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ABSTRACT: Disparate polymers often do not mix well, and the resulting
immiscible interfaces are mechanically weaker than the bulk, which is
undesirable for many technological applications. Large-scale molecular
simulations are performed to demonstrate the effectiveness of diblock ring
polymers as a new type of adhesive for immiscible polymer interfaces. The peak
stress ¢, and the failure strain y, upon shear deformation approach the bulk
values with increasing diblock ring length and coverage. Breaking the diblock
rings into pairs of diblock linear chains creates a reference system for
comparison. The diblock rings increase both 6, and y, compared to the diblock
linear chains at the same coverage. Further topological analysis based on the

Gauss Linking Number reveals that the threading of diblock rings by linear chains from the two opposite sides is the key mechanism
for stronger adhesion, which is analogous to the hook-and-loop process in Velcro tape.

D espite the ubiquity of polymer interfaces in heteroge-
neous polymeric materials, the immiscibility of most
polymers results in limited interfacial mixing and mechanically
weak interfaces.' ™ Reinforcing immiscible polymer interfaces
is necessary to promote mechanical integrity and benefit many
applications, such as layer-by-layer 3D printing of polymers,
recycling and upcycling of polymer blends, and fabricating
polymer-based biomedical devices. Many strategies have been
devised to promote polymer adhesion.” Two major micro-
scopic mechanisms underlying the strategies are creating
chemical bonds at the interface between the two immiscible
polymers and forming physical entanglements across the
interface. One example is the reinforcement of an immiscible
interface by block copolymers,”™'" where the entanglements
between the blocks and the homopolymers of the same type
bridge the two sides of the interface.

Advances in chemical synthesis offer a promising avenue for
constructing interfacial molecular bridges and enhancing
polymer adhesion by manipulating polymer chain top-
ology.'"'* In this Letter, we propose and study a new
microscopic mechanism for polymer adhesion based on the
unique topology of ring polymers. We use molecular dynamics
simulations to demonstrate that diblock ring polymers at the
interface between two immiscible linear polymers act as
topological adhesives that resemble the hook-and-loop process
in Velcro tapes. When compared with diblock linear polymers,
which rely on polymer entanglements to bridge immiscible
polymers, diblock ring polymers may be threaded by linear
chains from two sides of the interface, and the resulting ring-
linear threading is more effective in promoting adhesion. The
use of ring-linear threading for adhesive strength of polymer
interface is a new addition to the cutting-edge research
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portfolio exploring the unique topology of ring-linear
threading, which covers the unconventional dynamics and
rheological properties of ring and linear polymer blends'>~"*
and loopy single-chain nanoparticles'® in linear polymers.
Polymers are modeled using the canonical bead-spring
model.'” All beads of size oy; and mass m interact via the
truncated and shifted 12-6 Lennard-Jones (LJ) potential with
cutoff distance r, = 2.56;; and unit interaction strength e. The

characteristic time is 7 = 1/mUsz/ €. Adjacent beads on the

polymer chain are linked by the finite extensible nonlinear
elastic (FENE) bonding potential. A three-body bending
potential U(@) = ky(1 + cos 0) is employed for two
neighboring bonds along the polymer chain, where 6 is the
angle between the bonds. kg = 1.5¢ is used, which results in N,
= 28 for the entanglement length of linear polymer melts.'®
Two films consisting of polymers of types A and B,
respectively, were constructed and brought into contact to
generate an immiscible polymer interface. Each film contains
M = 2500 well-entangled polymer chains with N = 200 ~ 7N,
beads per chain. Previous studies”'’ have shown that the
mechanical strength of bulk polymers typically saturates
around N/N, = 10. Both films were subject to periodic
boundary conditions in the x- and y-directions with
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dimensions L, and L,. The two films were stacked along the
nonperiodic z-direction and confined between two walls
separated by L, = 120.56;;. The LJ interaction strength €4,
= €pp = € for the monomers of the same type, but is reduced to
€45 = 0.9¢ for the monomers of different types. The monomers
interact with the confining walls via the 9-3 L] potential with
cutoff distance r, = 0.8580;;. The system was equilibrated at
temperature T = 1.0¢/ky and pressure P, = P, = 0. The
temperature was maintained using a Nosé-Hoover thermostat
with a characteristic damping time 107, while the pressure was
controlled by a Nosé-Hoover barostat with a characteristic
damping time 1007. To accelerate the equilibration, the
“double bridging” algorithm® was used to bypass the
limitation of slow entangled chain dynamics. All simulations
were performed using the LAMMPS package’' with a time
step of 0.017z. The overall density of the monomers in the
equilibrated sample is 0.860[]3, with L, = 98.80;; and L, =
97.561;. The immiscible polymer interface at equilibrium has a
sharp interface, as shown by the monomer density profile in
Figure Sla of Supporting Information (SI). This justifies the
selected value of €,5 for immiscibility. The monomer density
profiles for all systems in Figure S1 were averaged over 100
frames with an interval of 10°z between two frames,
corresponding to thermodynamic stability over 10°z. As a
reference system, a bulk homopolymer consisting of M = 5000
chains and N = 200 beads per chain was prepared with
periodic boundary conditions in all three directions. For the
equilibrated bulk sample, L, = 98.20,), L, = 98.16,, and L, =
120.56;,.

An immiscible polymer interface reinforced by diblock ring
polymers was simulated by adding a layer of diblock rings
between two immiscible polymer films. Each diblock ring of
N, monomers is symmetric with equal number of A and B
monomers. The value of N, and the number of diblock rings
My, were varied to generate 4 different systems, the parameters
of which are listed in Table 1. To accommodate the diblock

Table 1. Parameters for Simulation Samples

system diblock topology Ny, My, Loy Loy Loy
R100-48 ring 100 48 80.1 80.0 180.5
R100-480 ring 100 480 81.8 81.7 180.5
R200-48 ring 200 48 69.6 69.2 240.5
R200-240 ring 200 240 70.9 70.5 240.5
L50-96 linear 50 96 79.8 80.3 180.5
L50-960 linear N 960 82.3 81.2 180.5
L100-96 linear 100 96 69.6 69.1 240.5
L100-480 linear 100 480 70.7 70.6 240.5

rings, L, was increased to 180.50;; for Ny, = 100 and 240.50;
for N, = 200. These systems were equilibrated using protocols
similar to the equilibration of the immiscible interface, with the
double bridging algorithm applied only to the linear chains of
the same type. The density profiles of monomers of different
systems at equilibrium are shown in Figure Slb—e.
Corresponding systems with diblock linear chains were made
by cutting each diblock ring to two symmetric diblock linear
chains, which preserves the areal density of AB junction points.
The parameters for the equilibrated systems with diblock linear
chains are listed in Table 1. As shown in the insets of Figure
Slb—e, the monomer density profiles for the diblock linear
chains are almost unchanged with respect to those for the
diblock rings. Moreover, the sizes of the diblock linear chains
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and the corresponding diblock rings are almost the same, as
characterized by the three components of the radius of
gyration R, ,, R, , and R, in Table S1 of the SI. The two types
of blocks in the diblock copolymers are well separated from
each other in all systems. The coverage of diblock copolymers
at the interface is not too high to lead to pure lamellar domains
as in symmetric diblock copolymer melts.”” In Table S1, the

average spacing between neighboring diblock copolymers
d=(LL, /M,,)"'? is compared with Ry, and Ry, The values

of the overlap parameter Q = 7R, .R; / d?, which corresponds
to the number of diblock copolymers sharing the same
pervaded area, are also listed in Table S1.

After equilibration, each system was quenched from T =
1.0e/kg to T = 0.1€/kg over 9 X 10*z. During quenching, the
pressure components for the periodic directions were kept at 0.
For a homopolymer melt, the glass transition temperature T, &
O.4-8€/kB.18 Therefore, T = 0.1¢/kg is well below Tg. The
mechanical strength at T = 0.1€/ky was assessed by performin
a simple shear test, which mimics the lap-joint shear test.”*"
To enable bond breaking, the FENE bonds were replaced with
quartic bonds of the same equilibrium bond length, as in
previous coarse-grained simulations of polymer failure
mechanics.”>~>* The maximum force before the breaking of
a quartic bond is 100 times larger than the maximum attractive
force for the 12-6 L] interaction. For the simple shear test, an
upper layer and a lower layer, both of thickness 5oy, were
frozen as rigid bodies. In the systems with immiscible
interfaces, the two layers were at the free surfaces of the two
thin films. In the bulk system, the two layers lie across the
periodic boundary in the z-direction. During the shearing of all
systems, the two layers were displaced in opposite directions
along the x-axis at a constant velocity 0.0056,;/7, which
corresponds to shear rates on the order of 107*7 .

The mechanical response of each sample is quantified by the
shear stress-strain curve. The shear stress ¢ is calculated as the
average force applied to the upper and lower frozen layers
divided by the surface area L,L, The shear strain y is the
relative displacement of the two layers along the x-direction
divided by the spacing (L, — 100;;) between the layers. Figure
1 compares the stress-strain curves from shearing the
immiscible polymer system and the bulk homopolymer. Also
shown in Figure 1 is the fraction of broken bonds fyen as a
function of y in the two samples. The initial elastic response
and yielding of the two samples overlap, while remarkably
different postyield behaviors are observed at large y. Both the
peak stress 0, and the corresponding failure strain y, for the
immiscible polymer interface are significantly reduced
compared to that of the bulk sample. The immiscible interface
fails through catastrophic chain pullout, as illustrated in Figure
1b. Chains are easily pulled out without breaking any bonds,
because the limited mutual interpenetration prevents the
formation of polymer entanglements that can arrest the
pullout. By contrast, the bulk sample fails through chain
scission, as illustrated in Figure lc. fi,opeq rises prior to the
stress peak and saturates as o drops toward the value for the
friction at the fracture plane. The transition from the failure by
chain pullout to the one by chain scission is enabled by the
entanglement network in the bulk sample.'”***° The
entanglements between polymer chains are analyzed using
the Z1+ package,27 which identifies the kinks along the
primitive paths of entangled chains. The inset in Figure la
shows the number density of kinks py is much lower at the
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Figure 1. (a) Shear stress o (solid) and the fraction of broken bonds fy, ., (dashed) as functions of shear strain y for the immiscible interface
(black) and the bulk homopolymer (red). The inset shows the number density of kinks py as a function of z for the two systems. Visualization of
the evolution of two polymer chains (b) at the immiscible interface and (c) in the bulk. The red and blue chains in (b) are of types A and B,
respectively. The green and orange chains in (c) are entangled and of the same type.
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Figure 2. Shear stress-strain curves for the systems reinforced with (a) shorter and (b) longer diblock rings (solid lines) and diblock linear chains
(dashed lines). In each panel, the curves for the immiscible interface and the bulk are added for comparisons. The diblock copolymers across the
interfaces (dashed black lines) at y = 0 are visualized. One diblock ring and a pair of neighboring diblock linear chains are visualized in each panel.

immiscible interface, indicating the lack of interfacial
entanglements. By contrast, py is uniform across the well-
entangled bulk sample.

The shear stress-strain curves for all systems reinforced with
diblock copolymers are shown in Figure 2. The initial elastic
response and yielding of all these systems agree with those for
the immiscible interface and the bulk. The hardening modulus
for the postyield regime, as reflected in the slope of the stress-
strain curve at large y, is lower for shorter diblock copolymers
(Figure 2a), while elevated and closer to the bulk value for
longer diblock copolymers (Figure 2b). For both diblock rings
and diblock linear chains, 6, and y, increase with increasing
M, indicating that the adhesion is enhanced as the
concentration of diblock copolymers increases. Another
major trend is that the system reinforced with diblock rings
have larger 6, and 7, than the corresponding system reinforced
with diblock linear chains at the same coverage. This trend
indicates the adhesion is enhanced when ring topology replaces
the linear topology of the diblock copolymers. The strongest
adhesion is observed for R200-240, with 6, and y, reaching
0.92 and 0.96 of their respective bulk values.

The greater effectiveness of diblock rings than diblock linear
chains in strengthening the immisible interface arises from the

threading of diblock rings by linear chains from opposite sides.
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The threading events are identified by calculating the Gauss
Linking Number (GLN).*® Consider two curves I, and 1, with
parametrizations y;(t) and y,(s), where 0 <t < land 0 < s <
1. The GLN is defined as a double integral

L) =5 [ [ 1GO, 56 50 = KOV - OIPe ds
1)

where (7(t), %,(s), n(t) — 1,(s)) is the scalar triple product.
For two closed loops, the GLN is an integer representing the
number of times that one curve winds around the other and
may be positive or negative depending on the orientation of
the two curves. The GLN becomes a noninteger number if at
least one curve is open. The calculations of the GLN were
done using a modified version of the TEPPP (Topological
Entanglement in Polymers, Proteins and Periodic Structures)
software that can work for mixtures of ring and linear
polymers.

For a pair of polymers consisting of a diblock ring and a
linear chain, the criterion for the ring to be threaded by the
linear chain is that the absolute value of the GLN is greater
than 0.5. As shown by a recent study,”> GLN with absolute
value of 0.5 corresponds to a linear chain which is just
beginning to penetrate a ring polymer. Moreover, the
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Figure 3. Evolution of the fractions of diblock rings in different categories with increasing y for (a) R100-48, (b) R100-480, (c) R200-48, and (d)
R200-240. The open symbols indicate the fraction of broken linear homopolymers as a function of y. The dashed vertical line indicates y, in each
panel. Each original data point has been replaced with the average of neighboring data points within the span of Ay = 1 (a—c) and 2 (d).

distribution of absolute GLN values has a local minimum near
0.5. Perturbing the threashold value around 0.5 does not
significantly affect the topological analysis. Using this GLN-
based criterion, the diblock rings in each system are classified
into 3 categories: threaded by linear chains from both sides
(double-threaded), threaded by linear chains from only one side
(single-threaded), and not threaded at all (unthreaded). Under
shear deformation, a diblock ring may be broken due to bond
breaking, resulting in another category, broken diblock rings.
The fractions of diblock rings in different categories evolve
with increasing shear strain, as shown in Figure 3 for each
system. For R100-48 at y = 0, the fractions of double-threaded,
single-threaded, and unthreaded rings are 0.73, 0.25, and 0.02,
respectively. Upon shearing, the fractions vary slowly until y =
L.S. Further shearing leads to a reduction in the fraction of
double-threaded rings and an increase in the fraction of single-
threaded rings, indicating the dethreading of diblock rings.
Around the failure strain y,, the fraction of double-threaded
rings continues to decrease. Meanwhile, the fraction of single-
threaded rings sharply decreases, whereas the fractions of
unthreaded rings and broken rings rise.”” The final fractions of
double-threaded, single-threaded, unthreaded, and broken
rings are 0, 0.15, 0.29, and 0.56. The evolutions of selected
diblock rings in R100-48 with increasing y are visualized in
Figures S2ab. Apart from the diblock rings, none of the
immiscible linear polymer chains have broken by the end of
the shearing. As a result, the breaking of diblock rings threaded
by linear chains from both sides of the interface is the
dominant failure mechanism for R100-48.

The higher coverage of the interface by diblock rings in
R100-480 compared to that in R100-48 alters the fractions of
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rings in different topology categories at y = 0. As shown in
Figure 3b, the fractions of double-threaded, single-threaded,
and unthreaded rings for R100-480 are 0.35, 0.48, and 0.17,
respectively. Both the fractions of unthreaded and single-
threaded rings increase compared to R100-48 because the
diblock rings compete for the nearby linear chains to form
ring-linear threading. The contrast between the monomer
density profiles at low (Figure S1b) and high (Figure Slc)
coverages show the exclusion of linear homopolymer chains
from the interface with increasing coverage of diblock rings. At
high coverage, the concentration of linear chains surrounding
the diblock rings is insufficient to ensure all rings are threaded.
From the initial state, the fractions of the three types of rings
remain almost unchanged until y & 1. With increasing y, the
fraction of double-threaded rings decreases, while the fraction
of single-threaded rings slightly increases and the fraction of
unthreaded rings increases more rapidly. As shear strain
exceeds y,, the fraction of double-threaded rings drops to 0, the
fraction of single-threaded rings sharply drops to 0.28, whereas
the fraction of unthreaded rings rises to 0.63 together with a
fraction of 0.09 broken rings. By ¥ = 9, the fraction of broken
homopolymer chains is 0.09. The fraction of broken bonds out
of all bonds in the homopolymers is fyoen = 7.64 X 1075,
which is well below 2.73 X 107* for the bulk failure (Figure
1a). In short, the unthreading of diblock rings by linear chains
becomes the dominant failure mechanism for R100-480.

At the lower coverage of diblock rings with M, = 48, as the
diblock ring length increases from Ny, = 100 to Ny, = 200, the
fractions of rings in the three topology categories remain
almost unchanged at y = 0, as seen by comparing Figure 3a and
c. Upon shearing, the dominant failure mechanism is still the
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Figure 4. Evolution of the fractions of diblock linear chains in different categories with increasing y for (a) L50-96, (b) L50-960, (c) L100-96, and
(d) L100-480. The open symbols indicate the fraction of broken linear homopolymers as a function of y. The dashed vertical line in each pane
indicates y,. Each original data point has been replaced with the average of neighboring data points within the span of Ay = 1.

breaking of diblock rings, and , is almost the same for the two
values of Ny. However, the fraction of broken rings at the end
of the shearing increases from 0.56 for Ny, = 100 to 0.96 for
Ny, = 200. This increase agrees with the higher hardening
modulus and thus higher 6, as Ny doubles.

For longer diblock rings with Ny, = 200, as the number of
rings increases from My, = 48 to My, = 240, the fractions of
unthreaded and single-threaded rings at y = 0 increase, as
shown by Figures 3¢ and 3d. This change induced by the
increase in the coverage of rings is similar to that from R100-48
to R100-480. It results from the fact that on average fewer
linear chains are available to thread a ring, as linear chains are
excluded from the interface with increasing coverage of diblock
rings (see the monomer density profiles in Figures S1d,e). At
the end of shearing R200-240, the fraction of single-threaded
and unthreaded rings are 0.53 and 0.4, while the fraction of
broken rings is only 0.03. Figure S2c—e illustrate the
dethreading of selected diblock rings in R200-240. By the
end of the shearing, the fraction of broken homopolymer
chains is 0.46. The fraction of broken bonds in the
homopolymers is f,oren = 1.49 X 1077, which is on the same
order of 2.73 X 107* for the bulk failure. These results show
that the diblock rings in R200-240 have effectively stitched the
immiscible chains for enhanced adhesion.

Diblock linear chains are less effective in reinforcing the
immiscible polymer interface, because the entanglements
between the blocks and the two sides of the interface are
more easily released upon shearing. The entanglements
between a diblock linear chain and the surrounding
homopolymer chains are characterized based on the GLN
calculation. A diblock linear chain is considered to be
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entangled with a homopolymer chain if the GLN between
the two chains has an absolute value greater than 0.5. The
GLN with absolute value of 0.5 corresponds to two linear
chains beginning to impinge on each other. Similar to the
topological analysis of diblock rings, diblock linear chains at y
= 0 are grouped into 3 categories: double-entangled, single-
entangled, and unentangled, which correspond to entanglements
with both sides, only one side, and no side at all, respectively.
Figure 4 shows the fractions of diblock linear chains in
different categories vary with Ny, and My, similar to the
variations of diblock rings in different topological categories
(Figure 3). In all cases, the fraction of double-entangled linear
chains decreases, while the fractions of single-entangled and
unentangled linear chains increase with increasing shear strain.
As y increases above y,, no diblock linear chains are double-
entangled. Most diblock linear chains are unentangled, with the
rest only single-entangled. Meanwhile, no bonds are broken by
the end of the shearing for L50-96, L50-960, and L100-96, and
only a small fraction of bonds in homopolymer chains are
broken (fyroren = 9:05 X 107°) for L100-480. As a result, the
failure mechanism of the systems reinforced with diblock linear
chains is the disentanglement of diblock linear chains from the
two immiscible polymers.

The simulation data for the diblock ring systems suggest two
necessary conditions for the recovery of the bulk mechanics at
the interface. The first condition is that the diblock rings
should be sufficiently long to recover the bulk strain-hardening
behavior. The strain hardening modulus, as reflected in the
slope of the postyield shear stress-strain curve (Figure 2), is
lower for R100 while close to the bulk value for R200. With a
reduced strain hardening modulus, the bulk shear stress cannot
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be recovered at any large shear strain. This condition is
ultimately rooted in the molecular weight dependence of the
strain-hardening behavior of glassy polymers. The second
condition is that the diblock rings should be above the overlap
condition, ie., € > 1. This condition is implied by the
comparison of diblock rings at two coverages with different
values of € in Figure 2. As listed in Table S1, Q = 0.2, 1.3, 0.4,
and 1.6 for R100-48, R100-480, R200-48, and R200-240,
respectively. The diblock rings at high coverage with Q > 1
ensure no interfacial region exists where stress cannot be
transferred from one side to the other, bringing the interfacial
mechanics closer to the bulk mechanics. To quantitatively
determine and understand the sufficient conditions for the
recovery of bulk mechanics with diblock ring adhesives, one
would need more extensive simulations and theoretical
analysis.

In summary, the molecular simulations and topological
analysis have demonstrated ring-linear threading between
diblock ring polymers and surrounding linear chains as a
new microscopic mechanism for reinforcing immiscible
polymer interfaces. The two extra bonds in a diblock ring
compared to a pair of diblock linear chains effectively alters the
failure mechanism and increases both 6, and y,. Diblock linear
chains at an immiscible polymer interface may be disentangled
from both sides upon deformation, while diblock rings are
threaded by linear chains from both sides, creating a
microscopic version of Velcro tapes. The resulting systems
fail predominantly by the breaking of diblock rings at low
coverage, whereas by the breaking of homopolymer chains at
high coverage, as in the bulk. It is anticipated that
experimentalists may be motivated to combine topological
chemistry tools’*~** and mechanical engineering techniques’’
to create the systems simulated here and verify diblock rings as
effective topological adhesives. Future work may also explore
the transformative capability of diblock rings in reinforcing
immiscible polymer interfaces of block cozpolzmer—homopol-
ymer blends in various equilibrium phases.”’
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