Article
Cite This: Macromolecules XXXX, XXX, XXX−XXX

pubs.acs.org/Macromolecules

The Eﬀect of Intrachain Cross-Linking on the Thermomechanical
Behavior of Bulk Polymers Assembled Solely from Single Chain
Polymer Nanoparticles
Suwon Bae,† Or Galant,‡ Charles E. Diesendruck,‡ and Meredith N. Silberstein*,†
†

Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, New York 14850, United States
Schulich Faculty of Chemistry and Russell-Berrie Nanotechnology Institute, Technion - Israel Institute of Technology, Haifa, Israel

‡

Downloaded via CORNELL UNIV on September 10, 2018 at 18:30:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

S Supporting Information
*

ABSTRACT: Chemical cross-linking of polymer chains is a
powerful means for tailoring the thermomechanical properties of
bulk plastics. Nonetheless, upon cross-linking, processability is
reduced as the plastic becomes thermoset. Here, molecular
dynamics simulations are used to study the eﬀects of intramolecular chemical cross-linking on chain topology and
thermomechanical properties of a bulk, thermoplastic polymer.
Polyethylene (PE)-like plastics are assembled purely from chains
which have undergone a set level of intrachain cross-linking (to
form single chain polymer nanoparticles, SCPNs). We have
analyzed the chain topology at an equilibrated state in terms of chain unfolding and entanglement by radius of gyration and
primitive path, respectively. The extents of both chain unfolding and chain entanglement were found to decrease with increasing
intrachain cross-linking ratio. By applying simulated cooling, uniaxial tension, and uniaxial compression, we characterized the
thermomechanical properties at the glassy state. The simulated mechanical testing shows that the bulk polymer becomes stiﬀer,
stronger, and more brittle as the intrachain cross-linking ratio is increased. We observe that the failure of the SCPN-based bulk
polymers is a consequence of separation between SCPNs. This study successfully elucidates the eﬀect of intramolecular crosslinking on the thermomechanical properties at bulk, as a clear correlation is shown between the amount of covalent intrachain
collapse and interchain interactions.

1. INTRODUCTION
Polymers are materials composed of macromolecular chains,
and their thermomechanical properties are determined by both
intra- and interchain interactions. Because both interactions are
associated with the underlying structure of a polymer, this
structure is a powerful means of controlling the thermomechanical response of a polymer. Cross-linking between chains
has been shown to change the internal structure and the
thermomechanical properties of an otherwise linear glassy
polymer. Small amounts of interchain cross-links, covalent or
noncovalent, typically reduce the peak stress but enhance
ductility while large amounts of interchain cross-links typically
increase strength and decrease toughness.1−5 Interchain crosslinks change formability as well as the mechanical properties,
preventing the polymer from being thermally processed or
reprocessed. Intrachain cross-links also change the chain
topology of a bulk polymer but unlike interchain cross-links
keep the polymer still thermally processable.6 In this molecular
dynamics (MD) simulation study, we adopt intrachain crosslinking to produce a bulk polymer and investigate its eﬀects on
chain topology and thermomechanical properties.
The thermoplastic polymer architecture obtained via
intrachain cross-linking is commonly known as single chain
polymer nanoparticles (SCPNs). Individual SCPN structure
© XXXX American Chemical Society

can be precisely controlled through the amount of chain
functionalization in the linear precursor.7 Intramolecular crosslinking (collapse) has emerged as a synthetic route to produce
small polymer nanoparticles which could not be obtained from
emulsion polymerization.8,9 SCPN synthesis techniques have
been growing sophisticated in recent years, and individual,
independent SCPNs have been extensively studied in terms of
shape, size, and chemistry.10−13 In contrast, little research has
been conducted on intrachain cross-linking in bulk polymers.6,14 We have previously synthesized bulk polymers
assembled from poly(methyl methacrylate) SCPNs and
experimentally characterized their glass transition temperature
and their behavior below the glass transition temperature.14
We found that with increasing intrachain cross-linking ratio the
material fails earlier, peak stress decreases, and the glass
transition temperature of the bulk polymer increases, but that
the elastic modulus does not change substantially. We have
concluded from these ﬁndings that for glassy polymers the
elastic response is not aﬀected by intrachain cross-linking;
however, the plastic response is aﬀected.
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from an SCPN with a unique distribution of intrachain crosslinks. All MD simulations were performed using the large scale
atomic/molecular massively parallel simulator (LAMMPS)18
and the Extreme Science and Engineering Discovery Environment (XSEDE) Stampede 2 cluster.19
2.2. Conﬁgurations at an Equilibrated State. The
prepared MD models were analyzed in terms of conﬁguration
and segmental dynamics at an equilibrated state. The
conﬁgurations were captured as snapshots using the VMD
software package.20
The radii of gyration of the individual SCPNs composing a
bulk polymer were calculated in the equilibrated state to
quantify how widely the constituents are distributed about the
center of mass of the molecule with small radius of gyration
corresponding to a collapsed molecule. The radius of gyration
is deﬁned as

The aim of this paper is to use MD simulations to further
understand the eﬀect of intrachain cross-linking on the
thermomechanical behavior of bulk polymers assembled purely
from SCPNs. MD is a facile approach for identifying
relationships between molecular level structure and bulk
properties. In particular, trajectories extracted from MD
simulations allow us to take a closer look at the chain
topology of the assembly of SCPNs than we can readily obtain
from experiments. We develop MD models of bulk polymers
assembled purely from SCPNs with three diﬀerent crosslinking ratios and from linear chains for reference. Conﬁgurations are analyzed in terms of chain unfolding, chain
entanglement, and segmental dynamics. The SCPN assembly
thermomechanical properties are characterized by glass
transition temperature and responses to uniaxial tension and
compression.

2. METHODS
2.1. Molecular Dynamics Model. A polyethylene (PE)like polymer with degree of polymerization of 1000 was chosen
to represent individual SCPNs and linear chains. Every
methylene group was coarse-grained into a single neutral
bead. The interactions between beads were described by a
modiﬁed DREIDING potential.15,16 Each SCPN model was
produced from a linear chain as detailed in our prior
publication.17 Brieﬂy, the beads were randomly functionalized
as potential cross-linking sites according to the target crosslinking ratio. The chains were then alternatively equilibrated
and cross-linked following a distance-based criteria until the
cross-linking ratio was within 0.5% of the target. We prepared
three diﬀerent MD models of SCPNs for each of three
diﬀerent cross-linking ratios (5%, 10%, and 15%) and ﬁve
diﬀerent initial conﬁgurations of each model. Each model is
distinct and presents a unique distribution of cross-link sites.
To create the bulk materials, we then replicated and
randomly located 27 nonoverlapping nominally identical
SCPNs in a simulation box. This number of SCPNs was
chosen based on convergence of the stress−strain behavior
under tension (see Supporting Information Figure S2).
Periodic boundary conditions were imposed in order for the
response of the simulation box to be representative of bulk
polymer behavior. The simulation box was then subjected to
simulated annealing as detailed in Table 1. The simulated
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where N is the total number of beads of a molecule, ri the
position of bead i, rCOM the position of the center of mass of
the molecule, mi the mass of bead i, and M the total mass.
Primitive paths were extracted to estimate the extent of
chain entanglement in a bulk polymer at an equilibrated state.
Primitive paths are deﬁned as paths of the polymer chains
obtained by performing reduction of the original chain
network.21−23 This reduction consists of simultaneously
contracting all chains to the shortest possible length under
the restriction of ﬁxed chain ends and no chains crossing
during the reduction. The chain reduction yields physical
obstructions since polymer chains are not capable of crossing
through other chains. The physical obstructions are expected
instantaneous entanglements. We adopted the annealing
method to extract a primitive path network.23,24 We ﬁxed
chains ends in space and disabled the intrachain excluded
volume interactions while retaining the interchain excluded
volume interactions and then ran a simulation at low
temperature (0.05 K). We chose this method for extracting
the primitive path network over the common approach of
geometrically reducing the original chain network to achieve
the minimum contour length25,26 to maintain intrachain crosslinks during the chain reduction. Primitive path networks
extracted by the annealing method were characterized by the
number of monomers between entanglements, Ne, deﬁned as

Table 1. Procedure of Simulated Annealing for Assemblies
of SCPNsa
Tstart [K]

1
M

Ne = N

⟨R2⟩
⟨Lpp⟩2

(2)

where N is the number of bonds, R is the end-to-end distance
of a polymer chain, and Lpp is the contour length of a primitive
path (see Figure S1 for measuring Lpp of a primitive path of
SCPN).
The bulk density at 150 K was calculated by dividing the
total mass of each bulk assembly by the volume of the periodic
simulation box.
Segmental dynamics were evaluated by monitoring the
evolution of mean-square displacements (MSD) with time of
all beads composing all SCPNs. MSD is deﬁned as

a

T and P stand for temperature and pressure, respectively.

annealing entailed holding at a high temperature and pressure,
cooling under pressure, and then releasing the pressure.
Temperature and pressure were controlled through each step,
implemented by NPT dynamics with a Nosé−Hoover
thermostat. The velocities and positions of the beads were
updated each 1 fs by time integration utilizing the velocityVerlet time stepping scheme. For each cross-linking ratio, three
diﬀerent MD models were prepared, each model originating

MSD(t ) =
B

1
N

N

∑ (ri(t ) − ri(0))2
i=1

(3)
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Figure 1. Snapshots of bulk polymer conﬁgurations equilibrated at 150 K assembled purely from (a) linear chains and (b−d) SCPNs with 5%, 10%,
and 15% cross-linking ratio, respectively. Diﬀerent colors denote diﬀerent polymer chains.

Figure 2. Frequency of radii of gyration of individual molecules (chains/SCPNs) comprising a bulk polymer as a function of cross-linking ratio at
150 K. The dashed line corresponds to the average radii of gyration of individual SCPNs in vacuum. The frequency of radii of gyration for each
cross-linking resulted from sampling over three diﬀerent models.

where N is the total number of beads in an analysis set, ri(t)
the position of bead i at time t, and ri(0) the initial position of
bead i. The MSD of all methylene beads were recorded for 100
ns.
2.3. Characterization of Thermomechanical Properties. The prepared models were further analyzed in terms of
their thermomechanical properties.
Glass transition temperatures were determined by performing a simulated cooling. To compute this thermal property, we
monitored the change in total energy versus temperature while
cooling the system from 500 to 10 K at a cooling rate of 0.25
K/ps. It was veriﬁed that at this rate the volume change at the
rubbery state does not depend on cooling rate (see Figure S3).
Two straight lines were ﬁt to the total energy versus
temperature data, and the intersection of the straight lines
was taken to be the glass transition temperature.27,28

The prepared MD models were mechanically tested at 150
K, well into the glassy state for all simulated assemblies. The
simulated mechanical testing included displacement controlled
uniaxial tension and uniaxial compression. This loading was
implemented by deforming the periodic cell along one axis at a
constant displacement rate corresponding to an engineering
strain rate of ±108 s−1, which is one of strain rates widely used
in simulated mechanical testing by means of molecular
dynamics simulations. Zero pressure was imposed on the
surfaces of the periodic cell along the two lateral axes. We
calculated true strain from the ratio of instantaneous length to
the initial length of the side of the periodic cell along the
applied displacement axis. The response to the deformation
was described by true stress along the same axis. True stress
was taken from the component of the symmetric pressure
tensor known as the virial stress.29 To take into consideration
C

DOI: 10.1021/acs.macromol.8b01027
Macromolecules XXXX, XXX, XXX−XXX

Article

Macromolecules
diﬀerent initial SCPN conformations, the stress−strain
response for each cross-linking ratio was obtained by averaging
results of ﬁve diﬀerent initial conﬁgurations. From the stress−
strain response we extracted elastic moduli and peak stresses
for the diﬀerent cross-linking ratios.

3. RESULTS AND DISCUSSION
In this section, results are shown for assemblies made from one
SCPN model (out of three), unless otherwise stated.
3.1. Conﬁgurations at an Equilibrated State. Typical
conﬁgurations of the SCPN-based bulk polymers equilibrated
at 150 K are shown in Figure 1 for each degree of cross-linking.
For the assembly of linear chains, chain unfolding is clearly
seen and the chains are not easily distinguishable. In contrast,
all the SCPN assemblies contain chains that are still folded and
relatively independent. To measure to what extent SCPNs are
unfolded in the bulk, we extracted the frequency of radii of
gyration, Rg, of individual chains in the bulk for assemblies
from all three models (Figure 2). Because SCPNs of all crosslinking ratios are made from polymer chains of the same
length, a larger radius of gyration indicates a more unfolded
chain. For reference, the individual chains in a vacuum,
regardless of cross-linking ratio (from 0 to 15%), exhibit a
radius of gyration of ∼18 Å. In bulk, linear chains are highly
unfolded, exhibiting a broad range in radii of gyration from 25
to 36 Å. SCPNs with 5% cross-linking ratio are less unfolded
than the linear chains but still unfolded compared to 10% and
15%. SCPNs with 10% cross-linking ratio are even less
unfolded, and SCPNs with 15% cross-linking ratio are the least
unfolded with frequency biased to the dashed line (the radius
of gyration of chains in vacuum). Interestingly, as the
intrachain cross-linking ratio is increased, the radii of gyration
of individual SCPNs in a bulk polymer become more like the
radii of gyration of an independent SCPN in vacuum. The
negligible change in the radii of gyration of the individual
SCPNs with 10% and 15% cross-linking ratios implies that
SCPNs with 10% and 15% cross-linking ratios are not unfolded
in the presence of additional similar particlesindividual
SCPNs remain compact due to covalent constraints which
then limit the ability to create entanglements with surrounding
chains. Previous modeling studies have seen a decrease in
radius of gyration of SCPNs and linear precursors by moving
from dilute to concentrated conditions.30,31 Interestingly, the
behavior here observed is somehow diﬀerent, likely because
the SCPNs were cross-linked in vacuum, which is analogous to
a poor solvent. In bulk, we observed a decrease in the radius of
gyration of SCPNs with increasing cross-linking ratio since the
environment surrounded by similar other chains acts as a good
solvent compared to vacuum.
The bulk polymer conﬁgurations also diﬀer in terms of
density. Figure 3 shows the variation of the density of the
assemblies as a function of cross-linking ratio at 150 K. The
density increases with an increasing cross-linking ratio from
linear to 10% and then drops at 15%. The drop in density at
15% arises from voids created by the movement limitations, as
visible in Figure 1d. The large standard deviation for the 15%
cross-linking ratio arises from the diﬀerence in packing for
assemblies from the three diﬀerent base SCPNs.
A primitive path network extracted from an assembly of
polymer chains provides conﬁgurational information. A
primitive path composed of more interior straight segments
means that the corresponding polymer chain is more entangled
with other polymer chains. Figure 4 shows the reduced

Figure 3. Change in density as a function of intrachain cross-linking
ratio. The density for each cross-linking ratio resulted from averages
of three diﬀerent models.

networks of the linear, 5%, 10%, and 15% bulk polymers
equilibrated at 150 K. Ne of the reduced network is 204.3 ±
3.5, 421.4 ± 12.5, 999 ± 0, and 999 ± 0, respectively. Recall
that the total number of monomers in the chain is 1000. A
smaller Ne corresponds to more entanglements. This implies
that linear polymer chains physically interact with a greater
number of other chains than the SCPNs of all cross-linking
ratios in the bulk. The SCPNs with 10% and 15% cross-linking
ratios are barely unfolded, restricting only a limited part of the
SCPNs to physically interact with other SCPNs. The higher
the cross-linking ratio, the less entangled the conformation,
which is consistent with our expectation from the snapshots of
conﬁgurations and the frequency of radii of gyration of
individual SCPNs at equilibrium. These ﬁndings lead to the
conclusion that SCPN architecture limits entanglements
between chains; i.e., the eﬀect of intrachain cross-links on
interchain interaction is opposite to that of interchain crosslinks, which increases the energy of interaction between
chains.32,33
3.2. Thermomechanical Properties. The calculated glass
transition temperatures (Tg) of all the bulk assemblies are
shown in Figure 5 as a function of cross-linking ratio. The Tg of
the bulk polymers increases with an increasing cross-linking
ratio, a trend in agreement with our previous experimental
observations.14 This increase in Tg is attributed to the
restriction of molecular dynamics by the presence of covalent
constraints. This restriction is analogous to the conﬁnement
eﬀect of rigid substrates that strongly interact with polymer
ﬁlms, resulting in the increase in Tg of the ﬁlms.34,35 The Tg for
all the cross-linking ratios is within the error bar of that
calculated by MD for individual SCPNs in a vacuum at the
same cooling rate.17 Because the glass transition temperature
ranges only from 220 to 270 K, 150 K was chosen as the
reference temperature for investigating the glassy mechanical
behavior.
The MD models of the bulk polymers at 150 K were
subjected to uniaxial tension and compression by deforming
the simulation box at a constant strain rate. Figure 6a shows
the stress−strain response to uniaxial tension as a function of
cross-linking ratio. The linear bulk polymer shows a stress−
strain curve characterized by a linear-elastic regime followed by
strain softening and hardening. The slope within the linearelastic regime, the peak stress, and the failure strain become
steeper, larger, and smaller, respectively, from linear to 10%.
The 15% assembly shows comparable stiﬀness to the other
polymers but fails at smaller stress and strain. Molecular
snapshots of the deformed conﬁgurations at a true strain of
0.17 are shown in Figure 7. At this point in strain, the bulk
D
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Figure 4. Primitive path network of bulk polymers assembled purely from (a) linear chains and (b−d) SCPNs with 5%, 10%, and 15% cross-linking
ratio. Diﬀerent colors denote diﬀerent polymer chains.

polymers assembled from linear chains and SCPNs with 5%
cross-linking ratio exhibit strain softening, the 10% is about to
fail, and the 15% has already failed. It can be seen that the
failure is due to separation between SCPNs. The associated
mechanical properties are provided in Table 2. We attribute
the increase in the stiﬀness from linear to 10% to the greater
number of intrachain cross-links. In the very beginning of
deformation, where chain slip governs the deformation
behavior,36 intrachain cross-links likely act equivalently to
interchain cross-links to contribute to the increase in the
stiﬀness. At strains beyond yield, the chain topology as tailored
by intrachain cross-links starts to dominate. Strain hardening is
therefore only observed in the linear bulk polymer in which the
distance between entanglements is small. The stress−strain
behavior we previously observed experimentally also showed a
decrease in ductility with increasing cross-link density but did

Figure 5. Glass transition temperature (Tg) versus cross-linking ratio.
Circular marks stand for mean, and error bars represent the standard
deviation. Tg for each cross-linking ratio is the average of three
diﬀerent models.

Figure 6. Stress−strain response to (a) uniaxial tension and (b) uniaxial compression of the bulk polymer as a function of cross-linking ratio at a
temperature of 150 K and an engineering strain rate of 108 s−1.
E

DOI: 10.1021/acs.macromol.8b01027
Macromolecules XXXX, XXX, XXX−XXX

Article

Macromolecules

Figure 7. Deformed conﬁguration of bulk polymers assembled purely from (a) linear chains and (b−d) SCPNs with 5%, 10%, and 15% crosslinking ratio at a strain of 0.17. Diﬀerent colors denote diﬀerent polymer chains. Deformation is applied in the x-direction.

As shown in Figure 6b, all assemblies exhibit an elastic−
plastic response under compression with a clear yield peak
followed by softening and then mild strain hardening.
Compression suppresses the brittle failure mode that was
seen under tension. Still, the peak stress increases from linear
to 10% and then drops again for 15%. While only the linear
bulk polymer exhibits strain hardening under tension, the bulk
polymers of all cross-linking ratios do exhibit strain hardening
under compression. This hardening is substantially greater for
linear and 5% than for the 10% and 15% (see Figure S6 for
response at larger strains). As strain hardening is associated
with entanglement density in glassy polymers,1,37−39 this
observation is in agreement with the primitive path analysis
that shows a lower entanglement density with increasing crosslink ratio. The more entangled conformation of the linear bulk
polymer is also likely responsible for the strain hardening
under tension while in the 5% assembly there are fewer
entanglements (more beads between entanglements), apparently not enough to stabilize the strain softening (Figure 6a).

Table 2. Mechanical Properties as a Function of CrossLinking Ratio
ratio
[%]
0
5
10
15

elastic modulusa,b
[GPa]
3.02
3.78
3.93
3.59

±
±
±
±

0.52
0.35
0.40
0.52

peak stressa
[MPa]
203.26
229.19
252.93
192.51

±
±
±
±

8.51
10.10
11.24
13.72

peak stressb
[MPa]
286.78
339.43
409.06
333.34

±
±
±
±

11.81
12.30
13.80
15.81

a

Under tension. bUnder compression.

not show the increase in stiﬀness and strength. This diﬀerence
in ﬁndings may be due to chemical details, with cross-linking
less important for the elastic stiﬀness of the experimental
methyl methacrylate system since the side groups are more
substantial or as a consequence of the simulated cross-links
being tighter in relation to the ones used in experiments, which
were longer and more ﬂexible.

Figure 8. Density change during (a) uniaxial tension and (b) uniaxial compression of the bulk polymer as a function of cross-linking ratio at a
temperature of 150 K and an engineering strain rate of 108 s−1.
F
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Figure 9. Mean-square displacements at a temperature of 500 K of (a) all beads of the polymers and (b) comparison of free ends and all beads of
the bulk polymer assembled from SCPNs as a function of cross-linking ratio. The black solid line, dashed line, and dotted line correspond to MSD
∝ t2, t1/2, and t1/4, respectively. The circles correspond to mean-square displacements of the free ends.

Figure 10. (a) Stress−strain response to uniaxial tension at a temperature of 150 K and an engineering strain rate of 108 s−1 and (b) mean-square
displacements of all beads of the bulk polymers assembled from SCPNs with 10% cross-linking ratio for three diﬀerent identically processed models
(labeled under 1, 2, and 3) at a temperature of 500 K.

Comparing these ﬁndings to our previous work on the
mechanical properties of individual SCPNs under uniaxial
compression, we can observe similar behavior of peak stress
increase and then decrease with increasing cross-linking ratio.17
However, for individual SCPNs, additional cross-linking results
in strain hardening, which is not observed in bulk. The reason
for that is that an individual SCPN better represents a
thermoset, in which all chains are covalently connected, while
in the bulk material chains can move relative to each other.
Under tension, for all cross-linking ratios, the system density
decreases during elastic deformation. For the linear polymer,
the density levels out after strain softening. For the 5%
assembly, the density shows a similar change as the density for
the linear but decreases with steeper slope again after the stress
plateau. For 10% and 15%, the density shows a dramatic drop,
corresponding to failure. Under compression, for all crosslinking ratios, the system density increases during elastic
deformation and decreases during softening. During the stress
plateau, the density keeps decreasing only for 10% and remains
constant for the other cross-linking ratios. The density change
for the linear polymer is a typical deformation response of a
glassy polymer to compression.40,41 The initial decrease and
increase in density for tension and compression respectively
are attributable to the elastic Poisson eﬀect. The postyield
behavior seems to be a signature of how the SCPN packing
changes, with behavior clearly much less driven to decohesion
under the positive hydrostatic pressure component of
compression as compared to tension.
3.3. Segmental Dynamics. Segmental dynamics of the
constituent beads of the SCPNs is one of the keys to
understanding the motion of the SCPNs in the bulk polymers,
as they strongly inﬂuence the assembly conﬁguration and

therefore the thermomechanical properties. Figure 9a shows
mean-square displacements (MSD) at 500 K of all beads
within all the SCPNs as a function of cross-linking ratio. The
MSD of linear chains exhibits ﬁrst a ballistic regime (∝t2), a
Rouse regime (∝t1/2), and then a one-fourth power law in time
starting around 3 ns.22,42 In this one-fourth power law regime,
the linear chains start feeling conﬁning tubes formed by the
other polymer chains. At extremely small times (t < 0.01 ps),
the MSD of the SCPNs falls on top of that of the linear chains
regardless of cross-linking ratio. At larger times, however, as
the intrachain cross-linking ratio is increased, the MSD evolves
at a slower rate because of the intrachain cross-links restricting
the motion within the SCPNs. Interestingly, after the ballistic
regime the slopes of the SCPNs remain between those
characteristic of the Rouse and tube reptation regimes through
the 100 ns observed here. The lack of intrachain cross-links
allows the polymer chains in the linear model to readily move
around and produce a bulk polymer with a conﬁguration
shown in Figure 1a with the chains highly unfolded and
entangled with each other. In contrast, the SCPNs keep
themselves folded with fewer entanglements between them.
This ﬁnding is also related to the increase in Tg shown in
Figure 5, as more thermal energy is required to achieve similar
chain mobility as cross-linking ratio increases. Polymer chain
penetration and entanglement are also observed in polymer
welding, and it is known that chain ends dominate
interdiﬀusion of polymer chains across an interface.43 Because
of the distinct motion of chain ends, we examined the mobility
of chain ends of the SCPNs despite them being relatively short.
In our study, chain ends are deﬁned as the beads beyond the
last cross-link site on each end of each SCPN. Figure 9b shows
the MSD of all beads and chain ends in the bulk polymer
G
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movement of constituent beads of SCPNs and control the
chain unfolding and chain entanglement even when SCPNs are
surrounded by other SCPNs. Our ﬁndings from this MD study
support our hypothesis from experiments that there is less
potential for interchain entanglements with increasing intrachain cross-linking ratio.14 Here we varied only the amount of
intrachain cross-links, but there are numerous other design
variables such as cross-link functionality, cross-link length, and
cross-linking site distribution along the initial linear chains in
addition to diﬀerent types of noncovalent interactions between
chains, all of which can aﬀect the ﬁnal material properties.
Regardless of the design variables, the chain motion scales with
the temperature and the thermomechanical behavior above the
glass transition temperature is expected to diﬀer from that
below the glass transition temperature. Future work will focus
on investigation of chain entanglement between SCPNs in the
bulk and its eﬀect on the thermomechanical properties above
the glass transition temperature.

assmbled from SCPNs as a function of cross-linking ratio at
500 K. We found that the MSD of chain ends of the SCPNs
with 5% cross-linking ratio does exhibit a similar behavior to
that of the linear chains at long times. For 10% and 15% crosslinking ratio, in contrast to interfacial welding, the diﬀerence in
MSD between chain ends and other beads is negligible.
There are moderate diﬀerences in the tensile stress−strain
behavior of assemblies formed from diﬀerent SCPN instances
with the same cross-linking density, as shown for example for
the 10% cross-linking ratio in Figure 10a. Models 1 and 3 fail
before a strain of 0.2, and model 2 fails in a more gradual
manner, reaching total loss of stiﬀness at a strain of 0.3. These
diﬀerences are correlated to diﬀerences in the segmental
dynamics at 500 K. As shown in Figure 10b, the MSD at 500 K
of beads of model 2 are larger than the MSD of models 1 and
3. Model 2 is distinct from models 1 and 3 in terms of the
internal structure. Model 2 lacks intrachain cross-links created
between beads separated by 100 beads, which makes the beads
within each SCPN more mobile relative to each other and
failure strain larger than those of models 1 and 3 (see Figure
S4b for distance between adjacent cross-link sites for the
assembly of SCPNs with 10% cross-linking ratio).
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ACS Publications website at DOI: 10.1021/acs.macromol.8b01027.
Figures S1−S9: details on estimation of the length of
primitive paths, stress−strain response curve convergence, glass transition temperature comparison, and
stress−strain response and mean-square displacements
for three diﬀerent identically processed models (PDF)

4. CONCLUSION
In this study we created MD models representative of bulk
polymers assembled purely from SCPNs and used these
models to observe and analyze the thermomechanical behavior
as a function of intrachain cross-linking ratio. For all crosslinking ratios (5%, 10%, and 15%), three diﬀerent MD models
were prepared from three diﬀerent precursory SCPNs and
investigated. The prepared bulk polymers were analyzed in
terms of their conﬁgurations and dynamics at an equilibrated
state and mechanically tested in the glassy state.
We observed that the chain topology of a bulk polymer
changes with intrachain cross-linking ratio. Molecular snapshots provided insights into the chain topology, where the
highly cross-linked SCPNs are readily distinguishable within
the bulk, whereas the linear chains are highly unfolded and
fully intermixed. The extent of unfolding of SCPNs was
quantiﬁed by the radii of gyration of individual SCPNs. A
primitive path network also provided information about the
SCPN assembly microstructure. The extent of interchain
entanglement was estimated by the average number of
monomers between entanglements, Ne, along the primitive
paths. The tightly cross-linked SCPNs physically interact less
with each other than linear chains, as indicated by a larger
number of Ne. The glass transition temperature increases with
higher cross-linking ratio, and this trend is consistent with the
decreasing segmental mobility at the annealing temperature as
intrachain cross-links are added.44 The mechanical tests
revealed that as the intrachain cross-linking ratio is increased
from 0 to 10% the bulk polymers become stiﬀer and stronger,
but more brittle. The 15% assembly behaves distinctly with a
reduced stiﬀness and brittle failure resulting from poor
packing. Because entanglements have a critical role in
stabilizing strain softening during large deformation, the bulk
polymers assembled from SCPNs of all cross-linking ratios
show postyield behavior without strain hardening under
tension.
Our simulation results indicate that intrachain cross-linking
can be used to change the underlying structure of a bulk
polymer and therefore the thermomechanical properties. The
main role of intrachain cross-links we observed is to restrict the
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Kröger, M. Primitive path identification and entanglement statistics in

polymer melts: Results from direct topological analysis on atomistic
polyethylene models. Macromolecules 2006, 39, 4207−4216.
(27) Fukui, K.; Sumpter, B. G.; Barnes, M. D.; Noid, D. W.
Atomistic Dynamics of Nanoscale Polymer Particles. Macromolecules
2000, 33, 5982−5987.
(28) Merling, W. L.; Mileski, J. B.; Douglas, J. F.; Simmons, D. S.
The Glass Transition of a Single Macromolecule. Macromolecules
2016, 49, 7597−7604.
(29) Thompson, A. P.; Plimpton, S. J.; Mattson, W. General
formulation of pressure and stress tensor for arbitrary many-body
interaction potentials under periodic boundary conditions. J. Chem.
Phys. 2009, 131, 154107.
(30) Moreno, A. J.; Lo Verso, F.; Arbe, A.; Pomposo, J. A.;
Colmenero, J. Concentrated Solutions of Single-Chain Nanoparticles:
A Simple Model for Intrinsically Disordered Proteins under Crowding
Conditions. J. Phys. Chem. Lett. 2016, 7, 838−844.
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