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Spatio-temporal heterogeneities in nanosegregated
single-molecule polymeric nanoparticles

Mikto-arm star polymers combining incompatible
dynamically asymmetric polymers in one molecule. We use
atomistic molecular dynamics simulations to examine the
spatio-temporal heterogeneities in mikto-arm stars. Due to
the intramolecular nanosegregation, regions with mutually
correlated dynamics are formed and a clear transition from
"immiscible-like" to "miscible-like" behavior is observed when
approaching the star core.
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The study of the coupling between structural and dynamical heterogeneities in nanostructured systems
is essential for the design of hybrid materials with the desired properties. Here, we use atomistic
molecular dynamics simulations to closely examine the dynamical heterogeneities in nanostructured
single-molecule nanoparticles consisting of mikto-arm star copolymers with poly(ethylene oxide), PEO,
and polystyrene, PS, arms. The particles exhibit an internally nanostructured morphology, resembling
either "Janus-like” or “patchy-like” morphology when the functionality of the stars varies. The
differences in the local environment result in strong intramolecular dynamical heterogeneities. In the
proximity of the star core, geometric constraints promote unfavorable PEO:PS contacts that lead to a
behavior similar to dynamically asymmetric miscible polymer blends or disordered copolymers. In
contrast, further away from the core, the nanosegregation induces segmental dynamics very similar to
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1 Introduction

In an attempt to achieve dynamically rich materials, with
complex relaxation spectra tailored for a specific application,
two concepts proved to be quite successful: mixing of dynamically
dissimilar polymers and modifying the polymer architecture. The
first method covers the range of materials such as miscible
polymer blends,' ™ linear block copolymers'*'* or nanostructured
materials, in which the mutual arrangement of the segregated
domains turned out to be the key factor in their dynamical
response.””™” Concerning the polymer architecture, the presence
of branch points restricts the motion of the molecule and results in
a wide distribution of relaxation processes, which are extended
to much longer time scales than in the case of their linear
analogues.’®* In this family of materials, multi-component
star polymers serve as a promising example of nanostructured
materials, which could combine both approaches, i.e., incorporating
dynamically contrasting chains in a complex polymer architecture.
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the one found in the homopolymer star analogues.

However, apart from a demanding synthetic effort, an actual
quantification of the dynamical heterogeneities at the local scale
in these materials is very challenging. Experimental studies are
scarce and they mostly involve the use of dielectric spectroscopy in
the studies of asymmetric mikto-arm stars with low functionalities
(number of arms).***> Molecular simulation studies can provide a
direct investigation of such systems at the atomic level. However,
due to the complexity of the systems most of the works focus almost
exclusively on the structural properties of copolymer stars; moreover,
they lack the necessary atomistic details to describe the specific
chemical composition.>®>°

Very recently we showed that regular mikto-arm stars consisting
of immiscible polymer arms, more specifically polystyrene (PS) and
poly(ethylene oxide) (PEO), form nanostructured particles with
either Janus-like or patchy-like morphologies under bad solvent
conditions.** Two types of environments were used to mimic poor
solvent conditions for both components of the mikto-arm stars,
namely vacuum and a polybutadiene (PB) matrix. The mikto-arm
stars with f < 32 form Janus-like nanoparticles in both types of
environments, while the stars with f = 32 nanosegregate into
patchy-like structures.*

In this work we provide a detailed investigation about the
effect of the functionality f and the internal morphology on the
(local) segmental dynamics of model mikto-arm stars in these
two environments. To this end, we model single-molecule stars
with the same arm length but varying functionality in a PB
matrix and in vacuum through atomistic molecular dynamics

This journal is © The Royal Society of Chemistry 2020
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simulations. We also investigate the effect of the internal
morphology (i.e., Janus vs. patchy) on the segmental dynamics
by examining two types of 32-arm star in vacuum with different
attachment of the arms to the core. Mikto-arm stars in vacuum
represent an ideal system, in which the absence of an explicit
solvent allows us to neglect the environmental factors, such as
the specific star-solvent interactions, and to focus solely on the
internal interplay between the nanosegregated PEO and PS arms.

2 Model

In the first part of our study we simulated 4 systems of mikto-arm
stars with f = 4, 8, 16, 32 arms attached to the core in the
alternating way (see Fig. 1(a)). Each copolymer star contains (f/2)
PEO arms and ( f/2) PS arms and a dendritic core. Both types of
arms are 40 monomers long. The core consists of C, CH or CH,
carbon units connected into a dendritic-like architecture, the
number of carbon units depends on the star functionality (see
Fig. 1). The notation of the mikto-arm stars is f/40. Each system
contains one star in a PB matrix or in vacuum. The length of PB
chains is 30 monomeric units. In the second part, in order to
investigate the effect of the internal morphology (i.e., Janus vs.
patchy), we created one additional system of 32-arm star in

Fig. 1 Schematic representation of the arm attachment (left) in the 32/40
mikto-arm stars with the corresponding snapshots (right) in the vacuum
environment with (a) alternating arrangement and (b) hemisphere arrangement.
The open circles represent the attachment of the PEO and the filled the
attachment of the PS arms. The crossings of the solid lines correspond to
the carbon units of the dendritic core and the dashed lines illustrate the
generation of the dendritic structure: the first, the second and the third
generation limit of the core of 4/40, 8/40 and 16/40 star, respectively. In
the snapshots the PEO arms are painted red (or orange) and the PS arms
blue (or green).
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vacuum with PEO and PS arms connected, by construction, to
the core atoms in the Janus-like manner (see Fig. 1(b)). The
32/40 star with the PEO and PS arms attached to the different
“hemispheres” of the core retains Janus-like fashion after nano-
segregation and therefore it can be seen as a “complementary”
morphology to the star with the same composition (32/40) but
with the alternating arm attachment, which forms a patchy-like
pattern.®® To avoid confusion, we refer to the 32/40 star with
alternating attachment as “alternating” and to the 32/40 star with
the Janus-like geometry by construction as “hemisphere”. We
have also studied homopolymer (PEO)rand (PS) stars with f= 4,
8, 16, 32 in both types of environments (PB matrix and vacuum)
as reference systems. The simulations were performed at a
temperature of 400 K with the Gromacs simulation package.**
The preparation of the systems as well as the details about the
equilibration process can be found elsewhere.*® The interactions
in the systems are described by the TRAPPE united-atom force
field.*>>* The typical simulation run is 150 ns long for the
vacuum systems and around 300 ns for the systems in PB matrix.
The time step is 1 fs.

3 Results

To quantify intramolecular dynamical heterogeneities, each
arm is divided into 5 regions, with 8 monomers per region,
labeled from the core to the free end of each arm (see the inset
of Fig. 2(a) and Fig. S1(a), ESIT). We define a segmental vector v
as a vector connecting two extremes of the monomer (i.e., 1-3
vector for PEO arms and a vector along the backbone for PS
arm, see Fig. S1(a), ESI{) and calculate the first Legendre
polynomial (correlation function) through:

INAIGEDRID]
Pin = <|v(t+ zo)||v<ro>l> .

where (...) denote an average over different time origins ¢, and
over all the vectors in the particular region of the arm. The
correlation function for a given region is then plotted as a
function of time ¢ and fitted by using the Kohlrausch-Williams-
Watts (KWW) stretch exponential function f(z) = A exp(— (t/tcwwi)’),
where A is a prefactor, f; the stretch exponent, Txww; the segmental
relaxation time and index i corresponds to the label of the
region (i = 1-5). The characteristic average relaxation time of the
segments in the given region 7; is then obtained as

)

where I denotes the gamma function. Note that while relaxation
time Txww; gives an estimation of the time scales for the decay of
the Py(t) correlation function, the “integrated” 7; accounts for
the dynamical heterogeneities through the stretch exponent f;.
An example of the fitting procedure for a system in the PB
matrix and in vacuum can be found in Fig. S1(b) and (c) (ESIY),
respectively. The correlation functions were fitted in the time
window from ¢ & 3 ps to avoid the bias of the fit by the initial
angle and bond relaxations (¢ < 3 ps). The range of the fit was
till ¢ ~ 10* ps (in the PB matrix, Fig. S1(b), ESIt) and ¢ ~ 10" ps
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Fig. 2 (a) Segmental relaxation times tyww; and (b) corresponding stretch

exponents f3; obtained by the fitting procedure for PEO (open symbols) and
PS (filled symbols) arms in mikto-arm stars in the PB matrix as a function of
the segment position along the arm, for systems 4/40 (squares),
8/40 (circles), 16/40 (triangles), 32/40 (diamonds). The dashed lines are
drawn to guide the eye illustrating the plateau region of middle segments.
Inset in (a) depicts a division of the arm into 5 regions.

(vacuum, Fig. S1(c), ESIT) in order to capture the main segmen-
tal relaxation and the major part of the decay of the correlation
function. Addditional slow relaxations happening at longer
times are beyond the scope of this study.

3.1 Effect of the functionality

Concerning the dynamical heterogeneities along the arm, our
data reveal a noticeable deceleration of the segmental dynamics
close to the core in comparison to the middle segments, which
smoothly turns into a plateau in the middle region of the arm
and ends up with a slight acceleration of the outer segments
with respect to the plateau (see the values of txww; parameter
in Fig. 2(a)). This intramolecular dynamical heterogeneity is
qualitatively similar for both PEO and PS arms; however, the PS
segmental dynamics is almost one order or magnitude slower
than the corresponding dynamics of PEO arms. Such a disparity
in the segmental relaxation times between PS and PEO is
expected due to the large difference in their glass transition
temperatures, ie., about 150 K between PEO and PS.*® The
actual degree of the dynamical slowing down in the vicinity of
the core with respect to the middle arm segments depends
on the functionality for both PEO and PS arms. The slower

4586 | Soft Matter, 2020, 16, 4584-4590
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dynamics in the first region is not surprising if we consider the
higher density at the core region which increases with increasing
the functionality (see the density profiles in Fig. S2 of the ESIY),
and has been also reported in a previous simulation work on the
relaxation dynamics for melts of homopolymer stars, using a
bead-spring model.”” The same trend (i.e., more pronounced
internal heterogeneities with increasing fand decreasing distance
to the star core) is captured in the values of the stretch exponent
p: for the given star and/or region along the arm, shown in
Fig. 2(b): the smaller f§ values near to the core region denote a
broader distribution of relaxation times. Note that the values of
the stretch exponents are in all regions smaller for PEO segments
than for PS segments. The same trend is observed in their
homopolymer analogues in PB matrix. In what follows we
report values of the characteristic average relaxation time of
the segments in the given region t;, which combines both Txww;
and f3; through eqn (2).

In Fig. 3 the segmental relaxation times 7; are plotted as
a function of the position along the arm, normalized by the
respective segmental relaxation times of the corresponding
homopolymer stars in the PB matrix, 7. The error bars were
estimated by using the standard block averaging method and
for clarity we show the error bars only for the first and the third
region. The error bars in the remaining regions are of the
same order or smaller. This representation allows us to rule out
the effect of the star-like architecture on the segmental
dynamics and to understand the interdependence of the PEO
and PS dynamics. Interestingly, for functionalities higher than
8 (Fig. 3(c and d)) there is a clear deviation in the dynamical
behavior of the PEO and PS segments in the first (nearest to the
core) region of mikto-arm stars, from that of the homopolymer
stars. Namely, the PEO segments in mikto-arm stars are slower
than the corresponding segments in (PEO); stars. On the other
side, the relaxation of the PS segments in the first region of
mikto-arm stars is faster than the one measured in (PS); stars.
This can be explained by the fact that in the vicinity of the core
of the mikto-arm star the immiscible PEO and PS monomers
are enforced, due to geometric constraints, to maintain a large
number of (unfavorable) contacts between each other. This
structural characteristic along with the dynamical asymmetry
of the two components (i.e., PS has a high T, while PEO has a
much lower T,) results in a behavior akin to that seen only in
dynamically asymmetric miscible binary polymer blends
or disordered block copolymers. Indeed, for a miscible polymer
blend, or for a disordered copolymer, a speed-up of the
segmental dynamics of the slower component is expected and
an associated slowing-down of the dynamics of the faster
component (compared to the bulk one-component systems),
due to the change in the local environment.">'*'* As one
moves away from the core, the immiscible PEO and PS arms
microphase separate, as they are less geometrically constrained,
forming either “Janus-like” or “patchy” nanostructures (see the
insets in Fig. 3). In this case, the associated segmental dynamics
becomes very similar to the corresponding homopolymer stars,
i.e., as one would expect in regular phase separated immiscible
systems.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Relaxation times of the segments as a function of position along the arm normalized by the values of the relaxation times of a corresponding
regular homopolymer star, 7, for the mikto-arm systems in the PB matrix. Magenta crosses correspond to PEO arms and cyan circles to PS arms. Regions
are labeled from the core, i.e., from 1 to 5 in the direction from the core to the end of the arm. The error bars were obtained by block averaging method.
The insets show randomly selected snapshots of the systems, preserving the same color code as the data.

To further quantify the above observation, i.e., from miscible
to immiscible-like, we calculate the monomer pair probability
distribution functions g(r), which are shown in Fig. S3 in the
ESI.{ As expected, there is a much higher number of PS:PEO
contacts in the first region than in the other regions along
the arm, confirming the previous statement about “enforced
mixing” (all the systems follow the trend shown for 32/40 star
in Fig. S3(a) in the ESIT). Moreover, the first maximum in the
g(r) functions for the first region increases with the functionality for
the mikto-arm stars nanosegregated into Janus-like morphology
(f < 32, Fig. S3(b) in the ESI}). Interestingly, the distribution of
the PS:PEO contacts in the first region for the 32/40 mikto-arm
star exhibits a smaller maximum than for the 16/40, demon-
strating that despite the geometric constraints the patchy-like
morphology of this star facilitates the avoidance of PS and PEO
segments in the region closest to the core (compare the blue and
the magenta curve in Fig. S3(b), ESIT). Note, that the magnitude
of the deviation in the dynamical behavior of the PEO and PS
segments in the first region in comparison to the homopolymer
analogues, may be also affected by a slighly different density
close to the core (notice the smaller density for (PEO)r and

This journal is © The Royal Society of Chemistry 2020

higher density for (PS); systems in Fig. S2 of the ESIt for
r < 0.5 nm in comparison to mikto-arm stars).

Concerning the mikto-arm stars in vacuum, qualitatively the
same behavior as the one described above for the stars in the
PB matrix was observed for all measured quantities, therefore
we only report 7;/7" as a function of the position along the arm
in Fig. S4 of the ESL{

3.2 Effect of the internal morphology

To further investigate the effect of the internal morphology on
the dynamics of the nanosegregated star nanoparticles we
study two types of mikto-arm stars with f= 32 in vacuum. More
specifically, we compare two types of 32-arm copolymer stars,
one with the patchy-like morphology following the “‘alternating”
arm attachment, discussed up to now and one with a Janus-like
morphology “by design” (“hemisphere” arm attachment).
Randomly selected snapshots of both morphologies are shown
in inset of Fig. 4(b). These two copolymer stars differ only in the
attachment of the arms to the core (see the scheme in Fig. 1)
and so, by construction, this fact fully determines the nano-
segregation processes in the closest vicinity of the core and

Soft Matter, 2020, 16, 4584-4590 | 4587
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Fig. 4 (a) Probability distribution functions of the PS:PEO and PEO:PEO
monomer pair distances in the first region of 32/40 stars with either Janus
(symbols) or patchy morphology (lines). Ry denotes the radius of gyration
of the star. (b) Relaxation times of the segments placed in the regions along
the arm normalized by the values of the relaxation times " of a corres-
ponding regular homopolymer star in vacuum for 32/40 stars with alter-
nating (crosses and circles) and hemisphere (triangles and squares)
attachment of the arms. Regions are labeled from the core, i.e., from 1
to 5 in the direction from the core to the end of the arm. The insets show
randomly selected snapshots of the systems, preserving the same color
code as the data.

consequently the dynamics. Since their density profiles are very
similar (see Fig. S5 in the ESIt) and there is no explicit polymer
matrix in the systems, the segmental dynamics in both mikto-arm
stars will be mostly governed by the mutual interaction of PEO
and PS arms. The probability distributions of the PS:PEO and
PEO:PEO distances in the first region along the arm for both stars
are shown in Fig. 4(a). Due to the predetermined attachment, the
number of unfavorable PS:PEO contacts in the first region is
much smaller in the Janus morphology where the PS and PEO
arms are arranged in hemispheres than in the patchy particle,
where the alternating attachment drives the arm mixing near the
core. Consequently, predominantly homogeneous environment
close to the star core is found in the stars that form the Janus-like
morphology, i.e., with higher percentage of PEO:PEO pairs in this
region (open triangles in Fig. 4(a)). This is mainly reflected in
the relaxation times of the PEO segments in this region, which
are by a factor of 2 faster in the Janus-like than in the patchy-like
nanoparticles (compare red crosses and orange triangles in
Fig. 4(b)). Interestingly, the dynamics of the PS segments in

4588 | Soft Matter, 2020, 16, 4584-4590
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Fig. 5 Spatial representation of the slow and fast domains consisting of
PEO monomers (beads) in the 32/40 mikto-arm stars. The relative acceleration
or slowing down of the dynamics is obtained by comparing the average
displacements at t = 1 ns of the monomers of the 32/40 stars, with respect to
the corresponding monomers of the homopolymer star analogues. The left
snapshots include also transparent monomers of the complementary com-
ponent. For a better visualization, we chose a monomer radius much smaller
than the one which would correspond to each chemical unit and therefore the
monomers may look like they are not connected.

both types of morphologies is very similar (compare blue circles
and green squares in Fig. 4(b)). The curves for the PEO:PEO and
PS:PEO pair distributions for the third region in both morphologies
approximate each other (see Fig. S6 in the ESIt), confirming the
observation that the differences in the local heterogeneities in both
morphologies vanish with increasing distance from the central part
of the star (observe the plateau for regions 2-5 in Fig. 4(b)).

The above analysis concerns the coupling between structural
and dynamical heterogeneities in the segmental (nanoscale)
level, studied via orientational dynamical modes. In addition,
the local environment as the main factor of the heterogeneous
translational dynamics in the nanosegregated particles can be
further examined by a detailed analysis of the displacement of
every monomer in the star. More specifically, we calculated the
average displacement (using multiple-time origin method) of
each monomeric unit in the mikto-arm stars at a specific time
t., corresponding roughly to a half of the relaxation time of the
PEO segments in vacuum (here ¢. = 1 ns). The same procedure was
repeated for the homopolymer stars, however, we also averaged
over equally placed monomers on each arm. Then the relative
acceleration and/or slowing down of the monomers in the copo-
lymer stars with respect to their homopolymer analogues were
projected on a randomly selected configuration shown in Fig. 5
and in Fig. S7 of the ESL.} The relative error of the procedure is
£20%, thus we highlight only the monomers with higher
differences in dynamics. In this representation the internal
dynamical heterogeneity in the nanosegregated domains is
much more evident. It is obvious that the monomers of the
PEO arm whose environment consists mostly of the immiscible,
dynamically contrasting PS component (close to the core in both

This journal is © The Royal Society of Chemistry 2020
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stars and in a single segregated arm in the Janus particle) are slower
than those located in PEO-rich domains (patches). Accordingly, the
fastest monomers in the PS segregated domains can be found in the
domains placed in the closest vicinity with the PEO monomers, thus
in the domains with the highest number of unfavorable PS:PEO
contacts (see Fig S7 in the ESIY).

4 Conclusions

In summary, the results reported here propose that nano-
particles with nanosegregated, dynamically heterogeneous
domains can be designed by combining incompatible dynamically
asymmetric polymers of different glass transition temperature in a
mikto-arm architecture. By increasing the number of arms in the
mikto-arm stars, the effect of the geometric constraints becomes
more pronounced and the full nanosegregation of the immiscible
arms is obstructed, promoting a formation of regions with mutually
correlated dynamics. Moreover, the alternating attachment of
the arms favors the dynamic heterogeneities in the vicinity of
the star core.

This work is a part of an extensive bottom-up study concerning
structural and dynamical properties of nanosegregated materials
consisting of mikto-arm stars. Building up on the information
obtained from single-star simulations, the aim is to detect and
quantify factors affecting the properties on intra- and inter-
molecular level in more complex systems, as for example in self-
assembled structures.’®'” Due to their spatio-temporal hetero-
geneities, such materials consisting of mikto-arm stars have
been tested as possible candidates for high performance solid
polymer electrolytes for next generation of energy storage
materials."”” Moreover, due to the analogous arrangement of
the immiscible components, we believe that our results can be
extended to the systems of binary hairy nanoparticles in the
same environment, with high grafting density and the size of the
nanoparticle much smaller than the size of the grafted arms.
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