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ABSTRACT

While glass formation of linear chain polymer melts has widely been explored, comparatively little is known about glass formation in
star polymer melts. We study the segmental dynamics of star polymer melts via molecular dynamics simulations and examine the coop-
erative nature of segmental motion in star melts. In particular, we quantify how the molecular architecture of star polymers, i.e., the
number of arms and the length of those arms, affects the glass transition temperature T, the non-Gaussian nature of molecular displace-
ments, the collective string-like motion of monomers, and the role of chain connectivity in the cooperative motion. Although varying
the number of arms f and the molecular mass M, of the star arms can significantly influence the average star molecular shape, all our
relaxation data can be quantitatively described in a unified way by the string model of glass formation, an activated transport model that
derives from the Adam-Gibbs model, where the degree of cooperative motion is identified with the average length L of string-like par-
ticle exchange motions observed in our simulations. Previous work has shown the consistency of the string model with simulations of
linear polymers at constant volume and constant pressure, as well as for thin supported polymer films and nanocomposites with vari-
able polymer-surface interactions, where there are likewise large mobility gradients as in the star polymer melts studied in the present

paper.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5135731

I. INTRODUCTION progressively spherical shape and increasingly dense packing within
the core of these molecules as f becomes large."”" Increasing f
also leads to a progressive rigidification of star polymers,””* while

increasing the molecular mass M, of the star arms, having f fixed

There is a growing interest in controlling the molecular topol-
ogy of polymers in order to control the properties of polymer mate-

rials for the diverse technological applications of this broad class of
materials and for the intrinsic insights that variations of topology
can make into the nature of chain entanglement, polymer crystal-
lization, glass formation, etc. “Regular star” polymers, consisting
of multiple linear chains of the same length grafted onto a core
monomer or monomer scale core particle represent perhaps the
simplest non-linear chain topology and many of the structural and
dynamical properties of this class of polymers in both solution and
the melt state have been studied in previous work.' "’ For a large
number of arms f, star polymers often behave in many ways, more
like “soft” particles or colloids rather than linear chains due to their

and large, tends to make the stars “softer.”™ 7 Unlike linear chains,
many arm star polymers exhibit a gradient of mobility from their
core to their periphery, which can be observed experimentally by
selectively labeling sites along the star arm."’

The glass transition temperature Ty is a key property for the
processing and manufacture of polymer-based materials and T, of
star polymer melts can exhibit nontrivial dependence on star molec-
ular parameters.””'” While previous work has discussed the effect
of star architecture on T, defined by the relaxation of the core par-
ticle near the center of mass of the star polymer,i there has been
little work on how the star size and shape influence the overall
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segmental dynamics within the star polymer. It is widely appreciated
that polymeric glass-forming materials are generally dynamically
heterogeneous upon approaching T,," "' but the excluded volume
interactions within the star can be expected to alter the dynam-
ics of star polymers in comparison with their linear chain polymer
counterparts having the same mass and chain backbone chemical
structure. In particular, it has been confirmed by experiments and
computer simulations that particles with extreme mobility or immo-
bility relative to the mean form dynamic clusters, and clusters of
mobile particles can be further decomposed into subsets of parti-
cles exhibiting string-like cooperative replacement motion having
direct significance for understanding the dynamics of glass-forming
liquids.”” *’ Therefore, it is natural to ask how the chain topol-
ogy influences this collective motion, and how this phenomenon
dovetails with the intra-molecular mobility gradient within star
polymers.

Although the glass transition has been a subject of intense study
for decades, the origin of the rapidly increasing relaxation time and
viscosity approaching T, remains a subject of active debate. On
cooling toward T, the relaxation can be described by an increas-
ing activation free energy barrier for molecular rearrangement.“"u
Approaching T, the effective activation energy can become even
higher than that of the chemical bonds, which naturally leads to an
interpretation of the activation process as the reorganization of mul-
tiple atoms or molecules. Supporting this interpretation, Adam and
Gibbs™ (AG) proposed a theory in 1965 that relates the relaxation
time to the size of hypothetical “cooperatively rearranging regions”
(CRRs). Specifically, AG proposed that the activation energy for
relaxation is proportional to the number of rearranging atoms in
a CRR; however, they provided no molecular definition for these
regions. The string model of glass formation builds on these ideas,
and identifies string-like cooperative motion with the CRRs of the
AG model, where the average number of segments in these well-
defined dynamical structures is taken to be the “degree of cooper-
ativity” z of the AG model. This string model has been validated for
a range of polymeric glass-forming systems—polymers at constant
volume and pressure’*”’ and variable polymer cohesive interaction
strength,” and this model has been very successful in describing
the dynamics of thin supported films of variable thickness and poly-
mer nanocomposites of variable concentration and variable polymer
surface interaction strength.”’*’ The results for supported polymer
films and polymer nanocomposites are encouraging for the present
study on polymer melts since these polymer materials exhibit large
gradients in mobility as in the case of star melts. The novel feature
of star melts, however, is that the mobility gradients exist within the
molecules due to the molecular topology rather than due to the pres-
ence of interfacial interactions as in the case of nanoparticles. The
investigation of the application of the string model to polymer melts
provides a test of the generality of the predictions of the string model
of relaxation.

The properties of star polymers in bulk and at interfaces have
been studied extensively by both experiments”'"”*"" and simula-
tions.””*’" Here, we briefly highlight some observed trends in the
bulk properties that are relevant to our study of the star polymer
melts as the number of arms f and number of segments in the arms
M, are varied. Chremos and co-workers have previously shown””
that there is a counter-intuitive inversion in the molecular mass
dependence of the average segmental density p with increasing f.
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Specifically, p changes from increasing with M, for linear poly-
mer chains, as one anticipated from the observations of Fox and
Flory,””” to decreasing with M, for star polymers when f is larger
than a value f ~ 5-6.”""* Chremos and Douglas have also shown
that this density inversion coincides with the progressive change
in the average shape of star polymers in the melt from a relatively
anisotropic form for linear polymer chains to a more spherical one
with increasing f and decreasing M,."”* This type of crossover is
reflected in other basic material properties, such as isothermal com-
pressibility and isobaric thermal expansion.”* These changes in basic
thermodynamic properties of star polymers are all consequences of
how the topological parameter f influences the molecular packing in
the melt state through changes in the molecular shape and rigidity.
We naturally expect the dynamical properties of such molecules to
also be greatly affected. This expectation has already borne out by
simulations estimates of star polymer melts, where an inversion of
the mass dependence of T,(f) is observed for f ~ 5-6 arms, simi-
lar to average segmental density.”" The present work expands upon
this analysis of star polymer melt dynamics by examining how the
star architecture influences the dynamic heterogeneity and collec-
tive motion within star polymer melts. We confirm the previous
findings of Chremos and co-workers” for the trend of T, with the
number of star arms and further show that the relaxation dynam-
ics of these melts can be described in a unified way by the string
model of glass formation. Recent work has also examined the role
of knot complexity in glass formation in ring polymer melts, where
variation in the average knot crossing number was indicated to
give rise to similar variations in the melt dynamics and thermo-
dynamics of polymer melts as varying the number of arms of star
polymers.”

In this paper, we study segmental dynamics and the associated
dynamical heterogeneity of star polymer melts with various architec-
tures at a broad range of temperatures via molecular dynamics (MD)
simulations using the same coarse-grained bead-spring model stud-
ied in the previous work.” In doing so, we contrast star segmental
dynamics with dynamics of the star center of mass, and compare
dynamical heterogeneity of star polymers with that of their linear
counterparts. As a first step toward a comprehensive understand-
ing of the dynamics of star polymer melts, we examine the mean
segmental dynamics of star polymers with different geometries at
various temperatures. We find that the relaxation time 7 exhibits
large sensitivity to the number of arms f when the arm mass M,
is relatively small and a large sensitivity to M, when f is large. These
findings can be attributed to the crowding effect near the star core
at large f, which leads to a much slower relaxation near the star core.
We find that the overall behavior of Ty for segmental motion as a
function of the number of arms f and molecular mass M, is sim-
ilar to that previously found for the star core. However, T, of the
star segmental relaxation for the longer arm length M, is less sensi-
tive to the number of arms f compared with that of the core when
M, is large. As the system consists of more monomers at large M,,
the crowding near the center is averaged among all segments and
hence a less rapid change of T, which accounts for the difference
from the core particle behavior. By applying the same methods that
are frequently employed in the study of other dynamically hetero-
geneous glass-forming systems, we investigate how the architecture
affects spatial heterogeneity of star polymers approaching Tg. We
find that the sensitivity of the strength of heterogeneity to f and M,
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results from central crowding as well, which then indicates that the
mobility gradient near the star core controls the architecture depen-
dence of both segmental relaxation and dynamical heterogeneity.
This intramolecular mobility gradient also gives rise to features that
do not occur for linear polymers. Finally, we test the validity of the
string model in star polymer systems and find that relaxation time 7
is consistent with the AG approach, regardless of the star geometry.

Il. MOLECULAR MODEL AND SIMULATION
PROTOCOLS

We perform molecular dynamics simulations for systems con-
sisting of 400 star polymers. We use a coarse-grained model, in
which each star polymer is modeled as a core particle with f attached
arms and M, monomers per arm, where we investigate a range
of architectural parameters: f = 2, 3, 4, 5, 6, 8, 12, and 16 and
M, =5, 10, 20, and 40. Chains of the star polymers are described
by “bead-spring” interactions, and we use the model and initial con-
figurations from our previous work.” More specifically, interactions
between non-bonded monomers are described by the Lennard-
Jones (L]) potential; bonds between monomers within a star poly-
mer are described by a harmonic potential. Distances are defined
relative to the L] diameter ¢ of the polymer beads, and the core
particle has half the diameter of a polymer bead. We set the mass
of polymer beads and cores to be m; and m. = 0.125m;, respec-
tively, so that the mass scales linearly with the volume. The LJ
potential between beads along the arms has a cutoff distance r.
= 2.50 to include attractions; the core-core and core-monomer
interactions are modeled as a purely repulsive Weeks—Chandler-
Andersen potential® with cut-off distances r. ~ 0.620 and r, ~
0.870, respectively, to take into account the difference in particle
sizes between cores and monomers.”” The harmonic bond poten-
tial is given by Vi = (K/2)(r — ry)% where the spring con-
stant K = 5000¢/0”, the equilibrium position between the core
and its neighbors is 79 = 0.75¢0 and rp = 0.990 between the
monomers along each arm. Energy is defined relative to the LJ
energy parameter € and we use the same energy and interaction
range parameters for all interactions so that ¢ = e. = €4 and
0 = 0¢ = 0. All units are reported in standard reduced LJ units,
which are given in terms of strength e and size o}, of non-bonded
polymer interactions. Accordingly, T is given by e/kp, where kg
is Boltzmann’s constant, and time is given in units of (mo?/e)"/?,
where m is the mass. Reduced units can be mapped to physical units
with a size of chain segments ¢ ~ 1 nm-2 nm, time is in ps, and € »
1 kJ/mol.

To examine the nature of glass-formation, we investigate a
broad range of temperatures T from 0.425 to 2.0. We simulate
systems using the large scale atomic/molecular massively parallel
simulator (LAMMPS) developed at Sandia National Laboratories.”
Simulations are performed in a cubic box with length L, and peri-
odic boundary conditions are applied in all three directions. Simu-
lations consist of equilibration runs (NPT ensemble) performed at
P = 0 and temperature T; these simulations are followed by data
production runs (NVT ensemble), where the volume is determined
by the mean volume from the NPT equilibration run. We choose
P =0, since atmospheric conditions correspond to a small external
pressure.
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To briefly illustrate the structural properties of the model,
we present the structure factor S.(q) of central beads and seg-
mental structure factor S(q) for star polymers with various num-
ber of arms f and the arm length M, = 5 at temperature T
= 0.5 (Fig. 1). At small f, Sc(q) ~ 1, which suggests that such
stars behave akin to an ideal gas in terms of segmental distri-
bution; S(gq) exhibits a peak at g ~ 7, which corresponds to the
length scales of the nearest neighbors. We note that S.(g) at f = 2
shows a small peak at g ~ 7. This observation can be attributed to
the fact that the cores of linear chains are only neighbored by two
monomers and packed closely to cores from other chains; thus, S.(¢)
has a more ordered structure at g ~ 7, where S(gq) reaches its peak.
As f increases, S.(q) resembles a segmental structure factor with the
exception that the first peak occurs at a smaller g ~ 1.5, indicating the
soft-particle behavior of stars at large f. This feature is also reflected
in the S(g) such that S(q) for large f displays an additional peak at
q ~ 1.5. The structural properties shown in S.(q) and S(gq) are
consistent with observations in our previous work.”

We emphasize that the observed crossover to “soft-particle”
behavior around f » 6-8 is distinct from the emergence of particle
like structures having a dense core for much larger f. Specifically,

5 5”.‘10.‘.‘15.‘“20.”.25

FIG. 1. (a) Structure factor S¢(q) for core particles and (b) segmental structure
factor S(qg) for star polymers with various number of arms f and the arm length
M, =5at T =0.5.Atf =16, S;(q) resembles S(q) and exhibits a peak at g ~ 1.5,
where S(q) shows an additional peak, indicating a soft-particle behavior for stars
having such a large f.

J. Chem. Phys. 152, 054904 (2020); doi: 10.1063/1.5135731
Published under license by AIP Publishing

152, 054904-3


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

the emergent soft-particle behavior discussed above corresponds
to a transition in the average molecular shape from the relatively
anisotropic shape of linear polymers to the more symmetric average
shape for stars having a moderate number of arms (f ~ 6-8).”%"*"”
We may view these moderate number of arm stars as being highly
deformable or “ultra-soft” particles.” At larger f than we investi-
gate, it is widely appreciated that stars develop a dense core starting
around f 2 24.""*’ Thus, there are two distinct structural transitions
in star polymers in the melt with increasing f that can be associ-
ated with the emergence of particle like attributes. Each of these
transitions in the star structure is reflected in both thermodynamic
and dynamic property changes in star polymer melts. Specifically,
significant changes in the rheological properties” of star polymer
melts have been observed for f 2 8, and molecular dynamics simula-
tions have further indicated that the density and glass transition are
equal or somewhat above their bulk values for low molecular mass
stars having f values in this range.” These property changes derive
from the relatively efficient packing of these highly deformable or
“soft” particles.” Measurements also point to changes in dynamics
and equilibrium properties in the many arm (f 2 24) limit, where
the stars acquire a dense core. For example, Glynos et al."* found that
T, of star films for such many arm star melts was nearly the same as
for linear chains in the high mass limit. Although stars in this large
f regime are more comparable to polymer-grafted nanoparticles or
colloidal particles than soft spheres, many arm stars do not tend to
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crystallize'”*” until f > 100 because of softness of the star interfacial

regions. The present work focuses on the computationally accessible
problem of stars having a moderate number of arms.

lll. RESULTS
A. Mean segmental dynamics

Previous work’ considered the glass formation associated with
the dynamics of the star core. We first contrast the glass formation
based on mean segmental motion with that of the star core, which
approximates the dynamics of the star center of mass. To quan-
tify the mean dynamics, we evaluate the coherent density-density
correlation function,

1 XX -
Fa.t) = ia(r () -1(0))
(¢.1) NS(q)j;k:l(e )

where N is the number of monomers in the system and r;j(t) rep-
resents the position of monomer j at time ¢, for star polymers with
different topologies. F(g, t) is also known as the intermediate scatter-
ing function. We study F(g, t) at the wave vector go corresponding
to the nearest neighbor molecular spacing of the static structure fac-
tor S(g), and we define the relaxation time 7 as F(qo, 7) = 0.2. This
criterion is useful to probe the a-relaxation time, as opposed to the
fast B-relaxation, since we are interested in the slow relaxation of the

P P R RN wl N
102 10" 10° 10' 10° 10° 10* 10°
time ¢
r f=12 1
b T=0.5
08f -
— 06 -
< 061
G:o L
- 04f ]
02F 1
ol vl il il TN el 1)
107 10" 10° 10' 10° 10° 10* 10°
time t

FIG. 2. (a) and (b) show the coherent density-density correlation function F(qo, t) for star polymers with various number of arms f and M =5 and 20 at T = 0.5. (c) and (d)
show F(qo, t) for star polymers with f = 3 and 12 and various arm length M, at T = 0.5.

J. Chem. Phys. 152, 054904 (2020); doi: 10.1063/1.5135731
Published under license by AIP Publishing

152, 054904-4


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

system that defines the glass formation. The a-relaxation and fast
B-relaxation should not be confused with the “slow” or Johari-
Goldstein -relaxation process, which is not observed in our inter-
mediate scattering function data.*

Since we study a broad range of temperatures, f, and M, val-
ues, we present data for F(qo, t) along several slices of the param-
eter space. In particular, we emphasize extreme values of f and
M, that span the range from nearly linear polymers to the case
of soft-particles (large f and M,). To illustrate how the number
of arms affects relaxation, we show F(qo, t) for various M, at low
T = 0.5 in Fig. 2; these data show that the segmental dynamics
are more sensitive to functionality when the arm length is short.
The difference in sensitivity to f can be understood by the differ-
ences in segmental relaxation near the core vs far from the core.
As shown in Ref. 7, when f is large, there is substantial crowd-
ing near the core of a star polymer, which leads to a substantial
increase in 7 for inner monomers as compared to those far from
the core. This phenomenon is again illustrated in Fig. 3, where such
a large mobility gradient is also observed in interfacial regions of
polymer thin films”" and nanoparticles in a polymer matrix."**’
When changing f at fixed M, the effect of this core crowding is,
thus, most apparent when the core dominates the average, i.e., small
M,. We can see this sensitivity over the whole range of tempera-
tures we have studied by plotting the relaxation time 7 of F(qo, t)
(Fig. 4).

Similarly, we can see the sensitivity to the arm length M, by
comparing systems with fixed f =3 and f = 12 at T = 0.5 with variable
M,. We find that F(qo, t) shows large sensitivity to the arm length for
systems with larger f (Fig. 2). As the effects of crowding near the star
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FIG. 3. The mobility gradient of relaxation as a function of distance from the star
core. We plot the relaxation time 7, scaled by the relaxation time 7, at large dis-
tances from the star core, as a function of the molecular mass scaled distance
r/M2? from the star core. The data shown are for star polymers with f = 12, var-
ious M,, and T = 0.5. The mass scaling exponent does not vary significantly with
T or f. The value of the mass scaling exponent is not immediately obvious and is
different from the mass scaling of the radius of gyration (see Fig. 2 in the supple-
mentary material). The inset illustrates this mobility gradient for a star polymer with
f =12, and M, = 10, where the color of the monomer reflects its relaxation time;
blue shows the slowest relaxation (large 7) and red shows the fastest relaxation
(small 7).
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core are weaker when f is small, the F(qo, t) is only weakly dependent
on M, at small f, whereas, the relaxation time becomes increas-
ingly large as M, decreases when f is large due to crowding of the
chain segments about the core region. Hence, the segmental dynam-
ics are more sensitive to the arm length when f is large. By plotting 7,
we can demonstrate this trend for the entire range of temperatures
(Fig. 4).

The collected data for 7 can be used to evaluate key dynam-
ical properties of the star polymer melts. First, we consider the
behavior of the high-temperature activation energy. This is a fun-
damental material property of the dynamics since it largely controls
the temperature dependence of relaxation in the high temperature
regime. By fitting the 7 data for T > 1 to the Arrhenius form, i.e.,
7 ~ exp[AH/T], we can extract the enthalpy AH of activation. Fig-
ure 5 shows how AH varies with f for two representative molec-
ular masses. Generally speaking, we expect crowding at the core
to increase the barrier to rearrangement. For small M,, the effect
on AH with increasing f is apparent; in contrast, for large M,, the
relative impact of the core is diminished so that AH is essentially
independent of functionality f. The data for 7 also allow us to esti-
mate T, of the segmental relaxation over the entire range of f and
M,. We define the glass transition temperature (on the computa-
tionally accessible time scale) by the fixed dimensionless time scale,
7(Tg) = 10*. Figure 6 shows that the variation of Ty with f and M,
is very similar to that which was previously reported for the core
of star polymers.” This finding is not obvious since the dynamics of
segments far from the core can differ by several orders of magnitude
from that of the core monomer. This difference helps us to explain
the minor differences in T, between what we report and what was
reported in Ref. 7. Specifically, for large M, (long arms), the T, that
we report is less sensitive to f for large f; the weaker sensitivity can
be explained by the fact that the central monomer that defined T, in
Ref. 7 is strongly affected by the crowding near the center of the star,
but this effect is less pronounced when we average over all segments.
Figure 6 also shows that Ty becomes nearly independent of f at large
f, in-line with experimental observations at larger £.** That said, we
do seea “dip” in Ty for the largest M, for f = 16 although we empha-
size that such large (f and M,) stars are difficult to fully equilibrate
and, thus, have the greatest uncertainty in our simulations. From
Fig. 3, we see that dynamics are substantially slower near the core
region and weakly enhanced near the free ends. Thus, it is possible
that there are particular f and M, values for which the effects may
compensate each other and make Ty or local dynamics “constant.”
That said, we cannot expect such effect to arise for arbitrary f and
M, values and leave the precise determination of this “compensation
point” for future work.

B. String-like motion

It has been demonstrated in many prior works that atoms or
molecules with enhanced mobility are highly spatially correlated.”
Furthermore, it has been shown that these clusters of highly mobile
particles can be decomposed into subsets that move via a coopera-
tive replacement mechanism.'® This naturally leads to linear “poly-
meric” structures typically referred to as “strings.” In particular, it
is of interest to ask whether chain connectivity favors formation of
the strings. Furthermore, the size of these collective motions can
be used to describe the temperature dependence of the activation
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FIG. 4. (a) and (b) show the relaxation time 7, defined by F(qo, 7) = 0.2, as a function of 1/T for star polymers having a different number of arms and 5 and 20 beads per arm.
7 is sensitive to f for star having a small arm length, but insensitive when the arm length is large. (c) and (d) show 7 as a function of 1/T for star polymers with 3 and 12 arms
and different arm lengths. 7 is sensitive to the arm length when f is large, while 7 is insensitive to the arm length for stars having a small number of arms.

free energy of the relaxation time. In the context of Adam-Gibbs
(AG) inspired theories, these strings, thus, describe the “cooper-

atively rearranging regions” (CRRs) anticipated for glass-forming
fluids.
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FIG. 5. The enthalpy AH, obtained from high temperature Arrhenius fit, as a
function of f for star polymers with M, = 5 and 40. The sharp change in AH
for f ~ 5 at low M, nearly coincides with the random coil-particle transition in
molecular shape, density, and T, of star arms observed in previous work by
Chremos and Douglas.®**

Accordingly, in this section, we examine the nature of coopera-
tive dynamics to test if such string-like motion is also prevalent in the
segmental dynamics of star polymers, and if the same relationship to
relaxation is valid. To define string-like replacement motion, we use
the criteria previously developed for a very similar model of coarse-
grained polymer.”’ Specifically, we consider two mobile monomers
iand j to be in the same string if

min([ri(t) = r;(0)], [r;(£) - ri(0)[] <&,

which means that one monomer has replaced the other within a
radius of § = 0.55 over a time interval .

As done previously for the relaxation, we examine the behav-
ior of the string size L(t) over a range of f and M, values. First,
we consider the variation of L(t) with number of arms f at a fixed
Mg =5 or 20 and T = 0.5 (Fig. 7). For low molecular mass
(M, = 5), we observe that the characteristic size L, defined by the
peak string size L(t), increases significantly as f increases; in contrast,
for larger molecular mass (M, = 20), the increase in L with increasing
f is very modest. We attribute this difference in sensitivity to f again
to the fact that crowding effects near the star core dominate behavior
when M, is small. For M, = 5, the enhanced crowding with increas-
ing f at the core leads to slower relaxation, which we expect requires
a greater degree of cooperativity. Clearly, this effect is diluted when
M, = 20 since most monomers are far from the core region. This
same effect can be seen when considering the dependence of L(¢) for
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FIG. 6. Computational glass transition temperature T, of segmental relaxation, defined by 7(T4) = 10, as a function of the arm length M. and number of arms f. The behavior

of the segmental T is very similar to that reported for the star core.” However, we note that the specific value of T differs primarily because we chose a different fixed time
scale defining T.

star polymers with fixed number of arms f and variable M, (Fig. 7). In addition to the mean string length L, we evaluate the
Specifically, for small f = 3 (where crowding is minimal), L is nearly distribution of observed string lengths P(]). We find that P(I)
independent of M,. Conversely, at large f = 12 (where crowding exhibits exponential behavior for all cases [specifically, P(I) = 1/(I)
at the core is significant), L is the largest when M, is small, and  exp(-l/(l)), where (I) = L], characteristic of equilibrium polymeriza-
diminishes with increasing M. tion of linear chain polymers.”' This observation is consistent with

L =5:

s
~
||m§
o
[&)]

String Length L(t)
String Length L(¢)

N
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String Length L(¢)

10" 10 107 10 10' 10° 10° 10* 10°
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FIG. 7. (a) and (b) show the string L(t) for star polymers with various f and Ms = 5 or 20 at T = 0.5. L(t) shows the similar sensitivity to f as observed in the coherent
density—density correlation function F(qo, f). (c) and (d) show L(t) for star polymers with f = 3 or 12 and various M, at T = 0.5.
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many earlier studies of string-like collective motion in polymer melts
and metallic glass materials.'*****"" This distribution is essentially
invariant to molecular topology, confinement in thin films, the addi-
tion of nanoparticles to make composite materials, variable pressure,
variable cohesive interaction, and the type of fluid (e.g., polymeric vs
metallic glass materials).

Given that the temperature dependence of the string size is very
similar to that found for other glass-forming systems (see Fig. 3 in
the supplementary material), we now test whether L can be simi-
larly used to explain the variation of the relaxation time, as described
by the string model for glass formation,”>”* inspired by the AG
approach.”’ Briefly, AG proposed that, on cooling toward T, relax-
ation is controlled by activated barrier crossing, and that the acti-
vation free energy Ay is proportional to the size of the hypothetical
cooperatively rearranging regions (CRRs), where particle reorgani-

zation occurs. Accordingly, AG heuristically argued that 7 o e#,
where z is the number of rearranging monomers in a hypotheti-
cal CRR, and z was assumed to scale inversely to the fluid con-
figurational entropy. In the string model generalization of the AG
model,”” z is identified with L/L4, where L is the average number
of segments observed in clusters defined by their cooperative rear-
rangement motion and Ly = L(T4). In the original AG model, Ay
was approximated by the enthalpy of activation, i.e., the entropy of
activation energy was assumed to be equal 0, while the string model
avoids this unwarranted approximation so that Ay = AH — TAS.
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FIG. 8. Relaxation time 7/ as a function of Au(L/L)/kgT for star polymers, where
L is the characteristic string size and Ay is the activation free energy. The collapse
of relaxation time indicates the consistency between our data and the string model
of structural relaxation. The inset shows the linear behavior of AH as a function of
AS for all systems of star polymers.

The string model also accounts for the fact that collective motion
does not completely disappear in the temperature range above the
onset temperature T4 for glass formation, where relaxation becomes
Arrhenius to a good approximation. The string length is determined
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FIG. 9. (a) and (b) show the string of contiguous segments Lseq(t) for star polymers with various “functionality” f and the arm length M, = 5 or 20 at T = 0.5. Qualitatively,
Lseg(t) shows a similar sensitivity to f as observed in L({). (c) and (d) show Lseg(t) for star polymers with f = 3 or 12 and various arm mass M, at T = 0.5.
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in our simulations to have the length La, and this quantity along
with the relaxation time at T4 plays an important role in the string
model of relaxation. Notably, AG did not identify z with an aver-
age scale of collective motion, as in the case of the string model, but
this quantity was, instead, identified with some unspecified mini-
mal scale of collective motion. Nonetheless, the string model pre-
serves the spirit of the AG model, while involving changes in detail
informed by direct simulation observation of cooperative motion.
Accordingly, the structural relaxation time of the string model is
written as

1)

L(T)AM(T)]
La kgT ’

T=T1 exp[

Equation (1) at T suggests that 7o is not a free parameter but,
instead, determined by

7o =74 exp [ — Ap(Ta)/ksTa],

where 74 = 7(T4). The string model of structural relaxation can then
be formulated as

L(T) Aw(T) _ Au(Ta)

TERASPN T TGT keTa

; 2

where 7 only depends on the enthalpic AH and entropic AS contri-
butions to Au. Figure 8 demonstrates the validity of this relation-
ship over the entire range of f and M, values. Thus, the applica-
bility of this approach is not sensitive to the star geometry, or to
the significant mobility gradient that exists near the star core for
large f. This is similar to the observation that this same approach
is robust in polymer thin films and composites, where there can
also be substantial gradients in interfacial mobility.”” *’ Similar to
these other systems, we find that the enthalpy AH and entropy
AS are not independent, but, instead, show a compensatory behav-
ior, resulting in a linear parametric relationship shown in the
inset.

C. Chain connectivity

It is worth noting that the string-like cooperative motion
refers to the coordinated motion of polymer segments, in which
monomers are not necessarily bonded, so it should not be confused
with reptation-like motion of polymer chains. In particular, Ref. 20
has shown that the string-like collective motion is not strongly cor-
related with chain connectivity in a bulk system of polymer chains.
Therefore, to investigate the role of chain connectivity in strings in
the star polymer melts, we follow the same procedure as in the previ-
ous work.” Specifically, we evaluate the average string length Ly (t)
of contiguous segments of mobile monomers in a chain and investi-
gate the star architecture effect on L (t) by examining Ly (t) with
fixed M, and variable f as well as fixed f and variable M, (Fig. 9).
Similar to the temperature dependence (see Fig. 4 in the supplemen-
tary material), Leg(¢) has a qualitatively similar dependence on star
architecture as the overall L(¢), but its variation on f and M, is less
pronounced than that of L(¢) (observed in Fig. 7). In order to under-
stand the role of chain connectivity in strings explicitly, we evaluate
the ratio Lgg/L, where the characteristic string length Lg, formed
by contiguous chain segments is defined by the peak string size of
Lyeg(t), for star polymers with various f and M, at T = 0.5, as shown
in Fig. 10. A ratio close to one would indicate that chain connectivity

ARTICLE scitation.org/journalljcp
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FIG. 10. (a) The ratio of Lseg and L for star polymers with various arm length M, at
temperature T = 0.5 as a function of £. (b) The ratio of Lseq and L for star polymers
with various f at T = 0.5 as a function of arm mass M,. The ratio of Lseg and L has
a similar sensitivity to star architecture as observed for L(f).

controls the formation of strings, while a small value of the ratio sug-
gests that connectivity plays little role in string formation. For star
polymers having various architectures at relatively low temperature,
i.e, T = 0.5, the ratio Lgg/L varies approximately from 0.45 to 0.75,
implying a substantial contribution of chain connectivity to coop-
erative motion. However, the ratio is significantly less than unity,
indicating that mobility is not concentrated along the backbone of
chains. Furthermore, we notice that the ratio also exhibits a similar
sensitivity to star geometry as found previously, i.e., Lg/L is sen-
sitive to f at small M, and sensitive to M, at large f. In particular,
for star polymers with a small arm length, Lsg/L decreases drasti-
cally as the number of arms increases; for star polymers with many
arms, Lsg/L increases rapidly as the arm length increases. Based on
this sensitivity, we again attribute to segmental crowding around the
core polymer segment.

D. Heterogeneity of segmental dynamics

To investigate the spatial heterogeneity of segmental dynam-
ics, we further assess the degree to which molecular displacements
deviate from simple Brownian motions. In particular, we study the
non-Gaussian parameter,
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3(r'(1))

(Xz(l’) = 5(1’2(t)>2 1, 3)
as an indicator of the deviation of displacement from a Gaussian
distribution. Figure 11 shows a,(t) at various T for star polymers
with f = 16 and M, = 5 and f = 16 and M, = 40. The behavior
of ay(t) is similar to that observed for many glass-forming fluids.
More specifically, a, exhibits a peak at intermediate time, which
grows in both time scale and amplitude as T decreases, just as
observed for numerous glass-forming fluids; such behavior typically
arises from an increasing degree of spatial correlation of motion on
cooling.

We also note an additional feature of a,(f) not typically seen in
simple glass-forming fluids. Specifically, at large ¢, &, exhibits a sec-
ond peak, observable only at those T, where runs extend to nearly
10° time units. The time of the second peak of &, increases modestly
on cooling, but its amplitude is nearly T independent. What is the
origin of this additional feature? Naturally, it must relate in some
way to the fact that the star polymers are complex molecules. A clue
comes from the observation (Fig. 11) that the second peak of a>(t)

r f=16 1
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a4l ]
3 ]
) |
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FIG. 11. The non-Gaussian parameter a;(t) at various T for star polymers with
f=16 and M, =5 and f = 16 and M, = 40. At each T, ay(f) shows a first peak
due to the correlated motion of monomers. For star polymers with large Ma, a(f)
shows a second peak due to the gradient in relaxation of monomers away from
the star center.
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is absent for star polymers with small M,. As we discussed above,
monomers along the arms relax at different rates due to the crowd-
ing near the center. This gradient in relaxation time of monomers
along the arm is another form of heterogeneity that can contribute
to a. To isolate the origins of the two peaks, Fig. 12 shows a,(t) for
individual monomers at different distances from the core; none of
the data for a, restricted based on the monomer position show a sec-
ond peak. We can more clearly demonstrate that the second feature
in a, arises from the mobility gradient by considering a simplified
model for the contribution to a; from superposition of Gaussian dis-
placements, since the sum of Gaussians with different means will not
result in a Gaussian. The assumption of Gaussian disglagements at

a given distance from the core requires that (ry) = 2(r;)’, where

(r2) is the mean-square displacement at position 7. Summing over
monomer positions n and plugging into Eq. (3) yields the following
approximation:”

M, Zﬁl("ﬁ)z
t) = ——— — 1.
) =i )

This approximation quantifies the contribution to the total a, aris-
ing from the mobility gradient alone. The comparison between a,(t)
for all monomers in system f = 16 and M, = 40 at T = 0.75 and the
Gaussian superposition model is shown in Fig. 12. The second peak
of ay(t) arising from the mobility gradient in the Gaussian model
nearly coincide, demonstrating that the second peak arises primar-
ily from the gradient of segmental mobility that occurs for large f
and M,.

We continue by more thoroughly examining the dependence of
@, on the star polymer structure. Figure 13 demonstrates the char-
acteristic time scale t* of the peak of a,(t), and the amplitude of
the peak a»(t*) increases on cooling presumably due to increasing
cooperativity of the motion. Moreover, a,(t) has sensitivity to func-
tionality f and the arm length M, that is similar to that of F(qo, t) and
L(t), as shown in Figs. 2 and 7. In particular, the characteristic time

0.4 [ Apra
— all monomers - i
--- Gaussian model Ma =40 ]
| —r=5 T=0.75 |
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03k "2 ]
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FIG. 12. The non-Gaussian parameter a;(t) at T = 0.75 for all monomers in the
system with f = 16 and M, = 40, monomers at different distances r = 5, 10, 20,
and 40 from the core, and the Gaussian superposition model (corresponding to the
dashed line). a(f) for all monomers shows a second peak that cannot be found in
ay(t) for individual monomers.
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FIG. 13. (a) and (b) show the non-Gaussian parameter «;(t) for star polymers with various functionality f and the arm length M, =5 or 20 at T = 0.5. a(t) is more sensitive
to number of arms for star polymers having shorter arms. (c) and (d) show ay(f) for star polymers with functionality f = 3 or 12 and various arm mass M, at T = 0.5. ay(f) is

more sensitive to arm mass for star polymers having more arms.

scale t* and the amplitude a»(t*) are more sensitive to functionality
f for systems with a shorter arm length M, and are more sensitive
to the arm length M, for systems with larger functionality f. The
origin of this behavior derives from the increased crowding near
the core for large f, just as in the case of the variations we found
for F(qo, t).

IV. CONCLUSIONS

We employed a bead-spring coarse-grained model to exam-
ine the effect of star polymer architecture on dynamical properties
of star polymer melts via molecular dynamics simulations. In doing
so, we compared the dynamics of star polymers with various func-
tionality f and arm length M, with those of linear analogs and
contrasted the segmental dynamics with the dynamics of the poly-
mer center of mass. We found that the segmental dynamics displays
different sensitivity to star architecture over the entire temperature
range studied by evaluating the relaxation time and glass transition
temperature. In particular, the relaxation time shows a large sensi-
tivity to f for small M, and small sensitivity to M, for small f. This
difference in sensitivity can be attributed to the crowding near the
core at large f. Compared with dynamics of large M, stars, segmen-
tal dynamics of small M, are dominated by the central crowding
when f is large, thus exhibiting a larger sensitivity to f. Since the
crowding is less pronounced at small f, the relaxation time is less

sensitive to M,. The slight deviation of the glass transition tem-
perature considering all monomers rather than just the core par-
ticles is also justified by the same logic. This observation indicates
that variation of the segmental dynamics due to star geometry is
closely related to the crowding near the central beads of the star
polymers.

In order to interpret the dynamical heterogeneity of segmen-
tal dynamics quantitatively, we further explored the nature of spa-
tially correlated and cooperative motion by assessing the non-
Gaussian parameter and string-like collective motion. Besides the
well-known features observed in many other glass-forming liquids,
we found that the non-Gaussian parameter exhibits an additional
characteristic peak. The consistency in both time scale and strength
between the secondary feature and the model of Gaussian superpo-
sition approximation implies that this extra peak results from the
intra-molecular heterogeneity, i.e., the mobility gradient along the
polymer chain. In the analysis of non-Gaussian parameter and
string-like motion, we noted that the structural dependence of the
characteristic time scale, the strength of spatial correlations, and the
strength of cooperativity are all qualitatively similar to that observed
in the segmental relaxation: more sensitive to f at small M, and
more sensitive to M, at large f, demonstrating that the architec-
ture effect on the heterogeneity of segmental dynamics is related
to the crowding at the star core for large f. Additionally, we stud-
ied the role of chain connectivity in strings and concluded that
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while chain connectivity influences the extent of string-like motion
and thus the fragility of glass formation, the actual form of col-
lective motion is not strongly correlated with the chain connectiv-
ity. Furthermore, we used the string model generalization of the
Adam-Gibbs approach to test the robustness of these predictions for
the dynamics for a range of star polymer architectures. The valid-
ity of this approach for all architectures provides another test of
the string model. The success in the presence of an intramolecu-
lar mobility gradient within the star polymers complements earlier
successful comparisons to other complex polymer materials, such as
polymer thin films and composites, where mobility gradients also
Occur.18,4‘),3(w

In summary, we have investigated how the star polymer archi-
tecture, i.e., the number of arms and arm length affects the segmen-
tal dynamics of star polymer melts. While the temperature depen-
dence of the dynamical properties are similar to what is observed
for other polymer systems, the variations due to star architecture
are dominated by segmental crowding near the core region at large
f. Based on the string model and its antecedent AG theory, we are
able to establish a relationship between the star melt structural relax-
ation and the scale of collective motion that holds regardless of star
geometry. Throughout our study, we have demonstrated quanti-
tatively that the star architecture has a great effect on segmental
dynamics and dynamical heterogeneity. This work should be use-
ful in future work aimed at material design efforts exploiting the
manipulation of molecular topology and for giving general insights
into how molecular topology influences the dynamics of polymeric
materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
the temperature dependence of the intermediate scattering function
F(qo, t), the string size L(t), the string size of contiguous star seg-
ments Ly (1), the second peak of the non-Gaussian parameter a(t),
and the mass scaling of the radius of gyration R,.
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