) and 3(b), the periodic arrange-
ment of the functional groups reduces the number of loop chains and increases that of bridge chains.
The change of the bonding structure from the loop chain to the bridge chain rises vog. At the high ¢,
the increase in v.g with the bonding structure change reduces, since the relative population of the loop
chain decreases. The bonding structures in the gels of the crosslinked random reactive polymers are in-
dependent of the molecular weight distribution and the functional group number distribution, but de-
pend on M,; the numbers of bridge chains and loop chains rise with increasing M, due to the reduction
of the influence of the polymer ends.

It should be note that, as seen in Figure 2, the minimum value of the volume fraction ¢ in the simu-
lation results depends on the polymer model, because the minimum gelation concentration ¢* differs
for each polymer model. At low ¢, since the number of loop chains increases, the number of functional
groups which is effective for gelation decreases. Therefore, below ¢*, the reactive polymers do not ex-
hibit gelation. For the random reactive polymers, ¢* mainly depends on the weight average number of
functional groups f; ¢* decreases with increasing f,. The reduction of the number of loop chains due
to the periodic arrangement of the functional groups promotes the gelation; thus, ¢* decreases.

In order to consider the difference in the loop formation between the random reactive polymer systems
and the periodic reactive polymer systems, we show the ratio Ry(nc.) = Ny(nee)/Np(ne) of the number
of loop chains to the number of bridge chains in Figure 4. Here, n.. = ng+2 is the number of bonds be-
tween the adjacent reacted crosslinkers along the polymer, and Ny(n..) and Ny(n..) are the numbers of
loop chains and bridge chains consisting of n.. bonds, respectively. The loop ratio Ry(ne.) is independent
of the primary structure of the polymers and decreases according to the power law n_* with an exponent
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a ~ 1.4-1.6 (the results of Ry(n..) at other volume fractions ¢ are shown in Figure S5 in the Support-
ing Information). This exponent well agrees with the exponent 3/2 in Jacobson—Stockmayer’s theoretical
study of the Gaussian chain[52]. From the results of Ry(n.), we find that the short strands form many
loop structures in the random reactive polymers, whereas the number of loop chains in the P160-1p sys-
tem is small due to the absence of the short chain.

We here study the effects of the ratio r of the number of the functional beads to the number of polymer
beads on the total number N, of loop chains in the networks. The distribution P(ng) of the number of
bonds between the functional groups is mainly determined by the ratio r, and the loop ratio Ry(n..) de-
pends on the number of bonds; hence, N, varies by changing r. From the results of Ry(n..) and the the-
oretical study[52], we assume that the number Ny(n..) of loop chains consisting of n.. bonds is given by
Ny(nee) = CONp(ne)n/? where C is a prefactor determined by conditions such as the volume fraction
¢. In the well-developed networks (o ~ 1), the sum Ny(ne.) + Np(ne) of the numbers of loop chains and
bridge chains is almost equal to the number of strands whose number of bonds is equal to ng = n.. — 2.
For the crosslinked random reactive polymers, the sum is given by Ny(ne.) + Np(nee) = Nt (1 — u).
Here, Ny, is the total number of strands, and u = 1 — 7z ' is the above-mentioned probability for a bead
to connect to a non-functional bead that is not a bead at a polymer end. The total number N, of loop
chains in the networks consisting of the random reactive polymers is given by

>

ng>1

o CYjvsub

ng

(1 —7g )" (ng +2) %2

N
‘ 1+ C(ng +2)73/2

(5)

On the other hand, in the crosslinked periodic reactive polymers, Ny is calculated by the following equa-
tion:
. CNsub(ﬁﬂ“ + 2)_3/2

Figure 5 shows the ratio N, of the total number of loop chains to that of strands as a function of the
average bond number 7g. We here set the prefactor C' to C' ~ 1.96 from the simulation results shown

in Figure 4. As seen in Figure 5, N, in the periodic reactive polymers is less than that in the random
reactive polymers except when all the beads are functional groups (g = 1). The networks made of

the random polymers have the strands the lengths of which are shorter than the average mg. Since the
loop formation probabilities of such short strands are high, N, increases. From these results, we find that
the change of the arrangement of the functional groups from a random one to a periodic one generally
reduces the number of loops and enhances the network connectivity. We also show the results of N, at
other volume fractions ¢ in Figure S6 in the Supporting Information.

Ny

(6)

We analyzed the entanglements of the polymers in the networks by the method of Everaers et al[37]. In
the method of Everaers et al., all ends of polymers are spatially fixed, the intramolecular excluded vol-
ume effects are then turned off, and the temperature T is gradually lowered to zero. By this method, we
can calculate the number of intermolecular contact points (entanglements) when the ends of the poly-
mers are connected by the shortest paths (primitive paths) without crossing between the polymers. Al-
most all the reactive polymers and the crosslinkers are contained in one huge molecule when the system
forms the gel network; hence, if we automatically turn off the intramolecular excluded volume effects, al-
most all the excluded volume effects disappear, and the polymers freely cross. In order to avoid the free
crossing between the polymers, we only turned off the relatively short-range intramolecular excluded vol-
ume effects, that is, the intra-strand excluded volume effects and the excluded volume effects between
the strands attached to the same crosslinking point. From the network structure after this calculation,
we counted the number density v, of the bridge chains generated by the entanglements[42]. The de-
tailed calculation method is shown in the Supporting Information.

The number density v, of the bridge chains generated by the entanglements is plotted against the vol-
ume fraction ¢ in Figure 6. In the gels of the random reactive polymers, ve, increases with increasing
the number average molecular weight M,. This increase in v, is due to the decline of the influence of
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3.2 Mechanical Properties W ©

the polymer ends which prevent the formation of the bridge chains. From Figure 6, we confirm that v,
is independent of the molecular weight distribution and the functional group number distribution.

As revealed by Figure 6(c), the change of the arrangement of the functional groups from the random
one to the periodic one reduces the number density v, of the bridge chains generated by the entangle-
ments. The random crosslinking in the network formation process causes the fluctuation of the crosslink-
ing density, that is, regions with high and low crosslinking densities are created|[8, 9, 10]. We consider
that the reduction in v, is due to the change of the fluctuation of the crosslinking density, that is, the
spatial correlation between the crosslinking points. In order to quantify the spatial correlation between
the crosslinking points, we calculated the binary cluster integral S.. by the following equation[26, 53]:

Bee = 27 /000[1 — Geo(r)|72dr. (7)

Here, g..(r) is the radial distribution function of the crosslinking points. The negative (.. means that
an apparent attractive interaction acts between the crosslinking points, that is, the crosslinking points
tend to aggregate. On the other hand, the positive S.. indicates the tendency of the crosslinking points
to disperse. Figure 7 shows .. as a function of the volume fraction ¢. The gels consisting of the ran-
dom polymers exhibit smaller .. than that of the P160-1p gel. Thus, the crosslinking points in the gels
of the random polymers tend to aggregate more than in the gel of P160-1p, and the fluctuations of the
crosslinking density in the former are larger than that in the later. We consider that the entanglement
densities v, of the gels made of the random polymers indicate high values, since the occurrence of the
entanglement is promoted in high density regions. The large density fluctuation in the crosslinked ran-
dom polymers is thought to be caused by the random arrangement of the functional groups and the for-
mation of many loop chains that are intramolecular crosslinks.

3.2 Mechanical Properties

We next study the relation between the mechanical properties and the primary structure of the reac-

tive polymers. In Figure 8, we plot the shear modulus G against the volume fraction ¢. Here, the shear
modulus G is calculated by fitting the nominal stress ox under the uniaxial deformation to the neo-Hookean
model ox = G(\ — 1/A?). The detailed calculation method is shown in the Supporting Information. The
shear modulus G shows the same trend as the number density v g of the elastically effective chains; G
increases with increasing the number average molecular weight M, and is independent of the molecu-

lar weight distribution and the functional group number distribution. The periodic arrangement of the
functional groups rises G.

We here estimate the shear modulus G from the network structures for the understanding of the relation
between the mechanical properties and the network structures. In this study, we take account of the fol-
lowing contributions to G: the contribution G from the elastically effective chains formed by crosslink-
ing and the contribution Gy, from the entanglements trapped in the networks. The contributions Geg
and Gy, are evaluated by using the phantom network model[54, 55]:

Geff - (Veff - Meff) kBTa (8)
Gte = (yte - Mte) kBT (9)

Here, peg is the number density of the elastically effective crosslinking points that carry at least three
paths leading to the network matrix, and p and v, are the number densities of the trapped entangle-
ments and the elastically effective chains generated by the trapped entanglements, respectively. We cal-
culate p and 14, with reference to Langley’s research[32]. In Langley’s research, when two strands in-
volved in an entanglement have paths to the network matrix at both sides of the entanglement, the en-
tanglement is judged to be trapped in the networks and elastically effective. Therefore, in this study, we
consider that an entanglement in the simulation is trapped in the network when two or more strands in-
volved in the entanglement of interest are the elastically effective chains.
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3.3 Comparison with Other Preparation Methods

Figure 9 shows the shear modules G calculated by the simulation under the uniaxial deformation, the
contribution Geg from the elastically effective chains, the contribution Gy, from the trapped entangle-
ments, and the sum Geg + Gy of the contributions. Since G and Geg + Gy indicate the same level of
values, we think that the contributions from the elastically effective chains and the trapped entangle-
ments can be evaluated by Geg and Gy, at a reasonable level (the results of the other gels are shown in
Figure S7 in the Supporting Information). The upward deviation of Geg + G at the high volume frac-
tions (¢ > 0.25) is considered to be due to the overestimation of the entanglements analyzed by the con-
tact between the primitive paths. For the P160-1p gel, Gog + G is larger than G at the intermediate
volume fractions (0.025 < ¢ < 0.1). This deviation is thought to be caused by the overestimation of
the fluctuation of the crosslinking points in the phantom network model. In the intermediate concentra-
tion region, G of the P160-1p gel indicates values between the shear modulus G.g + Gy of the phantom
network model and that (veg + v4e)kpT of the affine network model[l, 56] (Figure S8 in the Supporting
Information). Hence, we consider that the fluctuation of the crosslinking points is suppressed to some
extent because of the high crosslinking efficiency of the gel formed by crosslinking the periodic reactive
polymers.

In order to quantify the effects of the primary structure of the reactive polymers on the network struc-
tures and the mechanical properties of the gels, we present the following relative results veg /v, Ven/Voy,
Get /G, and Gie/ G, to the results of the P160-1 gel (Figure 10). Here, v, vg,, Gog, and Gf, are the
results of the P160-1 gel, and the distances from one to the relative results indicate the magnitude of
the effects. From Figure 10(a) and 10(c), we find that the effects of the structural change of the reac-
tive polymers on veg and Gy are approximately equal. As shown in Figure 10(b) and 10(d), the effects
of the primary structure on v, and Gy, are qualitatively the same, but quantitatively different; the ef-
fect of M, on G is larger than that on v, and the effect of the functional group arrangement on Gy, is
smaller than that on v,. In this study, Gy, is calculated from the number density of the entanglements
trapped in the network. The probability for an entanglement to be trapped in the network (trapped en-
tanglement factor[32]) T, depends on the formation efficiency of the elastically effective chains, that is,
T, increases with increasing veg (Figure S9 in the Supporting Information). Since the increase in M,
rises veg and ve,, the effect of M, on G, becomes greater than that on v,. On the other hand, the gel
of the periodic polymer P160-1p exhibits low ve,, but shows high v.g; hence, Gy of the P160-1p gel be-
comes relatively large.

We here discuss the effects of the primary structure of the reactive polymers in actual gels expected from
the simulation results. As discussed above, the simulation results indicate that the changes in the net-
work structure and the mechanical properties with increasing the average molecular weight of the re-
active polymers decrease in the high average molecular weight region. The actual gels are usually syn-
thesized from polymers the degree of polymerization of which is higher than those of the polymers in
the simulation[17]. Therefore, the effects of the average molecular weight observed in the actual gels are
expected to be smaller than the simulation results. On the other hand, regarding the other effects of
the primary structure of the reactive polymers such as the molecular weight distribution, the functional
group number distribution, and the arrangement of the functional groups, we consider that the actual
gels show the same trends as the simulation results. When the number average molecular weight of the
polymers used in the actual gel synthesis is constant, the network structure and the mechanical proper-
ties hardly change even if the molecular weight distribution and the functional group number distribu-
tion change, because the influence of the polymer ends is constant. Since the effects of the arrangement
of the functional groups are mainly due to the formation of local loop structures, the structural unifor-
mity and the mechanical properties of the actual gels are enhanced by changing the arrangement from
the random one to the periodic one.

3.3 Comparison with Other Preparation Methods

Finally, we compare the results of this study with those of the networks formed by crosslinking reactive
polymers by the other methods. By the method shown in the previous study[42], we prepared the fol-
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lowing two types of gels: the gels formed by end-linking of two types of tetra-arm star polymers and the
gels formed by crosslinking telechelic reactive polymers and tetrafunctional crosslinkers. Hereafter, we
call the former “Tetra-gel” and the later “EL-gel”. Here, the composition of each network was set to
indicate the same crosslinking density when the network was ideally formed, and the calculation of the
network formation was performed until the conversion o became a constant value. Tetra-gel corresponds
to Tetra-PEG gels synthesized by Sakai and coworkers, which have uniform structures and show excel-
lent mechanical strength[11, 12, 13]. Since the lengths of strands between the crosslinking points are the
same, EL-gel is also considered to be more uniform than networks formed by conventional free radical
copolymerization[14, 15].

Figure 11 shows the number density v g of the elastically effective chains, the number density v, of
the bridge chains generated by the entanglements, and the shear modulus G as functions of the volume
fraction ¢. The gel of the random reactive polymer P160-1 exhibits smaller v and G, and larger v,
than Tetra-gel and EL-gel, that is, the gel of P160-1 has a less uniform structure and lower mechanical
strength than Tetra-gel and EL-gel. At the low volume fractions (¢ < 0.1), veg and G of the P160-1p
gel formed by crosslinking the periodic reactive polymers are comparable to those of EL-gel, and v, is
smaller than those of Tetra-gel and EL-gel. Thus, the P160-1p gel formed in the low volume fraction
region has a fairly uniform structure and moderately high mechanical strength. In the P160-1p gel, the
network strand length is uniform as in Tetra-gel and EL-gel, and at least three strands are connected to
each crosslinking point. In addition, among multiple-links in which several strands connect one pair of
the crosslinking point [42], only double-links can be formed. Since the degree of freedom in the structure
formation in the P160-1p gel is relatively low, the formation of the cyclic structures such as the loop
chains and the multiple-links is suppressed. We consider that the suppression of the formation of the
cyclic structures improves the uniformity of the network structure and the mechanical properties. On
the other hand, when the network is formed at the high volume fractions, the crosslinking efficiency and
the mechanical strength of the P160-1p gel are lower than Tetra-gel and EL-gel, because the polymer
ends always become the dangling chains.

4 Conclusion

We have studied the effects of the primary structure of the linear reactive polymers on the network struc-
ture and the mechanical properties of the gels formed by crosslinking the reactive polymers with the
crosslinkers by the coarse-grained molecular dynamics simulation. In the gels of the random reactive
polymers which have the random functional group arrangement, the number of elastically effective chains,
the number of entanglements, and the shear modulus increase with increasing the number average molec-
ular weight of the reactive polymers, because the influence of the polymer ends is reduced. We have con-
firmed that the network structures and the mechanical properties of the well-developed gels are indepen-
dent of the molecular weight distribution and the functional group number distribution of the reactive
polymers. The shear modulus calculated by the simulation under the uniaxial deformation well agrees
with the shear modulus evaluated from the network structure by using the phantom network model ex-
cept in the high concentration region. The gel consisting of the random polymers has a less uniform struc-
ture and lower mechanical strength than the relatively uniform gels formed by the other methods.

By changing the functional group arrangement of the reactive polymers from the random one to the pe-
riodic one, the number of elastically effective chains and the shear modulus increase, and the number of
entanglements decreases. We have found that these improvements of the uniformity and the mechani-
cal properties of the gels are due to the suppression of the formation of the loop structures. Further-
more, in the gels consisting of the periodic reactive polymers formed at the intermediate concentrations,
the fluctuation of the crosslinking points is suppressed to some extent due to the high crosslinking effi-
ciency. In the low concentration region, the gel of the crosslinked periodic polymers exhibits a more uni-
form structure than the gel formed by crosslinking the telechelic reactive polymers with the tetrafunc-
tional crosslinkers. From these results, we think that the performance of real gels can be dramatically
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improved if periodic reactive polymers are synthesized by precision polymer synthesis and are crosslinked
to form gels. In this study, we have focused the properties of chemically crosslinked gels. We think that
the structure formation and the physical properties of associating polymer solutions showing the ther-
moreversible gelation and the phase separation also significantly change by controlling the functional
group arrangement. We plan to study the effect of the functional group arrangement on the phase be-
havior of associating polymer systems.
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reactive polymer

crosslinker

Figure 1: Schematic illustration of the network formation by crosslinking reactive polymers with crosslinkers. Red and
white circles indicate functional and non-functional beads of the polymers, respectively. Cyan circles indicate the crosslink-
ers.

Table 1: Average molecular weight and average number of functional beads of the reactive polymers.

polymer M, M, My/M, f, Jw fwlfa
80

P80-1 80 1 4.0 4.7 1.18
P160-1 160 160 1 8.0 88 1.10
P240-1 240 240 1 12.0 12.87 1.07
P96-1.7 96 160  1.66 48 7.6 1.58
P160-1.7 160 276 1.72 8.0 12.7  1.59
P160-lm 160 160 1 8 8 1

P160-1p 160 160 1 8 8 1
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The network structure and the mechanical properties of gels formed by crosslinking linear reactive polymers are studied by
a coarse-grained molecular dynamics simulation. The effects of the primary structure of the polymers are systematically
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