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Abstract: Rubber elastic theory describes the relationship between the microscopic chain
structure and macroscopic mechanical properties of soft network polymers, such as
elastomers and gels. When the deformation exceeds a certain threshold, the formation of
extended chains induces hardening and failure of the materials, which has been tackled
by experiments involving measurement techniques and mechanochemistry. However, the
relationship between the network structure as concerns connectivity and the formation
behavior of extended chains has hardly been described. Herein, we demonstrate the
quantification of chain connectivity based on complex network science to investigate the
formation mechanism of completely extended chains in rubber elasticity. Polymer chains
in the central position of the network tended to persist in the extended chains as concerns
connectivity. Furthermore, the formation of extended chains induces neighboring
polymer chains to become extended chains, causing stress concentration at the network
scale. Our approach, based on complex network theory, is useful as a bridge between
conventional theory and experiments for describing complicated rubber elasticity at the

mesoscale.
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INTRODUCTION

Several attempts have been made to understand rubber elasticity through
experimentation, theory, and simulation. The origins of elasticity can be classified into
entropy and energy elasticity!-. The former exhibits a unique behavior compared to other
materials, where the conformation of the polymer chains determines the elasticity of the
bulk materials. Therefore, explaining the mechanism of rubber elasticity based on the
deformation of polymer chains along with that of bulk materials is important. In the initial
stage, the neo-Hookean model is often considered, in which the end-to-end distances of
the polymer chains obey a Gaussian distribution (Fig. 1a)*. As the elongations proceed, a
deviation of the distances from the Gaussian distribution owing to finite chain
extensibility causes an increase in stress, and the non-Gaussian chain theory is adopted
(Fig. 1b)!-57. Furthermore, extended or forced chains are formed (Fig. 1¢)3'6, and the
dissociation of the chains results in macroscopic failure of the bulk materials!”2°,

The network structure of polymer chains in elastomers and gels significantly
affects rubber elasticity?!?®. The polymer chains in these materials are connected by
cross-linking points to form networks. During the preparation of the materials used in the
experiments, the fluctuation and/or distribution of the molecules always form a
heterogeneous network, which affects the deformation behavior of the polymer chains.
Quantification of the network structure is one of the key points for accessing
heterogeneous networks in rubber elasticity*-*2. Several studies on rubber elasticity have
focused on network heterogeneity, such as dangling chains, loop chains, number of cross-

21-29

linking points, and connectivity='~’, which reflect the local network structure. Recently,
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authors analyzed the heterogeneous structure of elastomers based on complex network

3234 which enables us to quantify the heterogeneity of

science, an area in data science
networks from larger or global network scales®® 3. The closeness centrality reveals the
role of each cross-linking point and polymer chain in rubber elasticity.

The theoretical treatment of an extended chain is often troublesome. The
formation of extended chains is critical for rubber elasticity, as mentioned, and is closely
related to several mechanical behaviors, such as strain hardening or failure of the
materials®!°. The forces on the chain scales and strain crystallization were revealed by
experimental approaches such as mechanochemistry and neutron scattering®®-°.
Furthermore, chain sessions and macroscopic failure have been reproduced in simulations
considering dangling or loop chains*’*2. However, only few examples describing this
phenomenon quantitatively exist, because treating complicated network structures, such
as connectivity and/or entanglement, is difficult. For instance, the difference between
homogeneous and heterogeneous networks in the formation behavior of extended chains
has not been clearly investigated. Furthermore, the formation mechanism and place where
the extended chains are formed in the polymer network have hardly been evaluated.
Another open question is whether the formation of an extended chain affects neighboring
polymer chains.

In this study, we described the formation of a completely extended chain using
a quantitative indicator of cross-linking points and/or polymer chains from the

perspective of complex network science (Fig. 1). Closeness centrality, one of the

indicators in complex network analysis, was utilized to analyze the mechanism and place
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of formation of a completely extended chain in network heterogeneity. Furthermore, the
stress concentration at the network scale was discussed using the assortativity coefficient,
degree of cross-linking points, and length of clusters in the network comprising the

extended chain.

RESULTS
Preparation and uniaxial elongation of elastomer

As a representative soft elastic material, elastomers were constructed and
deformed using coarse-grained molecular dynamics simulations because the connectivity
of elastomers cannot be quantitatively evaluated easily using experimental methods. The
elastomers were prepared by crosslinking two complementarily reactive four-arm star
polymers at the chain ends (Fig. 2), as previously reported®>; in fact, they have been
utilized in the synthesis of tetra-PEG gels* **. The polymers were crosslinked at several
concentrations, i.e., ¢/c* =3, 1, and 0.3 (where c is the crosslinked concentration, and c*
is the overlap concentration of the star polymers) with high conversions and then reduced
to the same density to obtain elastomers. Therefore, the crosslinking densities of the
elastomers were almost identical, whereas the connectivity of the molecular chains
among the crosslinking points was different. Subsequently, the elastomers were elongated
uniaxially. The numbers of beads and bonds between crosslinking points were set as Nxip-
«p = 22 and Npond = 23, respectively, which resulted in less entanglement effects on the
stresses due to the short chains (Figs. 3(a) and 3(b)). For a comparison, a diamond-like

elastomer, where the crosslinked points and molecular chains were mimicked as carbon
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and carbon—carbon bonds, respectively, was constructed and uniaxially elongated as a
homogeneous elastomer. To discuss the neighbors of the extended chains, the number of
crosslinking points or star polymers was set to 512 (= 8 x 8 x §).

In the rubber elastic model, the upturn in stress-strain curve is closely related

8-16 " where the molecular chain between crosslinking points is

to a finite extensibility
extended and aligned toward the elongated direction owing to the limit of the chain length
(Fig. 1). The network structure dependence of the finite extensibility effect was confirmed
via stress—strain curves, where the stress was normalized by the right side of a neo-
Hookean model without considering the finite chain extensibility, as follows:
o=G6GA%*-11), (D

where ois the stress, G the shear modulus, and A the elongation ratio (Fig. 4a). The value

of G is obtained from the plateau regions of the plot and is almost identical to the

theoretical values of the phantom network models (G = vkgT (1 — ]%); V. crosslinking

density; f: branch number) at ¢/c* = 1, as previously reported®®. As the crosslinking
concentrations increased, the regions that deviated from the horizon line at 1 appeared in
the earlier stage of elongation. This is attributable to the finite chain extensibility because
the neo-Hookean model does not consider this effect. The diamond-like network deviated
from the phantom network model at A = 4-5, which is consistent with the theory that the
model is valid at A < (Nro)*> = 4.8, where N and ry are the number of bonds and the
equilibrium bond length, respectively*. Additionally, when the stress—strain curves were

fitted using an elastic model with consideration of the non-Gaussian chain, the parameter
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a ~ Amax’!, where Amax is the maximum extensibility??, depended significantly on the
crosslinking concentrations, although the number of bonds was set as Npond = 23 (Fig. 3c¢).
This indicates that the elongation ratio where the stress deviated from the neo-Hookean
model depended on the cross-linking concentrations, and that the network structure could

have contributed to it.

Evaluation of extended chain

The formation of the extended chains was confirmed by evaluating the contour
length and end-to-end distance of a molecular chain between the crosslinking points. The
contour length is the length of one chain via the bonds, and the end-to-end distance R(A4)
is the Euclidean distance between both chain ends (Fig. 2). Prior to elongation, the
relationship between the contour length and R(A) indicated almost no correlation (Fig. 4b,
left). In the early stage of elongation, only R(A) increased, indicating that the molecular
chains in the network were extended toward the elongated directions without changing
the distribution of the contour length. Additionally, both the contour length and end-to-
end distance increased at a certain elongation ratio, and these values were almost identical
(Fig. 4b, right, solid line). In this bead—spring model, the bond with a harmonic potential
did not correspond to a chemical bond but to a spring between beads or segments, thereby
permitting a highly stretched state. Therefore, in this study, the completely extended chain
is defined as a molecular chain with an end-to-end distance greater than the average
contour length before the elongation (Fig. 4b, broken lines), with a more elongated chain

than the initial state of the non-Gaussian chain (Fig. 1c).
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The characteristics of the extended chains were evaluated based on the density
and persistence of an extended chain under deformation. The ratios of the extended chain
Pextended chain D€gan to increase at a certain elongation ratio, where the stress reached two
to three times the normalized stress at the steady state, and then further increased with the
elongation (Figs. 4a and 4¢). More importantly, in terms of the crosslinking concentration,
the order of the increase in the ratio of the extended chains was consistent with that in the
stress—strain curves, indicating the formation of extended chains derived from network
connectivity. To confirm whether the extended chain was formed temporarily or
permanently, the persistence of the extended chains was analyzed based on the ratio of an
extended chain at A among extended chains at 4 + A4 (Pextended chain(4, A4)). The ratio in
the extended chain increased significantly when the extended chain started to form (Fig.
4d). A high A4 increased the frequency, which was likely due to an increase in the number
of extended chains as the elongation ratio increased. Hence, it was suggested that
extended chains formed persistently on specific chains in the network.

The orientations and lengths of the bonds were examined to evaluate the
characteristics of the extended chains. The order parameter of the bond orientation Sa(1)
in the non-extended chain increased with the elongation ratio, whereas that in the
extended chains was approximately 0.9 (Fig. 5a), where the order parameter was 1 when
the chains were completely aligned toward the elongated direction. The lengths of the
bonds as(4) in the extended chains were greater than the equilibrium length; subsequently,
they increased with elongation (Fig. 5b). For the non-extended chains, the bond lengths

rarely changed (Fig. 5b). Hence, the bonds in the extended chains were aligned and
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stretched in the elongation direction, whereas those in the non-extended chain were less
oriented in the non-stretched state. This suggests that the bonds in the extended chains
were relatively forced.

The distributions of the extended and non-extended bond lengths were analyzed
to reveal the extended chains in more detail. Prior to the elongation, the length of the
bonds as(A) almost obeyed a Gaussian distribution (Fig. 5c, 4 = 1). In the case of ¢/c* =
3 at 4 =4, where the extended chain began to form, the distribution of extended chains
appeared in slightly elongated regions, whereas that of non-extended chains showed a
distribution similar to that before elongation (Fig. 5c, 4 =4). As the elongation proceeded,
the distributions of the bond lengths in the extended chains became broader. However, a
small shoulder was formed in the high region of ay(1) (Fig. 5S¢, A =4, as ~ 1.3-1.5). To
confirm whether the shoulder peak appeared temporally, the lengths of the bonds were
plotted at different times. For the non-extended chain, the bond lengths at two different
times were not correlated, indicating that the bond lengths fluctuated in one distribution
(Fig. 5d). By contrast, two peaks were clearly observed in the bond lengths for the
extended chains (Fig. 5d). One peak appeared in the slightly elongated region of the non-
extended chains, whereas another appeared in the longer region of these peaks. More
stretched bonds can be derived from the highly extended chains. These results indicate
that the distribution of the bond lengths in the extended chains was different from that of
the non-extended chains, and a slight amount of extremely elongated bonds were

significantly forced in the extended chains.
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Description of extended chain based on complex network analysis

It is speculated that the network structure may result in the formation of
extended chains because the extended chains appeared in specific locations persistently.
Previously, we reported that some parameters based on complex network science, such
as centrality, are associated with stress®? 3%, Therefore, the descriptor based on network
theory was evaluated to represent the ratio of the extended chains. The closeness
centrality is one of the network parameters in complex network science, where node i

(Cc.) is defined as the inverse of the mean of distance for other nodes*’.

Lo N-1
o Xydy

(2)
where djj denotes the minimum path length between nodes i and j, and N is the number of
nodes. In elastomers, the crosslinking points and connected molecular chains are regarded
as nodes and links, respectively. Therefore, the closeness centrality, which represents the
centrality of the crosslinking point in the network associated with connectivity, was
estimated for each crosslinking point. It is noteworthy that these network descriptors were
determined prior to elongation.

Figs. 6a—b show the ratio of extended chain as functions of network descriptors
R(A) and C., where R(Ao) is the initial end-to-end distance before elongation. In regard
to the initial end-to-end distance between the crosslinking points, linear relationships
between the ratio and R(Ag) were observed in each crosslinking concentration (Fig. 6a).
This descriptor, however, cannot represent a unified relationship for elastomers prepared

using different crosslinking concentrations. The closeness centrality describes the ratio in
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a unified manner (Fig. 6b). Therefore, the closeness centrality is a superior network
descriptor that enables the ratio of extended chains without elongations to be predicted.
These results indicate that the molecular chains located on the crosslinking points in the

center of the network tended to transform into extended chains.

Stress concentration in network scale

Although the formation of extended chains has been discussed in one molecular
chain to date, stress concentrations are expected to be formed in wider regions. Therefore,
the assortativity of the degree of crosslinking points was evaluated for a network with
only extended chains regarded as links to determine whether the chains formed
independently or adjoiningly (Figs. 2 and 7). In this case, the degree k represents the
number of extended chains that the crosslinking points or node possesses. The
assortativity coefficient (1) provides information regarding the similarity of degree for
neighbor nodes, where a positive value indicates that similar degrees are present in the
neighboring crosslinking points*®. For comparison, a random network was constructed,
where the same number of links as extended chains were randomly assigned in the
network (Figs. 7c—d). The values of 7(A) in the elastomers appeared as positive values,
where the ratio of the extended chain started to increase and then decreased gradually as
elongation proceeded (Fig. 8a). Meanwhile, the values of 7(1) in the random network
were approximately 0, indicating that the randomly located neighbor nodes with £ =1 did
not increase the coefficient value significantly (Fig. 8b). This suggests that the

neighboring crosslinking points connected by an extended chain possessed the same

11
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degrees or number of extended chains. Subsequently, the variation in the degree was
analyzed for the elastomer and random network. For the elastomers, the ratios of the
crosslinking point with degree k (pi(1)) increased almost similarly for £ = 1 and 2.
Subsequently, the ratios with £ = 2 dominated a wide range of the elongation ratio (Fig.
8c). The ratio in the random network started to increase in the order of the degree, and
that of k£ = 2 did not appear at the beginning of the formation of the extended chain (Fig.
8d). Hence, in the elastomers, crosslinking points with two extended chains were formed
preferentially, implying the formation of stress concentration.

To confirm the stress concentration at the network scale, the number of
connected components of the extended chains in clusters were analyzed (Fig. 9a). For the
elastomer, more than two connected components of extended chains were formed,
whereas the connectivity number was almost one in the random network (Fig. 7). These
results indicate that adjoiningly connected extended chains appeared preferentially,
resulting in a stress concentration in the heterogeneous elastomers. It was speculated that
the newly formed extended chain tended to appear next to the extended chains. Ratios of
newly formed extended chains that appeared next to the existing extended chains in the
elastomers were significantly higher than those in random networks (Fig. 9b). It is
noteworthy that the ratio in the initial stage of the formation was much higher than that
in later stage, although many other chains were present in the entire network. These
results show that the extended chains appeared adjoiningly, and that stress concentration
occurred in the network scales, particularly in the initial stage of the formation of

extended chains.

12

https://doi.org/10.26434/chemrxiv-2024-sb2q2 ORCID: https://orcid.org/0000-0003-0987-2334 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-sb2q2
https://orcid.org/0000-0003-0987-2334
https://creativecommons.org/licenses/by-nc-nd/4.0/

DISCUSSION

Significant effort has been devoted to constructing rubber elastic models that
consider the heterogeneity in networks?!-?. The upturn in stress-strain curve is described
by non-Gaussian chain statics using the inverse Langevin function' >7 (Fig. 1).
Subsequently, a completely extended chain associated with strain hardening is formed
(Figs. 1 and 2). However, the location at which the extended chains form in the network
and the manner by which they affect the stress concentration are not completely
investigated. It was previously reported that the elongation ratio at the finite chain
extensibility in the stress—strain curve was determined by the crosslinking density and
number of segments between crosslinking points*’. In the current elastomers, the cross-
linking density, number of segments between crosslinking points, branch number of the
network, and primary-loop fractions were almost identical. However, the elongation ratio
at the upturn of stresses depended significantly on the crosslinking concentrations or
chain connectivity—a phenomenon that could not be explained using an existing rubber
elastic model (Fig. 3)*2. Another perspective is the formation of completely extended
chains in homogeneous elastomer. In the diamond network, deviation from the neo-
Hookean model was confirmed, whereas almost no completely extended chain appeared
up to A = 10. This shows that the finite chain extensibility was afforded without a
completely extended chain owing to the loss of entropy, where almost no stress
concentration occurred in the homogeneous network. Therefore, the manner by which the

molecular chain is connected among the crosslinking points in heterogeneous networks
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affects the formation of completely extended chains along with the finite extensibility.
Complex network analyses offer several advantages for studying extended
chains in detail. In general, the chain connectivity is analyzed by parameters representing
network structure or topological defect at the local scale such as number of dangling
chains and loops?'"?. For instance, the fracture of polymer networks with topological
defects and several primary loop fractions based on simulations has recently been
reported**-*2, However, the network structure remains at the local polymer chain scale.
Complex network science enables the classification of each polymer chain based on the
global network structure. Consequently, although the elastomers in this study possessed
almost no dangling chains and primary loops, polymer chains with high closeness
centrality tended to be extended. Thus, the complex network analysis represents the
predictable behavior of each polymer chain as extended chains based on centrality.
Complex network science approaches stress concentration on a mesoscopic
scale. Recently, the stress concentration in soft materials with macroscopic networks has
been extensively investigated*®-33, where the connectivity can be recognized by the
humans’ naked eye. However, the difficulty in quantifying molecular networks with
complicated structures has prevented the discussion of stress concentration in elastomers.
The current approach of using the assortativity coefficient enables the discussion of a
wider network or mesoscopic scale, revealing the stress concentration of elastomers based
on the relationships between neighboring nodes or cross-linking points. Cross-linking
points with two completely extended chains tended to form, suggesting that the formation

of extended chains induced that of neighboring extended chains. Although, in
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experiments, an aligned or forced polymer chain or strain-induced crystallization has
been revealed by several methods, including rheo-optics, nano atomic force microscopy,
mechanochemistry, and scattering measurements!: 438 the connectivity of polymer
chains is difficult to visualize. Notably, the fatigue of polymeric materials occurs in a
hierarchical order. Hence, our approach represents the relationship between the
microscopic structure, mesoscopic structure, and macroscopic properties by bridging the

gap between the rubber elastic theory and externalism in a more complicated system.

SIMULATION AND ANALYSIS
Coarse-grained molecular dynamics simulations of elastomers

The simulation procedure performed in this study is similar to that used in a
previous study?’. (Readers may refer to the paper to understand the preparation and
elongation methods in detail). In this study, the number of crosslinking points was
increased from 100 to 512 to discuss the neighboring states. The Kremer—Grest-type
bead—spring model with harmonic and Lenard—Jones potentials for bond and interbead
interactions, respectively, was utilized in COGNAC of OCTA software. Two
complementarily reactive four-arm star polymers (each containing 256 polymers) were
assigned to the simulation boxes with periodic boundary conditions and reacted in several
concentrations with a 98% conversion at the least. Subsequently, the boxes were reduced
to p = 0.85, and then uniaxial elongations were performed under the NVT ensemble.

Twenty-five trials were performed for each crosslinking concentration.
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Evaluation of extended chain

In this study, a completely extended chain is defined as a molecular chain with
an end-to-end distance greater than the average contour length before elongation. The
end-to-end distance was calculated as the Euclidean distance between crosslinking points
connected by a molecular chain in all directions, while considering the periodic boundary.
One simulation included approximately 1000 molecular chains from 512 crosslinking
points with four branching points, which resulted in approximately 25000 molecular
chains per crosslinking concentration. Therefore, the ratio of extended chains was
statistically significant. The order parameter of bonds in the extended or non-extended

chains, Sy, is defined as follows:

1
Sd = 5(3 < €pond * €elongation > _1)' (3)
where epond and eciongarion are the unit vectors of the bond and elongated direction,

respectively.

Estimation of closeness centrality, assortativity coefficient, and degree

The closeness centrality was evaluated using the igraph package*® in the R
language. The crosslinking points and connected molecular chains were regarded as
nodes and links, respectively. The closeness centrality was calculated based on Equation
(2) for each crosslinking point. The closeness centrality was defined for each molecular
chain by the sum of the values of the connected crosslinking points. In terms of the plot

in Fig. 4, approximately 25000 values of the molecular chains were segregated into five
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areas based on the closeness centrality or end-to-end distance, and the average values in
each segregated area were plotted. Therefore, one plot included information regarding
approximately 5000 molecular chains.

The assortativity coefficient and degree of crosslinking points were calculated
for the network with only extended chains using igraph*® in the R language and NetworkX
> in the Python package, respectively. The random network was constructed by randomly
selecting molecular chains in elastomers containing the same number of extended chains,

and the assortativity coefficient and degree were obtained in the same manner.
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Figure 1. Formation of extended chain in elastomers by finite chain extensibility. Upturn
in stress—strain curve of elastomers is typically discussed based on finite chain
extensibility. (a) Gaussian chain is assumed in a small deformation region and regarded
as a neo-Hookean solid. (b) Upturn in stress is described by non-Gaussian chain due to
finite chain extensibility. (c) Progress in deformation of elastomers resulted in formation
of completely extended chains. Behaviors of extended chains, particularly those that

affect stress concentration, are rarely investigated.
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Figure 2. Schematic representation of extended chain. Elastomers were prepared by
crosslinking complementary reactive four-arm star polymers. Extended chain was defined
as a molecular chain with end-to-end distance exceeding the average contour length

before elongation.
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Figure 3. Description of stress—strain curves using rubber elasticity model. Mooney—
Rivlin plots of elastomers prepared at ¢/c* = 3, 1, and 0.3, and diamond-like elastomer
(a) with and (b) without LJ potentials; fitting curves based on theory of rubber elasticity
(S. F. Edwards and Th. Vilgis, Polymer, 1986). (c) Fitting parameter « for elastomers
prepared using different conditions corresponding to finite chain extensibility (! = Amax).

Dashed line corresponds to theoretical value calculated using contour length before

elongation.
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Figure 4. Formation of extended chain under uniaxial elongations. (a) Normalized
stresses of crosslinked star polymers prepared at different concentrations using a neo-
Hookean model. (b) Contour length as a function of end-to-end distance R(A1) at 4 =1
(left) and 4 (right). (c) Ratio of extended chain (pextended chain) and (d) ratio of extended
chain at 4 among extended chains at 4 + AA (Pextended chain(4, 44)) under uniaxial
elongation. A4 corresponds to time difference for comparing persistency of extended
chains. Blue, green, and red indicators represent crosslinked star polymers prepared at

c/c* =3, 1, and 0.3, respectively. Gray circle indicates diamond-like network.
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Figure 5. Nature of stretched bonds in extended chains. (a) Order parameter (Sq(1)) and
(b) length (as(1)) of bonds in extended and non-extended chains under uniaxial elongation.
Solid and broken lines correspond to extended and non-extended chains, respectively. (c)
Distribution of bond lengths in extended and non-extended chains at A =1, 4, 7, and 10.
(d) Correlation of bond lengths at different times. p corresponds to correlation coefficient.
Blue, green, and red indicators represent crosslinked star polymers prepared at ¢/c* = 3,

1, and 0.3, respectively. Gray line indicates diamond-like network.
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Figure 6. Description of ratio of extended chain based on network descriptors. Ratio of
extended chain as a function of (a) initial end-to-end distance R(Ao), (b) closeness
centrality C., at A =4, 7, and 10. Blue, green, and red circles represent crosslinked star
polymers prepared at c/c* = 3, 1, and 0.3, respectively. Error bars in vertical and
horizontal axes correspond to 95% confidence intervals of normal distributions and

standard deviations, respectively.
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(a) Elastomer, c/c* = 3, No.4 (b) Elastomer, c/c* = 3, No.25
A=40 A=40

256 nodes ~ 1000 links 256 nodes 256 nodes  ~ 1000 links 256 nodes

(€) Random, c/c* =3, No.4 (d) Random, c/c* =3, No.25
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Figure 7. Connectivity of network with merely extended chains. (a-b) Typical
connectivity of elastomers with 512 nodes and links of extended chains (black and red
lines). Bipartite graphs were obtained because elastomers were prepared via
complementary reactions. Links with connectivity number exceeding three of completely
extended chains were highlighted by red lines. Thin black and grey lines indicate the
extended chains without connecting and non-extended chains, respectively. Two
elastomers were selected from 25 simulations. (c-d) Connectivity of random network with

512 nodes and randomly selected links.
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Figure 8. Assortativity coefficient and degree of crosslinking points based on extended
chains. Assortativity coefficient of crosslinking points 7(1) in (a) elastomer and (b)
random network with merely extended chains. Degree of crosslinking points pi(4) of (c)
elastomer and (d) random network with merely extended chains. Degree represents
number of extended chains in one crosslinking point. In the random network, extended
chains were randomly selected from elastomers with the same number of extended chains.
Blue, green, and red circles represent crosslinked star polymers prepared at c¢/c* =3, 1,

and 0.3, respectively.
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Figure 9. Formation of clusters of extended chains. (a) Histogram of number of
connected components of extended chains in elastomer prepared at c¢/c* = 3 and 4 = 4,
and in random network. Random network possesses original connectivity of elastomers
and randomly selected links with the same numbers of extended chains. (b) Ratio of
newly formed extended chains that appeared next to extended chain among all newly
formed extended chains (Pnext to extended chain) @s a function of elongation ratio. Dark blue,
dark green, and dark red correspond to extended chains in elastomers prepared at c/c* =
3, 1, and 0.3, respectively. Light color plots represent random networks with the same

number of randomly selected links.
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