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Effects of nanoparticles on the stability of polymer fibers
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Polymer fibers, promising materials for tissue engineering and stretchable electronics, are intrinsically
unstable due to their large surface-to-volume ratio. Recent experiments revealed that the addition of nanoparticles
(NPs) to polymer fibers might enhance their stability. The addition of NPs, however, sometimes increases
surface tension, which may facilitate the structural disruption of polymer fibers to polymer globules. It remains,
therefore, elusive how NPs would affect the stability and the structural disruption of polymer fibers. In this work,
we perform molecular dynamics simulations for polymer fibers with NPs of different types of intermolecular
interactions. We prepare unstable polymer fibers that disrupt spontaneously into globules without NPs. We find
that upon the addition of NPs, the structural disruption of unstable polymer fibers is hindered and the time (7;)
taken for the fibers to disrupt to globules is increased. This indicates that the free energy barrier for the transition
between the fiber and the globule would be increased due to NPs. The mechanism for the stability enhancement
differs for NPs of different intermolecular interactions. When the interaction between polymers and NPs is quite
attractive, NPs are located mostly at the center of the fiber around the axis and slow down the polymer mobility.
On the other hand, when the interaction between polymers and NPs is not attractive, NPs are likely to be located
at the surface of polymer fibers. When NPs are located at the fiber center, 7, increases with a decrease in temper-
ature. On the other hand, 7, decreases with a decrease in temperature when NPs are located at the fiber surface.

DOI: 10.1103/PhysRevE.98.042503

I. INTRODUCTION

The surface area of soft matter plays an important role in
determining the free energy and structure of the soft matter.
Especially when its surface-to-volume ratio is large, the soft
matter may deform its structure to minimize the surface area
and the free energy. For example, polymer fibers with a large
surface-to-volume ratio are often unstable, thus deforming
spontaneously to polymer globules of smaller surface area.
Because polymer fibers are promising materials for various
applications such as tissue engineering and stretchable elec-
tronics, stabilizing the polymer fibers has been an issue of
interest [1-11]. Previous studies suggested that if one were
to introduce nanoparticles (NPs) into polymer fibers, the
structure of polymer fibers could be manipulated [12-23].
However, how NPs would help stabilize the polymer fibers
remains elusive at a molecular level. In this paper, we perform
molecular dynamics simulations for unstable polymer fibers
and investigate how the addition of NPs could enhance the
stability of polymer fibers.

Rayleigh instability explains how cylindrical fluids such as
polymer fibers would deform to globules [24,25]. The stability
of cylindrical fluids is determined by its initial radius (Ry)
and the wave number (k) of the disturbance on the fluid
surface [26-37]. If kRy < 1, the cylindrical fluid should break
into small globules. In this study, we prepare polymer fibers,
of which kRj is comparable to or slightly smaller than 1.
The polymer fibers in our simulations are, therefore, unstable
without NPs and deform spontaneously into globules. The
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surface tension and viscosity of polymer fibers also influence
the stability of polymer fibers. Polymer fibers of a larger
surface tension are more susceptible to the perturbation to
the polymer fibers. On the other hand, polymers of larger
viscosity tend to dampen the perturbation, which slows down
the deformation [25,38,39].

The addition of NPs may influence both the surface tension
and the viscosity of polymer fibers. Previous studies reported
that when NPs were dispersed in fluids, the viscosity and the
surface tension of fluids were controlled [13,15,19,21,40,41].
Hoogesteijn von Reitzenstein et al. showed that the mor-
phology of electrospun polymer fibers could be controlled
by changing concentration of metal oxide NPs [41]. A high
concentration of metal oxide NPs increased both the surface
tension and viscosity of polymer solution, thus leading to
transitions between different morphologies. Mazinani et al.
also showed that the addition of carbon nanotubes would help
manipulate the morphology of the polystyrene fibers. Because
the large surface tension facilitates the disruption of fibers and
the large viscosity slows down the disruption, tuning the sur-
face tension and the viscosity should be critical to stabilizing
the polymer fibers. In this paper, we introduce various types
of NPs into unstable polymer fibers and investigate how the
intermolecular interactions between NPs and polymers affect
the stability.

The spatial arrangement of NPs is dependent on the in-
teraction between NPs and polymers. A previous simulation
study for polymer films showed that when the intermolecular
interactions between NPs and polymers were quite attractive,
NPs were located mostly at the center of polymer films
[42]. On the other hand, when the interactions between NPs
and polymers were quite repulsive, NPs were located at the
interfacial region of the polymer films. In this work, we
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also find that the NPs of attractive interactions are located
at the fiber center around the fiber axis, while the NPs of
relatively repulsive interactions are located at the interfacial
region of the polymer fibers. Previous studies showed that the
arrangement of NPs in fluid vesicles affected the curvature
energy [43—45]. We also find from our simulations that the
mechanism for the stabilization would depend on the spatial
arrangement of NPs.

The rest of the paper is organized as follows. In Sec. II
we describe the simulation model and methods. In Sec. III we
present the simulation results and discussions, and in Sec. IV
we summarize and conclude our study.

II. MODEL AND METHODS

We employ a coarse-grained but generic model to simulate
polymers and NPs. Polymers are modeled as bead-spring
chains of N = 32 monomers of mass m, which has been often
used in previous studies [42,46-51]. The nonbonding interac-
tion U, between two nonbonded monomers is described by
a truncated and shifted Lennard-Jones (LJ) potential:

Upp(r) = 46[(;)12 - (%)6} e r<re. ()

Here r denotes the distance between two monomers, and o
is the monomer diameter that is used as the length unit. € is
the energy unit in our study and the product of Boltzmann
constant (kp) and temperature (T): € =kgT,r. =2.50, and
€ = 4e[(Z )12 (% ) ]. The bonding interaction between two
bonded monomers is described by a harmonic potential (Uj),

Up(r) = Kp(r — ro)?, )

where K, = 1000¢ /02 and ry = lo.

A NP is modeled as a sphere of mass m and diameter o,, =
30. We also employ the truncated and shifted LJ potential to
describe the nonbonding interaction Up, () between a NP and
a monomer as

=] (%) = (2) ] = 7

r

Here oy = (0 + 0,)/2 and r, = 2.50yp. The interaction pa-
rameter (ep,) between the NP and the monomer varies in
this study from 1 to 3e. As e, is increased, the interac-
tion between the NP and the monomer becomes more at-
tractive: €, = 4énp[ (> “"p) - (”"P) ]. The interaction between
NPs is also described 1)y the same type of the truncated and
shifted LJ potential but with a different set of the interaction
parameter (€,, = €), the interaction diameter (o,), and the
cutoff distance (2.50;,).

We prepare an unstable polymer fiber in order to investigate
how NPs would improve the stability of the unstable polymer
fiber [47]. First, we place 240 polymer chains at random posi-
tions in a rectangular simulation box with periodic boundary
conditions applied in all directions. If there is any overlap
between particles, the particles are inserted at different ran-
dom positions. The dimensions of the rectangular simulation
box are (L, Ly, L;) = (480, 12.650, 12.650) such that the
monomer number density is 1. When we need to insert NPs
into the system, we avoid the overlap between NPs and other
particles, and insert 53 NPs. We perform molecular dynamics

(MD) simulations and equilibrate the system in the rectangu-
lar simulation box. We use the Nose-Hoover thermostat and
the velocity-Verlet integrator with a time step of 6 = 0.01.
Once the equilibrium configurations in the rectangular
simulation box are obtained, we increase the values of both
L, and L; to 2000 in order to construct a polymer fiber.
The periodic images of a polymer along y and z directions
cannot interact with one another. The polymer fiber is unstable
because kRy = (2w /L) x (15.30/2) ~ 1. In order to relax
the polymer conformations in the unstable polymer fiber, we
impose a virtual cylindrical wall that wraps and confines
the polymer fiber and perform MD simulations. A repulsive
Weeks-Chandler-Andersen (WCA) interaction is applied be-
tween the wall and the particles of the polymer fiber. We
propagate the system (with a cylindrical wall) until the time
correlation functions of the bond vector of polymers decay.
We estimate the density distribution functions [p,(r) and
Oa (x)] along the radial and axial directions by using p,(r) =
(ZMS(r d,)) and p,(x) = (§(x — x,,)). Here d,, denotes
the shortest distance between a monomer and the fiber axis,
and x,, is the x position of the monomer; (---) denotes an
ensemble average. Figure 1(a) depicts a representative radial
monomer density distribution function p,(r) for the polymer
fiber without any NPs at 7 = 1 right after the polymer fiber is
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FIG. 1. (a) The simulation results for the monomer density dis-
tribution function [p, ()] for a polymer fiber without any NPs as a
function of the shortest distance (r) from the fiber axis. The dotted
line is a fit to simulation results. (b) The initial radii (R,) of polymer
fibers without and with NPs for various temperature.

042503-2



EFFECTS OF NANOPARTICLES ON THE STABILITY OF ...

PHYSICAL REVIEW E 98, 042503 (2018)

FIG. 2. Representative simulation snapshots for the disruption of an unstable polymer fiber without NPs to a globule. Different polymer
molecules are represented using different colors. 7, is a characteristic time when the polymer fiber begins to be broken.

equilibrated inside a repulsive cylindrical wall. The monomer
density is uniform with p,(r) ~ 0.85 around the fiber axis.
When the distance to the fiber axis is So or larger, p, () begins
to decay.

The monomer density of p,(r) ~ 0.85 around the fiber axis
is much larger than the critical overlap concentration (* 0.36)
of our polymer chains. The critical overlap concentration is
obtained by calculating the number of monomers of a polymer
within the pervaded volume of the single chain. The pervaded
volume is estimated as 4/37 R; and R, is the radius of
gyration of a polymer chain in our simulations. The polymer
chain of N =32 is too short to entangle other polymers.
However, the monomer density at the fiber axis is so large that
polymers penetrate the pervaded volume of other polymers.
On the other hand, recent simulation studies suggested that
the extent of entanglement of polymers would be diminished
under geometric confinements such as polymer fibers and
films ([52,53]). Therefore, molecular simulations with short
chains would be a good starting point to investigate the effects
of NPs on the polymer fibers.

In order to estimate the initial radius (R) and the interface
width (w), we fit the simulation results for p,(7) to a hyper-
bolic tangent function of p,(r) = %‘[1 + tanh (%)]. Here
pc denotes the value of p,(r) at r = 0. Figure 1(b) depicts the
initial value (Rg) of the fiber radius as a function of T with and
without NPs. R increases with an increase in T regardless of
the presence of NPs. When the interaction between NPs and
polymers is quite attractive with €,, = 2€, Ry is increased by
about 10% compared to the polymer fibers without NPs. As
shall be discussed below, the increase in Ry for e, = 2¢ is
attributed to the fact that all NPs are located at the fiber center
around the axis. On the other hand, when €,, = l€ and the
interaction is not very attractive, Ry of the polymer fibers is
comparable to that of polymer fibers without NPs.

Regardless of the presence of NPs, the values of kRy is
smaller or comparable to 1 for all polymer fibers in our
simulations. For example, in the case of T =1 and €,, =
2e, Ry for the polymer fiber is the largest around Ry =
8.40 [Fig. 1(b)]. Because k =2m /L, in our simulations,
kRo ~ 1.1. According to Plateau and Rayleigh [24,25], all
polymer fibers prepared in our simulations are unstable and
expected to disrupt to globules spontaneously.

The monomer of coarse-grained models for polymers usu-
ally corresponds to the Kuhn monomer of polymers. In the
case of polyethylene, the Kuhn length is about 14 A. The
diameter of polymer fibers in our simulations is, therefore,
about 150 = 21 nm. There have been various experiments
where nanofibers of diameter around 20 nm were prepared.

For example, Park ef al. synthesized the nanofibers made of
polyacetylene, of which the diameter was down to 20 nm [54],
and Zhou et al. also reported nanofibers made of polyaniline
[55]. The diameter of their nanofibers was as low as 20 nm.

In order to estimate how long it takes for the polymer
fibers to disrupt to globules, we investigate the density dis-
tribution function [p,(x)] along the axis. At time r = 0, we
remove the repulsive cylindrical wall that wraps the polymer
fiber and begin to propagate the system by performing MD
simulations, and then we estimate p,(x) at different times.
When ¢t = 0, p,(x) is uniform as expected. As time goes on,
pq(x) continues to fluctuate. After some time ¢ = 15, we may
observe that p,(x) = 0 at a certain value of x, i.e., there is no
monomer at the position x and the fiber is broken. The time 7,
is defined as the breakup time for the polymer fiber (Fig. 2).
We perform 30 different MD simulations and average 7, over
those trajectories.

In order to investigate how NPs of different types of
interactions would affect the polymer mobility, we investigate
the mobility and the mean-square displacement of monomers
in polymer fibers while the fiber morphology is still re-
tained after the removal of the repulsive cylindrical wall.
We investigate the mean-square displacement [{((Ax)*()) =
(]x(t) — x(0)|*)] of monomers along the fiber axis. Here
x(t) is the x position of a monomer at time 7. We also
estimate monomer mobilities (M, and M,) along the ax-
ial and radial directions. M, is the average displacement
of monomers along the axis during r = 1000, ie., M, =
(Jx( = 1000) — x(0)). It usually takes about r = 1000 for
a monomer to diffuse along the axis by the size of NPs. Simi-
larly, the radial mobility (M, ) of monomers is defined as M, =
(\/[y(t = 1000) — y(0)]? + [z(r = 1000) — z(0)]?). We esti-
mate M, and M, for monomers at both the interfacial region
and the fiber center. If the distance between a monomer and
the fiber axis is less than 1o, the monomer is determined to
be at the center. If the distance is about R, the monomer is
considered as being at the surface.

II1. RESULTS AND DISCUSSIONS
A. The deformation kinetics of polymer fibers

Polymer fibers in our simulations are unstable with
kRy comparable to 1 such that polymer fibers deform to
globules spontaneously. The free energy difference [AF =
F(globule) — F(fiber)] between the globule and the fiber is,
therefore, negative (Fig. 3). Because the deformation to glob-
ules should accompany large structural fluctuations of the
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FIG. 3. The schematic for a free energy (F) diagram for the fiber
deformation. In our simulations polymer fibers with kRy < 1 are
unstable such that AF < 0. AF! is the free energy barrier for the
polymer fibers to deform to globules.

polymer fiber, there should be a free energy barrier (A F 1) that
the polymer fiber has to overcome for the deformation. If A F!
were to be increased somehow, it would take more time for the
deformation to occur.

We investigate how the unstable polymer fiber deforms to
globules by monitoring the temporal evolution of the thinnest
radius (7,,) of the polymer fiber. We estimate 7, as follows.
First, we calculate the radius (7(x)) at a given position x along
the fiber axis. 7(x) is the first moment of the density distribu-
tion function along the radial direction at a given position x,
ie., F(x) = [, rp.(x,r)dr. F, is then the minimum value
of 7(x).

We remove the repulsive cylindrical wall at time ¢ = 0,
propagate the system by performing MD simulations, and
measure 7, as a function of time . Figure 4 depicts 7, as
a function of 1, — ¢. Note that time ¢ progresses from right
to left in the figure. After 7, keeps fluctuating for a while
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FIG. 4. The temporal evolution of the minimum radius 7, of
polymer fibers without any NPs (black) and with NPs of €,, = le
(red) and €,, = 2¢ (blue). 1, is the breakup time for the polymer
fiber. Time progresses from right to left.

ot T=1
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FIG. 5. Simulation results for 7, divided by its value (7,) for the
polymer fiber without NPs as a function of €,, for T = 1.

in regime 2, 1, begins to decay to zero in regime I and the
polymer fiber is eventually broken at t+ = 7,. The length of
regime 2 (where 7, fluctuates) differs for different trajectories.
On the other hand, the length of regime 1 (where 7,, decays)
hardly changes with trajectories. More interesting is that even
when we introduce NPs to the polymer fibers, the length of
regime 1 is not changed. As shown in Fig. 4, 7, overlaps
with one another in regime 1 regardless of the presence and
the type of NPs, i.e., the breakup time of polymer fibers in
our simulations is determined by the duration of regime 2.
This might be attributed to the fact that once the polymer fiber
crosses the free energy barrier (A F*), the deformation occurs
quite quickly regardless of NPs. On the other hand, the length
of regime 2 is sensitive to the presence and the type of NPs.
This implies that one might increase AF* by adding NPs,
which increases the length of regime 2 and make the polymer
fiber kinetically stable.

As NPs are added to the polymer fiber, 7, is increased
significantly and the polymer fiber becomes kinetically stable.
Figure 5 depicts the relative value of 73, i.e., 7, divided by
its value (tp) for polymer fibers without NPs. At T =1 as
shown in Fig. 5, 1} is increased by up to a factor of 80. In other
words, it takes 80 times longer for the polymer fiber to disrupt
to polymer globules when NPs of €,, = 3¢ are added. As €,
is increased and the interaction between NPs and polymers
becomes more attractive, 1, is increased. This indicates that
one may enhance the stability of fibers significantly by adding
NPs. At a lower temperature of 7 = 0.7, the polymer fiber
becomes more kinetically stable as NPs are added. In case of
€np = 2€, 90% polymer fibers of our simulations do not break
down even until t = 1.5 x 10°, implying that the polymer
fibers with those NPs become very stable.

Note that the error bars are quite large in this study, espe-
cially for large 75, which is because there are a few trajectories
for each set of parameters where it takes exceptionally long
for the polymer deformation. We estimate the distribution
functions [P(7p,;/7p)] of breakup times (7,;) of individual
trajectories [divided by their average value (7;)]. We find that
regardless of €,,, P(73,;/75) is exponential (Fig. 6). Exponen-
tial distributions usually indicate that the error in 7, increases
with an increase in 7. This leads to a very large error for
€yp = 3e in Fig. 5.
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FIG. 6. Simulation results for the distribution of the breakup time
(1p,;) of an individual trajectory divided by its average value (t,) for
T =1 and different values of €,

The deformation kinetics of polymer fibers depends on
temperature (7°) but in different fashions depending on the
interaction types of NPs. Figure 7 depicts 7, of polymer fibers
with and without NPs as a function of 7. Without any NP
in the polymer fiber, 7, is not very sensitive to 7. As T
is decreased, the error in 7, is increased because there are
a few trajectories where it takes quite a long time for the
polymer fiber to be broken. However, the average value of 1,
is increased only slightly by about 20% as T is decreased from
1to 0.7 [Fig. 7(a)]. When NPs are added to the polymer fibers,
the temperature dependence of 7, depends on the interaction
type. When the interaction between NPs and monomers is
quite attractive with €,, = 2¢, 7, is increased by more than
a factor of 4 as T is decreased to 0.8 [Fig. 7(c)]. On the other
hand, when the interaction is not very attractive with e,, =
le, T3, is rather decreased by about 50% as T is decreased
to 0.7.

Such different temperature dependences of 7, imply that
the polymer fiber would be stabilized via different
mechanisms depending on the interaction types of
NPs. Because 71, is determined mainly by regime 2
(where the polymer fiber fluctuates before crossing
the free energy barrier), 17, ~exp(AF!/kzT) =
exp(AEY/kpT)exp(—AS*/kg), where AE* and AS}
denote the differences in the internal energy and the entropy
between the polymer fiber and the transition state for the
deformation, respectively. The temperature dependence
is expected to increase due to the energetic contribution
(AEi/kBT) to 7, When €5, = 2¢, 7, increases with an
increase in 1/7 such that AEY > 0. On the other hand,
when €,, = l¢, 1, decreases with an increase in 1/7 such
that AE¥ < 0.

In our simulations, however, it is a formidable task to
estimate the values of A E* because the determination of the
configurations of polymer fibers at the transition state is not
possible. Such different temperature dependence of 7, (and
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FIG. 7. Simulation results for 7, divided by its value at 7 = 1 as
a function of temperature T for the polymer fiber (a) without NPs
and with NPs of (b) €,, = l€ and (c) €,, = 2¢. Note that the error
bars are larger at a lower temperature because it takes quite a long
time for some polymer fibers to break up at a lower temperature.

different values of A E) may relate to the spatial arrangement
of NPs. NPs of different values of €,, are distributed in
different manners within polymer fibers, which is discussed
in following sections.

B. The spatial arrangement of NPs within polymer fibers

The spatial arrangement of NPs inside polymer fibers de-
pends strongly on the interaction strength (e,,) between NPs
and polymers. Figure 8 depicts the radial density distribution
functions of both NPs [p,(r)] and monomers [p,(r)] as a
function of the shortest distance (r) from the fiber axis. p,(r)
and p,(r) are calculated in our MD simulations, while the
polymer fiber structure is retained before breakup. Note that
r = 0 corresponds to the center of the polymer fiber. When
€np = le and the interaction is not very attractive between NPs
and polymers, NPs are located mostly at the interfacial region
of the polymer fiber. p, has a single peak around r = 8o
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FIG. 8. The density distribution functions of monomers [p,(r),
lines] and NPs [p, (), symbols] as a function of the distance r from
the fiber axis for various values of €,p.

for €y, = le. On the other hand, as €, is increased and the
interaction becomes more attractive, NPs are more likely to
be placed inside the polymer fiber. In the case of €., = 2e,
for example, p,(r) has two peaks at r ~ 5 and Oo. As €,
is increased from 1.5 to 3¢, the peak at » = 0 is increased,
which indicates that more NPs are located at the fiber center
for higher €,,. Such a dependence of NP arrangement on the
interaction strength has been also reported for thin polymer
films [42].

The spatial arrangement of NPs affects the initial radius
(Ro) of a fiber [Fig. 1(b)]. As shown in Fig. 8, when NPs
are located mostly at the interfacial region (ey, = l¢), the
monomer density distribution function [p, (r)] is almost iden-
tical to that of polymer fibers without any NPs. Therefore,
Ry hardly changes upon addition of NPs of €,, = l€. On the
other hand, when the interaction between NPs and polymers
is attractive with €,, > 1.5¢, NPs are located at the central
region of the polymer fiber such that monomers are depleted
relatively around the fiber axis. This leads to a slight increase
in Ry of the polymer fibers.

Previous experiments reported that poor dispersion of NPs
might make polymer fibers unstable [13,40]. In order to
investigate dispersion of NPs in our systems, we calculate
the radial distribution function of NPs, i.e., g(r) = % <
> 2_;8(rij — r) >. Here ry; is the distance between the ith
and jth NPs, and N, and V = nR(z)Lx denote the number of
NPs and the estimated volume of polymer fibers. As shown in
Fig. 9, when €,, = 1€, g(r) does not have a sharp peak, thus
indicating that NPs are well dispersed at the interfacial region
of the polymer fiber. On the other hand, when €,, = 2¢, g(r)
has a high peak at r & 60 (about the NP diameter). This is
because NPs are located mostly at the fiber center around the
axis. The peak height of g(r = 60) = 2.5 is, however, not
very large, such that NPs in our simulations for €,, = 2¢ are
still dispersed well inside the polymer fiber. Moreover, NPs
of ey, = 2¢ make the polymer fiber more kinetically stable
in our study, which indicates that the destabilization of the
polymer fiber due to the poor dispersion is not observed in
our simulations.

C. The mobility of polymer fibers with NPs embedded

Not only the free energy barrier (A F¥) but also the bulk
viscosity may affect the time (t,) taken for the polymer

FIG. 9. The radial distribution function [g(r)] of NPs for €,, =
le and 2e.

fiber to disrupt. If the bulk viscosity would be increased (for
example, due to a decrease in temperature), the mobility of
monomers would be decreased such that the translation and
conformational change of polymers would slow down. We
find from our simulations that NPs slow down the polymer
mobility. Figure 10 depicts the mean-square displacement
[((Ax)?(t))] of monomers along the fiber axis (the x direc-
tion) with and without NPs. ((Ax)?(¢)) is linear with time ¢
at long times such that monomers in our simulations show
Fickian diffusion along the fiber axis. As NPs are introduced,
((Ax)*(t)) is decreased, implying that the monomer mobility
is decreased. As €, is increased, ((Ax)?(1)) is decreased
even further. In the case of €,, = 3¢ where the interaction
between NPs and monomers is the most attractive, ((Ax)(¢))
is smaller by about 40% than polymer fibers without NPs.
This indicates that the viscosity of polymer fibers should be
increased upon the addition of NPs.

We find that the effects of NPs on the monomer mo-
bility depend on the interaction strength (e,,) and the spa-
tial arrangement of NPs. We estimate the axial (M,) and
radial (M,) mobility of monomers. The mobility in this
study is defined as the magnitude of the displacement of

30F w/o NPs e
€n
251 Y
1.5¢
£ 20F 2 -
o 3e
<
3 15
5F #7
1000 2000 3000
t
FIG. 10. The mean-square displacement [{(Ax)*(¢))] of

monomers along the polymer fiber axis for various €.

042503-6



EFFECTS OF NANOPARTICLES ON THE STABILITY OF ...

PHYSICAL REVIEW E 98, 042503 (2018)

TABLE I. The relative mobility of monomers of polymer fibers for €,, = le and 2 at T = 1.

NPs at the surface
(Enp = le)

NPs at the center
(Enp = 2e¢)

M, /M,
Monomers at the center ree

Ma/ Ma,()

Mr / M r,0
Monomers at the surface M, /M,

0.999 (£0.017)
1.00 (£0.019)

0.90 (£0.14)
0.988 (£0.014)

0.891 (£0.015)
0.88 (£0.017)

0.85 (£0.13)
0.932 (£0.014)

monomers during ¢ = 1000 along either the axial or radial
direction. We also categorize monomers into two groups:
monomers at the fiber center and monomers at the inter-
facial region. We find from our simulations that the mo-
bility of monomers is affected by NPs in a complicated
fashion.

When NPs are located mostly at the interfacial region (i.e.,
when €, = l¢), the mobility of monomers at the center is
hardly affected by the presence of NPs along both the radial
and axial directions. Table I depicts the relative mobility (ei-
ther M,/M, o or M, /M, ) defined as the ratio of mobility of
monomers with and without NPs. Here M, o and M, ; denote
the mobility of monomers in polymer fibers without NPs
along radial and axial directions, respectively. For monomers
at the center, M, /M, ~ M,/M, o ~ 1. For monomers at the
interfacial region, on the other hand, M,/M,, = 0.9, thus
implying that the presence of NPs decreases the mobility of

(a) Enp=1€ Enp=28
al radial @
axial --0-

(b) Enp=1€ €np=2¢

FIG. 11. The mobility of monomers as a function of 7 along
radial (M, red) and axial (M,, blue) directions (a) at the center and
(b) the surface for €,, = le (circle) and 2¢ (diamond).

monomers at the interfacial region by about 10% along the
radial direction.

When NPs are located mostly at the fiber center (i.e., when
€np = 1.5¢), the mobility of monomers is decreased by 10%
or more regardless of the monomer position and directions.
Both M, /M,y and M,/M, o are about 0.9 in all cases. Such
a decrease in the monomer mobility leads to a significant
decrease in ((Ax)?(t)) for €p = 1.5¢ (Fig. 10) and also to
slow conformational relaxation and translation of polymers in
the fiber. This should contribute to the increase in 7, and the
slowdown of the deformation kinetics of polymer fibers.

The mobility of monomers shows identical temperature
dependence regardless of the position of monomers and the
spatial arrangement of NPs. As T is decreased from 1 to 0.7,
M, and M, are decreased by up to 40% (Fig. 11). This stands
in contrast to the temperature dependence of 7, and AE?*: 7,
is decreased with a decrease in T for NPs of €,, = 1€ while
7 is increased with a decrease in T’ for NPs of €,, = 2¢. This
suggests that not the decrease in mobility but the change in
A E* should be responsible for the temperature dependence of
Tp.

We also estimate the end-to-end vector time correlation

function [Pee(t) = %(3{%}2 — 1)], where é(t) is the
end-to-end vector of a single chain at time ¢. The decay time
(Tere) is defined as a time when P (¢) decays to e~!. As
shown in Fig. 12, for given value of N, 7. increases sharply

with an increase in the magnitude (e,,) of the attractive

4 — w/o NPs

100

FIG. 12. The decay time (te.) of the end-to-end vector auto-
correlation functions of polymers as a function of the degree of
polymerization (N).
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interaction. Interestingly, a scaling relation holds between
Tee and N, ie., Tee ~ N®. Scaling exponent () depends
on the interaction strength between polymers and NPs.
These suggest that adding NPs with attractive interactions
into polymers of higher N will make the conformational
relaxation of polymers quite slow.

IV. SUMMARY AND CONCLUSION

We perform molecular dynamics simulations to investigate
the effects of NPs on the stability and the deformation kinetics
of polymer fibers. We employ a coarse-grained but generic
model for polymer fibers. We tune the diameter and the length
of polymer fibers such that the polymer fibers are unstable and
likely to deform spontaneously to polymer globules of smaller
surface areas. We estimate the time (7;) taken for unstable
polymer fibers to disrupt to polymer globules. Interestingly,
when NPs are introduced to polymer fibers, 7, is increased
significantly and the polymer fibers become kinetically sta-
ble. For example, when the intermolecular interactions be-
tween NPs and polymers are quite attractive with €,, = 2e,
most polymer fibers do not break down in our simulations
at7 =0.7.

The deformation process might be divided into two
regimes: regime 1 where polymer fibers begin to break down
after crossing the free energy barrier (AF?) and regime 2
where polymer fibers fluctuate before crossing the free energy
barrier. We find that the length of regime 1 is independent
of the presence and the type of NPs in the polymer fibers.
On the other hand, the length of regime 2 depends strongly
on the presence and the type of NPs, which should affect
Tp. Tp is increased when NPs are introduced to polymer
fibers. As the intermolecular interaction between polymers
and NPs becomes more attractive, regime 2 becomes longer
and 7, is increased further, which indicates that the polymer
fibers become more kinetically stable. This suggests that the
addition of NPs would increase the free energy barrier (A ).

The interaction type of NPs affects the spatial arrange-
ment of NPs within polymer fibers. When €,, > 1.5¢ and
the intermolecular interaction between NPs and polymers is
sufficiently attractive, NPs are located at the central region
of polymer fibers. On the other hand, when € is relatively
small and the interaction is repulsive, NPs are located at the
interfacial region of polymer fibers. Such different spatial
arrangement of NPs may lead to the different temperature
dependence of 7,. When €,, > 1.5¢ and NPs are located at the
fiber center, 7, is increased with an increase in 1/7, which
suggests that AE? should be positive. When €p < 1.5 and
NPs are located at the fiber surface, 1, is decreased with
an increase in 1/ T, which suggests that AE? < 0. Different
spatial arrangement of NPs within polymer fibers seems to
lead to different values of AE* < 0.

In a future study, we plan to investigate the effects of en-
tanglement on the deformation kinetics and fiber stability. The
polymer chain employed in this study is relatively short such
that polymers do not entangle each other. When sufficiently
long polymer chains are entangled, the viscosity and confor-
mational relaxation time should be increased significantly, for
which one may expect that the deformation kinetics would
slow down significantly. The effects of entanglement on the
deformation kinetics and glass transition of polymer fibers
should be a topic of interest.
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