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Abstract: We investigate nanoparticle (NP) dispersion, polymer conformations, entanglements and
dynamics in ionic nanocomposites. To this end, we study nanocomposite systems with various
spherical NP loadings, three different molecular weights, two different Bjerrum lengths, and two
types of charge-sequenced polymers by means of molecular dynamics simulations. NP dispersion can
be achieved in either oligomeric or entangled polymeric matrices due to the presence of electrostatic
interactions. We show that the overall conformations of ionic oligomer chains, as characterized
by their radii of gyration, are affected by the presence and the amount of charged NPs, while the
dimensions of charged entangled polymers remain unperturbed. Both the dynamical behavior of
polymers and NPs, and the lifetime and amount of temporary crosslinks, are found to depend
on the ratio between the Bjerrum length and characteristic distance between charged monomers.
Polymer-polymer entanglements start to decrease beyond a certain NP loading. The dynamics of
ionic NPs and polymers is very different compared with their non-ionic counterparts. Specifically,
ionic NP dynamics is getting enhanced in entangled matrices and also accelerates with the increase
of NP loading.

Keywords: ionic interactions; entangled polymers; charged nanoparticles; structure; crosslinks;
dynamics; entanglements

1. Introduction

Polymer nanocomposites have received special attention from academia and industry during
the last 30 years, due to their improved properties [1-7] in comparison to polymer blends.
Nanoparticle (NP) dispersion [8-15] is necessary for effective reinforcement [9,16] in the matrix
and is a prerequisite for property “tuning” [17] and enhancement. There is strong motivation to
explore and interrelate polymer conformation, entanglements, dynamics and structure, since these
can influence macroscopic properties. One way to provide NP dispersion is to let the interaction
between NPs and chains to be of an ionic nature [18-20]. The presence of oppositely charged
ions at the polymer/nanofiller interphase can promote dispersion [21-25]. This relatively
new class of ionic nanocomposites combines filler reinforcement with the reversibility of ionic
interactions [23]. Despite the improved mechanical performance, the reversible feature of ionic
bonds, that can break and reform under certain conditions [21], has led to smart materials for
self-healing [25,26], shape-memory [21,22], piezoelectric [27], and mechanochromic [28] applications
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due to their ability to respond directly under a certain chemical or physical stimulus. For instance,
nanocomposites based on imidazolium-functionalized polyurethane and surface-modified sulfonate
silica (5i07) NPs have revealed not only unprecedented mechanical properties with simultaneous
improvements in stiffness, toughness and extensibility but also a scratch recovery ability [21].
A blend of surface-ionic charged silica and imidazolium chain-ends functionalized polylactide
(PLA) and poly[e-caprolactone-co-D,L-lactide] (P[CL-co-LA]), has led to ionic nanocomposites
with a shape-memory property, due to the dynamic nature of the ionic interactions [21,22,29,30].
Commercially available PLA were blended with polyurethane-grafted imidazolium moieties and
surface-modified sulfonated silica NPs resulting in ultra-tough PLA ionic nanocomposites [23].
Such composites offer a broad range of application, including antibacterial surfaces that can prevent
bacterial attachment and biofilm formation as a result of the ionic charges within the interphase
between the polymer matrix and the NP surface [31].

NPs functionalized with ionically modified coronas in matrix-free “nanocomposites”, such as
hairy NP assemblies, are able to homogeneously disperse [19,32,33]. In addition, highly dispersed
ionic silica and poly(ethylene oxide) nanocomposites were made by mixing end-functionalized
amine-terminated polymers (PEO-NH;) with the inherently acidic hydroxyl groups present on the
surface of silica NPs [18]. Adding nanosilica to the PEO-NHj; led to negatively charged silica from
the reaction between the protons from the silanols with the terminal amine groups on the PEO. As a
result, an exceptional degree of dispersion of the silica in the polymer and high degree of order
in both thin film and bulk forms was achieved [18]. For matrix-free model systems [34,35] it was
observed that NPs diffuse similarly to a polymer solution [36-38], while chains diffuse faster than
NPs [39]. Ionic interactions are also included in the case of ionomers in which the morphology and
phase behavior depend on the electrostatic strength [40-42]. In particular, ionic clusters are formed by
increasing the electrostatic strength developed from linear to branched structures [40]. In a simulation
of ionomer (poly(ethylene-co-methacrylic acid)) nanocomposites [43], it was observed that ions were
depleted around a neutral NP, but they were denser relative to the bulk value in the case of a sticky NP.
In addition, ionomers move closer to the NP under conditions of high ion density [43].

Despite their potential applications, and to the best of our knowledge, no fundamental research
has been performed to date on ionic entangled polymers reinforced with ionic NPs in order to
understand and investigate the ionic interactions, interphasial region, and NP dispersion state of
the nanocomposite. In particular, we are not aware of any experimental measurements on polymer
dimensions, structure or dynamics in ionic nanocomposites. We set out to investigate how the
ionic (electrostatic) interaction between NPs and entangled polymers impact the NP dispersion state,
polymer structure, dimensions, dynamics, and entanglements.

This paper is organized as follows: In Section 2, the methodology and simulation details of the
present study are described. We begin by investigating the structure of polymers and NPs in the
polymer melt (Section 3.1). We report the polymer dimensions of all the nanocomposites studied as a
function of NP loading and different polymer charge density in Section 3.2. Subsequently, in Section 3.3
we calculate and compare the dynamics of NPs for all nanocomposites, where good NP dispersion can
be achieved for different polymer charge densities. We further study chain-NP crosslinks, and their
lifetime distributions (Section 3.4). Section 3.5 is devoted to the analysis and role of entanglements
present in the nanocomposites. Finally, in Section 4, conclusions are presented.

2. Methodology

Full atomistic simulation of a polymer ionic nanocomposite is out of reach nowadays. We are
therefore using a coarse-grained model that is known to capture the relevant dynamics and structure
of simple polymeric systems and detailed enough to study the effect of charge sequence on material
behavior. There are a few attempts that aim at coarse-graining similar but uncharged systems based
on atomistic simulation [16,44-46].
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Our model systems (Figure 1) are composed of spherical NPs and multibead-spring linear polymer
chains (so-called Kremer—Grest model [47]), where each bead represents a number of monomers [48,49].
Adjacent beads within chains are connected by anharmonic springs, while the impenetrable NPs are
modeled as rigid, mobile objects of which the surfaces are covered by beads. Polymeric and surface
beads may or may not carry a permanent charge, while the systems are overall neutral in each
case. We use Lennard—Jones (L]) units throughout this manuscript, so that all quantities are given as
non-dimensional numbers. They receive their dimensional counterparts through their physical units
and the dimensional length, time, mass, and charge units, as described in Table 1, which we (can)
assign afterward [50], so that all results presented hold up for arbitrary choices of real materials.

polymer charge sequence types
el @-@-0-0-0-0-0- DO OO
end-charged @—@- @000 O DO OO
1 2 3 4 N
picharged - @-@-@-0-0- 0O (DO OO

@)

(b) (c)

Figure 1. (a) The three polymer charge sequence types considered in this work. Each green bead carries
a single positive charge g. (b,c) Equilibrium 3D orthographic snapshots at a nanoparticle (NP) volume
fraction of ¢ ~ 37%. (b) Non-dispersed system of end-charged N = 40 chains, and (c) dispersed system
of periodic p3-charged N = 100 chains. The former system (b) consists of 27 NPs and 270 chains in
a simulation box with dimensions of 27.6 x 27.6 x 27.6, and the latter (c) of 36 NPs, 144 chains in a
simulation box of the size 30.34 x 30.34 x 30.34. Green spheres show positively charged monomers,
and purple spheres the negatively charged NP surface beads. Neutral NP surface beads and monomers
are shown by yellow and (small) red spheres respectively. Bond connections between successive
monomers within the chains are shown by red cylinders.

Table 1. Lennard-Jones (L]) units (first four columns), and derived units (remaining columns) used in
this manuscript. The constant ¢y denotes the vacuum electric permittivity, kg is Boltzmann’s constant,
and m the mass of a single monomer bead.

Length Energy Mass  Charge Time Pressure Temperature Spring Coefficient
o € m Varegoe Vmo?/e e/o? e/kg €/o?

To be more specific, adjacent beads i and j separated by spatial distance r;; within polymer chains
are connected using finitely extendable nonlinear elastic (FENE) springs [47,51-56]:

1
Vi = — KRG In 5| )
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when in applying Equation (1), the maximum bond length and spring coefficient were set to Ry = 1.5
and k = 30, respectively, as in previous works on neutral polymers [47,52]. All beads interact via
a truncated, purely repulsive L] potential Vl]LJ , the corresponding force of which acts along the line
between the centers of mass of two particles [57]. It is given by:

12 6

o ol

L _ y o _ "y 3y 1/6 ..

Vi =4 (r..12 r.e) P TS 2000 @)
ij ij

where 7;; represents the spatial distance between any beads i # j. The entanglement length [58] of this
model is N, ~ 86 by the modified S-coil estimator [59], the bond length is approximately unity, and the
characteristic ratio is Co ~ 1.7 at our chosen temperature T = 1.25 (Supplementary Figure S1b).
The Lorentz-Berthelot mixing rule ;; = (0; + 07) /2 [57] is used; ¢; = 1 if particle i belongs to the set
of monomers, and 0; = 0.4 if i belongs to the set of surface beads of the NPs. In addition, the coulombic
interaction between charged beads in the polymer matrix and on the NP surface is incorporated and
given by:

Vig;oulomb — M (3)
ErTij
with q; = +g for charged monomers and q; = —gq for charged NP surface beads, where g is the

elementary charge of proton e in LJ units, i.e.,, § = e/+\/4megoe. Here, ¢, denotes the effective
relative dielectric constant of the composite system, which is usually deduced from the dielectric
constants of the two constituents by a mixing expression such as the Maxwell-Garnett mixing rule
based on an effective-medium theory [60,61]. Many non-conjugated polymers have a low relative
dielectric constant, which decreases with the molecular weight and temperature, near nanosilica ¢,
value, thus we adopt the same &, value, in this study, for polymers and NP fillers as in previous
studies [34,35], and do not consider any ¢-dependence of the effective ¢,. Our choice for &, will be
discussed further below. All NPs are equally and negatively charged; Q of its surface beads carry
a negative charge —g. The molecular dynamics simulations were performed using the LAMMPS
package [62]. The long-range electrostatics were computed using the particle-particle particle-mesh
(PPPM) method [41] with an accuracy of 10~*. Details of the ionic nanocomposite systems studied,
including NP volume fraction ¢ (%), the number of spherical NPs nnp, polymerization degree N,
number of n chains, individual NP negative charge Q, and charge distribution on chains (Figure 1a),
are summarized in Table 2.

The modeled polymer nanocomposites consist of spherical rigid NPs with the baseline radius
of 3.75 (implying an effective NP radius of rnp = 3.75+ 0.7/2 = 4.1), and fully covered with
720 surface beads. The NPs used in our study are hollow. Such an NP model is used to mimic
nanosilicas in a dense melt, and has been utilized in other studies [63,64] as well. In experiments
of ionic nanocomposites, nanosilicas are surface modified with a sulfonate group, SO, that carries
the charge [21,22]. We thus distribute the charge of an NP over its surface. A snapshot of a modeled
nanocomposite, created by means of VMD software [65], can be seen in Figure 1. The mass of the NP
surface beads, mnp = 0.49, is chosen so that the NP mass density, calculated as pnp = 720 x mnp/ Vap
with Vp = 4/37r3p, is ~1.5 times the mass density of the polymer matrix with monomer mass
of m =1, calculated from p = nNm/V (1 — ¢) with the simulation box volume V, and NP volume
fraction ¢ = nnpVnp/V. All simulations were started from relaxed configurations of conventional
non-ionic nanocomposites [66] with all Coulomb interactions turned off, at pressure P = 4.84 and
temperature T = 1.25, resulting in equilibrium mass densities of ~0.82 for monomers and ~1.22 for
NPs. The linear size of the simulation cell was always larger than the root mean square end-to-end
distance of the polymer chains. We performed a system size analysis and found that the nanocomposite
systems considered throughout this study are indeed large enough, thus the finite-size effects are
negligible (see Supplementary Figures 57 and S8). Subsequently, the charges were assigned to the
monomers and NP surface beads, and NVT simulations were performed at T = 1.25 by means of a
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Nosé-Hoover thermostat with a damping time of 0.4 [56,67]. A time step equal to At = 0.004 was used
for polymer melts and nanocomposites. For some cases with relatively large charge density on the NP
surface, a smaller timestep of At = 0.002 was used.

Table 2. Charged nanocomposite systems studied for matrices containing chains with N = 40,
N =100, and N = 200 beads. NP volume fraction ¢ (%), number nyp of spherical NPs of identical
radius rnp, polymerization degree N, number of such chains #, and individual NP negative charge Q.
Charge distribution on chains is denoted by the type attribute. Type ‘ends’ if all polymers chain ends
(terminal beads) are charged, and ‘p3’ if every 3rd monomer is periodically charged along the polymer
backbone (including chain ends), c.f. Figure 1a. The number of charges per polymer is nnpQ/#n in
each case. NP dispersion :: is detected for systems marked by a checkmark. This table is for systems
with €, = 24, while systems with ¢, = 12 had been studied as well. The exact volume fractions are
mentioned in the figures, for the purpose of this table they are precise by £0.1%. Neutral counterparts
have been equilibrated in addition for all the listed systems.

¢  Charge Oligomer N = 40 Polymer N = 100 Polymer N = 200
+0.1% Type nnp n Qlg nNnp n Qlg = nne 1 Qlg
6.2%  ends 3 270 180 v 4 144 72 Vv 4 72 36 V
6.2% p3 3 270 1260 v 4 144 1224 v 4 72 1206 v
11.6% ends 6 270 90 Vv 12 216 36 vV 12 108 18 v
11.6%  p3 6 270 630 v 8 144 612 v 8 72 603 Vv
20.8% ends 12 270 45 v 24 216 18 x 24 108 9
20.8%  p3 12 270 315 v 16 144 306 v 16 72 306 v
28.3% ends 18 270 30 Vv 36 216 12 x 36 108 6 x
28.3%  p3 18 270 210 v 24 144 204 v 24 72 201 V
37.1% ends 27 270 20 x 36 144 8 x 36 72 4
371%  p3 27 270 140 v 36 144 136 v 36 72 134 Vv

The Bjerrum length Ap indicates the length scale at which the magnitude of the electrostatic
interaction equals the thermal energy. It is thus obtained from Equation (3) as

2

Ag = S‘LT @)
In the following, we estimate and then fix the Bjerrum length Ap through an (approximate)
mapping of the simulated systems with existing materials. Imidazolium-functionalized polyurethane
(PU)/silica [21] and poly(ethylene oxide) (PEO)/silica [68] nanocomposites have been studied in the
melt state at around T =~ 333 K, thus implying € ~ 266kp, and the nanosilica diameter of around
10 nm that results in ¢ = 1 nm. Therefore, the parameter g, which is the ratio between the elementary
charge e and L] charge unit as described in Table 1, is calculated and set as g ~ 7.92. While depending
on molecular weight and the temperature the dielectric constant of PEO melt varies, we consider an
effective dielectric constant of ¢, = 24, which is around the values reported in [69,70], implying a
Bjerrum length of Ag ~ 2.1. For our p3-charged system this choice is compatible with a Manning
number [71] (ratio between Bjerrum length and mean spatial distance between charges) close to unity,
if the above values for C and bond length are used. We also study the effect of strength of electrostatic
interactions by simulating a set of replicate systems with a different effective dielectric constant of

g, = 12, or equivalently a stronger Coulomb interaction with a Bjerrum length of Ap ~ 4.2.

3. Results and Discussion

3.1. Nanoparticle and Polymer Structure

Having equilibrated all the ionic nanocomposites we are in the position to analyze their structural
and morphological properties based on the available trajectories of monomers and NPs. In particular,
we show in Figure 2 the radial distribution functions (RDFs) of the NP center-monomer and NP
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center-NP center for the three different types of polymers (neutral, end-charged, and p3-charged)
all with N = 100, at an NP volume fraction of ¢ = 20.8%. As can be seen, the NP center-monomer
RDFs exhibit a surface layering structure for all types of chains. For neutral polymers, the first peak
of the NP center-NP center (Figure 2b), at distance r = 8, is much higher than the first peak of NP
center-monomer (Figure 2a), signaling strong aggregation as indicated in Figure 2c. We observed
such aggregation in all neutral (non-ionic) nanocomposites simulated in this study. In experiments
of conventional (non-ionic) nanocomposites (such as polystyrene/silica nanocomposites), a phase
separation has been observed when Ry < ryp [72,73]. In addition, in polyurethane/silica
nanocomposites, phase separation is observed when there is no charge functionalization of the PUs
and nanosilicas [21]. In our case, for polymers carrying charges on their terminals, the NP center-NP
center first peak of the RDF (Figure 2b) has a value large compared with the first NP center-monomer
peak of the RDF (Figure 2a). This means that NPs are clustered (not dispersed) (Figure 2d) in the
nanocomposite. The extent of clustering depends on the matrix molecular weight as was also observed
by a previous study [74]. To be specific, clustering is observed for NP volume fractions ¢ > 11.6%
for matrices composed of end-charged N = 100, 200 polymers. However, NP dispersion is observed
in the presence of an unentangled matrix (end-charged N = 40) up to ¢ = 28.2%. In stark contrast,
for p3-charged polymers, there is no NP center-NP center peak at r corresponding to the NP diameter
(r = 8), suggesting a nice dispersion of the NPs in these polymer matrices. In this case, there are
no contacts between NPs. Under such conditions, NPs prefer to be in contact with the polymers.
For such nanocomposites, a very strong layering can be observed for both RDFs, denoting a well
defined interphase around NPs (Figure 2a) and a snapshot of them is depicted in Figure 2e. We observe
a very similar interfacial behavior for the remaining polymer molecular weights (results not shown).

ends
neutral
—_— p3 N

@)

()

Figure 2. Radial distribution functions g(r) versus r in reduced L]J units (length unit ¢ ~ 1 nm) for a
system at NP volume fraction ¢ = 28.2% containing chains with a degree of polymerization N = 100.
(a) NP center-monomer and (b) NP center-NP center distribution functions for the three types of
chains. The insets show the corresponding values in the vicinity of the first peak in g(r). Only with
p3-charged chains the NP dispersion is achieved for this choice of N and ¢. The bottom row shows
corresponding top-view snapshots of systems for (c) neutral, (d) end-charged, and (e) p3-charged
chains. Only NPs are shown, and polymers are hidden, for the sake of clarity. Yellow and purple
spheres represent neutral and charged surface beads, respectively.
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Next, we focus on the radial distribution functions (RDFs) of the NP center-monomer and NP
center—charged monomer for the two different types of charged polymers with N = 200, at an NP
volume fraction of ¢ = 11.6%, where NPs in both systems are dispersed. We can clearly observe from
Figure 3 that the NP center—charged monomer RDF presents a much higher value of the first peak
(inset of Figure 3b) than that in the NP center-monomer RDF (inset of Figure 3a) [74]. This shows that
there are more monomer contacts between the charged monomers and oppositely charged surface
beads, than neutral monomers and neutral surface beads, due to the electrostatic attraction. In addition,
the RDF amplitude of the second layer of the monomers around the NP center exhibits almost the
same value for either charged or neutral monomers, whereas only the neutral monomers form more
layers (3rd, 4th layers) around the NP center. For end-charged polymers, the monomer layering is
much less significant farther away from the NP center.

w
T

g(r)

(a) (b)

Figure 3. (a) NP center—-monomer and (b) NP center—charged monomer radial distribution functions for
dispersed systems with a degree of polymerization N = 200, and an NP volume fraction of ¢ = 11.6%.
The insets show the corresponding values of the first peak in g(r).

The dispersion of the matrices with p3-charged polymers is evident from the NP center-NP center
RDFs for different NP volume fractions in Figure 4. Specifically, for the case of ¢ = 20.8% there is
a pronounced crystal-like structure of NPs in the matrix, as can already be deduced from the high
amplitude of the first (blue) peak in the RDF (Figure 4a,c). This structural ‘perfection” moderately
degrades when the NP loading is increased, as observed by the decrease of the amplitude of the largest
RDF peak (Figure 4a,e). Because the neighborhood remains intact, it comes at the expense of the
occurrence of additional side peaks. While it is not obvious from the projections shown, our 3D visual
analysis reveals that the structures are similar to a cubic body centered lattice at ¢ = 20.8% (Figure 4c),
hexagonal closest packing at ¢ = 28.2% (Figure 4d), and a cubic face centered lattice at the largest
¢ = 37.2% (Figure 4e). Supporting snapshots are available in Supplementary Figure S9.

20

20

T T
¢ =20.8% — ¢ =20.8%
—— ¢ =282% — ¢ =283%
15 F —o0=372% 1 15 F —— ¢ =372%

10 —= 10
> »

(a) (b)

Figure 4. Cont.
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(0) (d) (e)

Figure 4. NP center-NP center radial distribution functions for dispersed p3-charged systems with
a degree of polymerization (a) N = 100 and (b) N = 200. The bottom row shows the corresponding
top-view snapshots of N = 100 systems at the NP volume fractions of (c) ¢ = 20.8%, (d) ¢ = 28.2%,
and (e) ¢ = 37.2%. Only the NPs are shown here for the sake of clarity. Yellow and purple spheres
stand for the neutral and charged surface beads respectively. 3D views of the systems shown in (c-e)
are available in Supplementary Figure S9.

3.2. Polymer Dimensions

Here we focus our attention on the analysis of the size of polymers [72] residing in ionic
nanocomposites. The analysis will be performed exclusively on nanocomposites in which the NPs are
able to disperse in the polymer matrix. The squared radius of gyration Rg, of a molecule, defined as
the average squared distance between monomers and their molecule’s center of mass in a given
conformation is given by [49,66]:

N

1

RA(N) = 3 I_Vl (= rm)?), )

where 1oy, = N1 Y i—1 1; is the instantaneous center of mass of a chain. In Figure 5a, we show the R,
of the polymers for both unentangled and entangled chains for both types of charged polymers as a
function of the NP volume fraction when NP dispersion is achieved. The corresponding normalized
values Ry = Rg/ Rgewal are shown in Figure 5b. We note here that for neutral chains, we do not observe
any variation in Ry (within statistical uncertainty) at different NP loading and polymer molecular
weight. The systems behave like ideal chains with (Rg>2 ~ 0.265N, see Supplementary Figure S1.
We can observe in Figure 5b, that in entangled polymers (N = 200), R¢ remains unperturbed by NP
loading up to ¢ ~ 37% when Ry < 2rnp. However, for unentangled polymers (N = 40), Rq perturbs by
~ 10% at ¢ ~ 6% and very slightly at ¢ ~ 11%. For higher NP volume fractions R¢ (¢ > 15%), we do
observe polymer contraction for unentangled polymers (N = 40), as can be seen clearly in Figure 5b.
Although there are no Ry experimental measurements for ionic nanocomposites, there are a few small
angle neutron scattering (SANS) and small x ray scattering (SAXS) experimental measurements in
conventional (non-ionic) polymer /silica [72,75-77] or polyhedral oligomeric silsesquioxane (POSS) [78]
nanocomposites. In particular for polymer/silica nanocomposites, it was concluded that the Rg
was not altered by nanosilicas with up to 32% nanosilica loading if R¢ < 4rnp [72]. Only in the
poly(ethylene-alt-propylene) (PEP)/silica nanocomposites has Ry of PEP chains been observed to
contract at very high nanosilica loading (¢ =~ 50%) when R¢ > rnp but it remained unperturbed when
Re < rnp-
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Figure 5. (a) Radii of gyration R, for dispersed systems, (b) their normalized values Rg =Rgy/ R?emral,
both versus NP volume fraction. Dash-dotted lines are guides to the eye.

3.3. Chain Relaxation and Nanoparticle Mobility

In this section, we estimate the ability of chains to change their conformations and diffuse,
and investigate the mobility of NP in ionic nanocomposites. To calculate the chain’s orientational
relaxation time, we measure the autocorrelation function Cee(t) [79] of the chain end—end vector
Ree = ry — 17 defined by
<Ree(t) ) Ree(0)>

Cee(t) = <R2 > s

(6)

averaged over all chains and the equilibrium ensemble. The Ce(t) results for dispersed systems of
N = 40 chains are depicted in Figure 6a (end-charged) and Figure 6b (p3-charged chains). These graphs
show that the chain relaxation becomes faster as we increase the NP volume fraction, and a comparison
between these two graphs suggests that the chain relaxation is slower for p3-charged than end-charged
polymers at a given NP volume fraction. In particular, for the p3-charged systems, the chain end-end
vector almost never relaxes within a time span of ~10° L] time units at NP volume fractions of
¢ < 11.6%. We further calculated Ce. for p3-charged systems with N = 100 and N = 200, and noticed
the exact same behavior for low NP volume fractions (¢ < 11.6%). Therefore in this regime of volume
fractions the entire p3-charged nanocomposite system may be identified as a ‘solid’ rather than a ‘melt’.
We further complement this statement by additionally investigating the NP and chain center-of-mass
mobility, see discussions at the end of this section.

1 T T T 1 L
6 =10.0615

——$=10.061
——$=0.116 — ¢ =0.116
0.75 ——$=0.207 0.75F ——$=10.207 ]
— $=0282
] ]
L i <] L 4
»3’ 0.5 § 05
025} ] 025} i
0 PN 0 - Le
10 10° 10* 10° 10? 10° 10* 10°
t t
(@ (b)

Figure 6. Chain end-to-end vector autocorrelation function Cec () of (a) end-charged and (b) p3-charged
N = 40 chains for dispersed systems at various NP volume fractions. Dash-dotted line in (b) shows
the stretched-exponential fit to the numerical data of ¢ = 37%. In every case Cee(0) = 1.

To quantify the chain’s orientational relaxation for dispersed liquid-like systems, we fit
the numerical results of Cee(f) to the Kohlrausch-William—Watts stretched exponential function
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(dash-dotted line in Figure 6b), which is also suitable for describing the relaxation process in soft
disordered heterogeneous systems [79,80]. It is given by:

Ceelt) = exp |~ (t/7)P], %)
where B is the stretched exponent, and 7; is the orientational relaxation time associated with the

stretched exponential function. The average orientational relaxation time T of the chains is then
obtained by integrating Equation (7) as

= /O°° Cee(H)dt = T, (;) 3

where x! = T'(x + 1) denotes the generalized factorial or shifted gamma function. The average
relaxation time and the corresponding stretched exponent of all liquid-like dispersed systems are
shown in Figure 7a,b, respectively. For a given chain length, the average orientational relaxation
time for p3-charged chains exceeds that of end-charged chains, and at a given NP volume fraction,
the longer (entangled) chains relax more slowly than the smaller oligomeric ones. The results further
indicate that increasing the NP volume fraction makes the chains relax faster, and the change in
relaxation time with the NP volume fraction is more drastic for p3-charged chains compared with
end-charged chains. Increasing the NP loading makes it more likely for the positively charged chains
to find a negatively charged NP in closer proximity, thus enhancing the screening of the electric
field, and making the ionic interaction effectively weaker. Consequently, the chains relax faster as
reflected by their smaller end-end vector relaxation times. Similarly, changing from p3-charged to
end-charged chains at a given NP loading has the same effect. It decreases the polymer charge density
and thus makes the electrostatic interactions weaker. The chains can thus move more freely and
feature a smaller end-to-end relaxation time 7. The calculated stretched exponents f for the dispersed
systems are shown in Figure 7b. Their values are smaller than unity for all systems, meaning that
there is a distribution of relaxation times (compared to a mono-exponential decay) associated with the
chain relaxation, and § decreases with the increasing chain length. In fact, the trends of the stretched
exponent f are exactly the opposite of the mean relaxation time, i.e., the longer the chain relaxation
time, the smaller the stretched exponent. Furthermore, while B remains relatively insensitive to the NP
loading for end-charged chains, it increases with the NP loading for p3-charged chains, implying faster
chain relaxation and reorientation.
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Figure 7. (a) Average chain end-end relaxation time 7 and (b) the corresponding stretched exponent
for liquid-like dispersed systems. Dash-dotted lines are guides to the eye.

Next, we focus on translational aspects of NP mobility in these systems. In Figure 8 we show
the mean-squared displacements (MSD) of NPs in a polymer matrix composed of N = 40 oligomers.
Specifically, in Figure 8a,b the dynamics of NPs are compared between matrices of end- and p3-charged
polymers. We observe that in both types of matrices the NP MSD increases with increasing NP volume
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fraction. Such anomalous NP dynamical behavior is opposed to that observed in conventional
(non-ionic) nanocomposites containing attractive NPs [81,82], where NP loading hinders the dynamics
of the NPs. The anomalous behavior can be explained by the fact that at low NP loading, our NPs
contain a higher electrostatic charge in order to retain electrostatic neutrality in the nanocomposite.
This leads to a stronger electrostatic attraction between NPs and charged monomers at a smaller ¢.
Moreover, for p3-charged polymers the NP MSD (Figure 8b) is approximately two orders below that
for end-charged polymers (Figure 8a). Indeed, in the case of p3-charged polymers, the mobility of NPs
becomes negligible, whereas for end-charged systems, at an NP volume fraction ¢ > 11.6%, an NP
moves its diameter distance, at least, during the time of measurement. This dynamic discrepancy is
driven again by the different electrostatic strengths. In the case of end-charged polymers the total NP
electrostatic charge is relatively low. Accordingly, the electrostatic attraction between end-charged
polymers and NPs is much lower than between p3-charged polymers and NPs.

Such differences in electrostatic attraction strengths for these two types of charge-sequenced
polymers can be quantified by the ratio A/ Rcharges between the Bjerrum length (Ap) and the mean
spatial distance between charged monomers (Rcharges)- This dimensionless ratio is known as the
Manning number [71], which we adopt here from the field of polyelectrolyte solutions. For p3-charged
chains the Reparges is the spatial distance between every three monomers, while for end-charged
polymers it coincides with the end-to-end distance Ree.

Furthermore, we observe (Figure 8a) that NP dynamics is fastest in a matrix of end-charged
long polymers with N = 200 monomers, and slowest in a matrix of end-charged oligomers (N = 40).
This is in contrast to the dynamical behavior observed in conventional (non-ionic) nanocomposites [82].
In such nanocomposites, NP dynamics is faster in unentangled than in entangled polymer matrices [82].
However, in the present case of ionic nanocomposites, NP dynamics is driven by the electrostatic
strength characterized by the dimensionless Ap/ Reharges ratio. In particular, for end-charged polymers
N = 200 this number is smaller than for the shorter end-charged polymers N = 100, whereas the largest
ratio is seen for end-charged oligomers due to their relatively small Ree. The faster dynamics results
from the smaller Ap/Reparges ratio for the longer chains, while long chains are typically associated
with slow dynamics. Another way to alter the Ap/ Reharges is by altering the relative dielectric constant
¢r while keeping R narges unchanged. To verify this, we performed additional simulations with a
smaller e, = 12 for ¢ = 28.2% and observed that NP dynamics is reduced further (results shown
in Supplementary Figure S4a) for any polymer length due to the overall increase of dimensionless
electrostatic strength (Ap ~ ¢, 1 according to Equation (4)).
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Figure 8. Mean-squared displacement (MSD) of NPs for with (a) end-charged and (b) p3-charged
N = 40 chains for dispersed systems at different NP volume fractions. Dashed and dash-dotted
lines in (a) show the MSD for systems with NP loading of ¢ = 11.6% of end-charged chains with
polymerization degrees N = 200 and N = 100, respectively. (c) MSD of polymer center-of-mass for
NP loading of ¢ ~ 37% (solid lines), ¢ = 20.8% (dotted lines), and ¢ = 11.6% (dash-dotted lines) for
p3-charged chains. Dashed black lines in (c) indicate the diffusion limit where MSD(#) o .

Finally, we place our emphasis on the translational aspects of polymer mobility in these systems.
The mobilities of the chain’s center-of-mass (COM) for p3-charged chains of different molecular weights
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are shown in Figure 8c. A comparison between the mobility of chains and mobility of NPs, performed
in Figure 8b,c, shows that the chains are more mobile than the NPs. For example, p3-charged chains of
N = 40 at an NP loading of ¢ = 37% exhibit an MSD three orders of magnitude larger than the NP
MSD. For the smaller ¢ = 11.6% it is one order of magnitude larger in the timespan of ~210° time units.
Figure 8c further suggests that at the small volume fraction of ¢ = 11.6%, the chain COMs do not
diffuse and are effectively immobile in the observation timespan (~10° time units), as they move less
than one atomic diameter, or a fraction of their R,. This observation, together with the extremely small
NPs mobility, implies a solid-like behavior of the p3-charged systems in the small NP loading regime.
In addition, comparing the COM MSDs of chains for different degrees of polymerization at high NP
loading, reveals that shorter chains are more mobile in the matrix, and can even reach the diffusion
regime (where MSD(t) « t) within the simulation production time of ~10° LJ time units, as indicated
by the dashed lines in Figure 8c. Furthermore, the dynamics of chain COMs at ¢ = 20.8% is slower
than those at ¢ = 37% due to the higher electrostatic attraction between ionic polymers and NPs
at low NP loading. Such dynamic behavior of ionic nanocomposites is the opposite to the behavior
observed in conventional (non-ionic) nanocomposites, where polymer dynamics is hindered by the
NP loading [81-83]. Furthermore, in nanocomposites with reduced e, = 12 at ¢ = 28.2% we observe
that the mobility of chain COMs is reduced in comparison to in the case of ¢, = 24 for any polymer
length (results shown in Supplementary Figure S4b) due to the increase in electrostatic strength.

Furthermore, we calculated the MSD of monomers located within the interphase region—which is
considered within half Ry distance from NP surfaces [84,85]—and compared it with the corresponding
values for “bulk” monomers farther away (Supplementary Section 8, Figures S16 and S17).
For end-charged chains, the bulk monomer dynamics is rather insensitive to the NP loading, while it
increases with NP loading within the interphase. In the case of p3-charged systems, the monomer
dynamics enhances within both the interphase and bulk regions with NP loading. The heterogeneity of
monomer dynamics between the bulk region and interphase is larger for p3-charged than end-charged
chains. In addition, at a given volume fraction ¢, monomer dynamics within the interphase is found to
be slower for unentangled (N = 40) than for entangled (N = 100, 200) chains.

3.4. Polymer—Nanoparticle Temporary Crosslinks

In this section, we focus on explaining the different dynamical behaviors observed for the two
different types of ionic polymers (end- and p3-charged) studied. To this end we reveal further details of
the interaction between the ionic polymers and NPs. In particular, in Figure 9 we show the probability
distribution P(X) of a single p3-charged entangled polymer establishing temporary crosslinks [21]
with X different NPs simultaneously. We define a temporary crosslink between a polymer and an NP
to be formed when one (or more) monomer(s) from the chain comes into the r = 1 neighborhood of
an NP surface. The distribution P(X) becomes broader with NP loading as well as with the chain
length N (Figure 9). For instance, for the highest NP loading for N = 200, there is an extremely high
probability of the charged polymers forming temporary crosslinks with eight NPs, while for N = 100,
they are more likely to form temporary crosslinks with five NPs. By reducing the NP loading, less NPs
are involved in the formation of temporary crosslinks, and the distribution becomes more abrupt.
P(X) was also calculated for entangled dispersed systems of end-charged polymers. The result for
N =200 at ¢ = 11.6% is shown in Figure 9b with a dash-dotted line for comparison. The distribution
is shifted to the left compared to the p3-charged systems at the same NP loading, suggesting that
p3-charged chains are capable of temporarily crosslinking more NPs at a given NP loading. Moreover,
for nanocomposites with a lower ¢, = 12 at ¢ = 28.2% we observe that the shape of the distribution
P(x) remains unchanged for each polymer length, while the amount of temporary crosslinks is slightly
reduced (results shown in Supplementary Figure S5a).
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Figure 9. Probability P(X) of a single p3-charged chain with (a) N = 100 and (b) N = 200 monomers
to crosslink X different NPs simultaneously, normalized such that }_; P(X;) = 1. Shown are results
for dispersed systems at different NP volume fractions. For comparison, the dash-dotted line in (b)
corresponds to an end-charged system at ¢ = 11.6%. The lines are guides to the eye.

In addition, we calculated the probability of a temporary crosslink between polymers and NPs
remaining intact (lifetime), f(t) over a certain time ¢, given that the crosslink existed at some reference
time t = 0 (Figure 10a). A different behavior is observed with the NP loading. At a low NP volume
fraction (¢ < 11.6%), f(t) remains constant over time or p3-polymers, thus implying a formation
of ‘apparent’ permanent crosslinks because of the strong electrostatic attraction between charged
monomers and highly charged NP surface beads. However, at a high NP volume fraction, f(t) decays
by approximately 55% until t = 10%. This is due to the lower total charge that NPs contain at the
high NP loading. As a consequence, the electrostatic attraction between polymers and NPs is weaker
at a high NP loading, thus the probability of a polymer-NP temporary crosslink remaining intact
reduces with time. Instead, in the case of end-charged polymers f(t) decays much faster although the
NP volume fraction is low. This particular result exemplifies the different behavior of the crosslinks
formed by differently charged polymers, and explains the different NP dynamics that we observed
for the polymer matrices with identical molecular weight (Figure 8). The crosslinks formed between
NPs and end-charged polymers cannot be sustained and break down in a shorter time. Moreover,
for nanocomposites with a smaller ¢, = 12 at ¢ = 28.2% we observe that f(t) decays more slowly,
for instance, it reduces by approximately 20% during ¢t = 10* (results available in Supplementary
Figure S5b).

0.75
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Figure 10. (a) Survival probability f(t) of a polymer-NP crosslink to remain intact at f given that it
already existed at an arbitrary reference time ¢ = 0. (b) The corresponding temporary crosslink lifetime
distribution p(t), normalized such that [ p(t)dt = 1 over the simulation timespan. Data shown for all
dispersed systems of N = 200 containing p3-charged chains forming either ‘temporary’ or “apparent’
crosslinks in (a), and only liquid-like systems with temporary crosslinks in (b). Dash-dotted lines in (a)
and (b) correspond to a end-charged system at ¢ = 11.6%.
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We further calculated the lifetime distribution p(t) of temporary crosslinks for liquid-like
(¢ > 11.6%) dispersed systems of p3-charged polymers with N = 200 (Figure 10b). It indicates
that the system with NP loading of ¢ = 20.8% exhibits more long-lasting crosslinks with a lifetime
t > 2000 than the systems with a higher NP loading. Furthermore, the tails of the distributions
(t > 10%) imply that increasing the NP loading reduces the probability of a prolonged crosslink lifetime.
Due to the simultaneous decrease in the electrostatic attraction, this is in accordance with the results
we obtained for f(t). The dash-dotted green line in Figure 10b corresponds to the system with an
NP loading of ¢ = 11.6% in an end-charged N = 200 matrix; it indicates a lower probability for long
lifetime crosslinks compared with the p3-charged systems. The continuity equation for crosslinks
formation/destruction, considering the time reference at t = 0 (without the loss of generality) follows
from the relation

FO) - £ = =7 @) + [ £10) [ p—s)ans, ©

where the left-hand side is the normalized number of crosslinks generated and still existing at time ¢.
The first term on the right-hand side is the total normalized number of newly generated crosslinks in
the timespan of [0, t], and the second term is the fraction of them destroyed when time f has passed.
After rearranging and differentiating both sides of Equation (9) with respect to t using Leibniz’s rule

£t
(t) = =% (10)

T
which provides an alternative analytical formula to compute the temporary crosslink lifetime
distribution p(t) from f(t). We find excellent agreement between this theoretical formula and the

numerical results of p(t), see Supplementary Figure S6.

we have

3.5. Entanglement Network

The observed formation of crosslinks, which result in a temporary network of chains
interconnecting different NPs might have an effect on the number of entanglements present in
these nanocomposites, as the classical disentanglement process gets distorted. To investigate this
issue we performed an entanglement analysis on all dispersed ionic nanocomposites, using the Z1
algorithm [86]. In particular, we calculated the primitive path networks of the charged polymers for
all NP loadings, from which we obtain the number of “kinks” considered to be proportional to the
number of entanglements per chain. Upon inspecting the positions of the kinks and NPs we can assign
each kink to belong to either the group of polymer—polymer entanglements (amount of such kinks per
chain denoted as Z) or the group of NP-polymer entanglements (denoted as Znp). Following previous
works [87-89], we undertook this analysis with two limits: the phantom limit, where NPs are simply
ignored, and the frozen limit, where NPs serve as obstacles but do not move during the minimization
procedure. Snapshots of ‘frozen” entanglement networks for selected systems are shown in Figure 11
and Supplementary Figures S14 and S15. They will be discussed further below. Entanglement points
residing on the primitive paths are colored by their distance to the closest NP: from red (close to the
NP surface) to blue (maximally far away from the NP surface).
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@) (b) (0)

Figure 11. Entanglement network. 3D snapshots of entanglements (colorful spheres) residing on the
multiple disconnected shortest path (gray cylinders) for dispersed p3-charged chains of (a) N = 40,
(b) N =100, and (c¢) N = 200 at an NP volume fraction of ¢ ~ 11.6%. The entanglements (spheres)
are colored based on their distance to their closest NP, from red (smallest distance) to blue (largest
distance). The polymer chains are not shown here for the sake of clarity. 2D-view snapshots of these
three entanglement networks are shown in Supplementary Figure S14.

The effect of NP volume fraction on the resulting number of entanglements is provided by
Figure 12a,b. For the entangled p3-charged systems (N = 100, 200), we find that Z is almost constant
at low NP loadings (¢ < 11.6%) below the percolation threshold (¢. ~ 16%) [90] and tends to decrease
with increased NP loading % (Figure 12c). The p3-charged chains therefore disentangle at ¢ > 11.6%.
This explains why the chain’s dynamics are getting enhanced (Figure 8c) with increased NP loading
up to some NP volume fraction (¢ = 28%). Beyond this fraction, Z no longer changes and remaining
changes in the translational dynamics of p3-charged polymers must be governed by the presence
of NPs, and their interaction with the polymers. In the case of end-charged polymers, we show in
Figure 12 that Z is also reduced within the available small window, located below the percolation
threshold (¢, = 16%) [90] ), where the systems are dispersed. In the case of end-charged oligomers,
there is only a slight decrease of Z with NP loading. In this case, the charge distribution seems to
affect the degree of polymer—-polymer entanglements for N = 100,200. As can be seen by comparing
Figure 12a,c, all these trends are insensitive to the method we use (frozen versus phantom), since there
are few polymer-NP entanglements (Figure 12b) [89]. Nevertheless, their amount increases with an
NP loading up to ¢ ~ 28%. Once polymers reside in voids created by neighboring NPs, there will no
longer be any NP-polymer entanglements, and Zyp must ultimately drop to zero. Assuming random
walk statistics of the primitive path, the behavior of the degree of polymer entanglements is intimately
related to the ratio between the contour length of the primitive path, Lpp, and the end-to-end distance

of the polymers. The contour length ngantom

of the primitive path in the phantom limit is therefore
shown in Supplementary Figure S10 for all charged systems.

So far, we have discussed the total number Z + Znp of entanglements per chain. The rheologically
relevant entanglement number density g, = (Z + Znp)n/V (1 — ¢) is shown in Figure 13c. We also
evaluated the underlying radial density p.(r) as a function of the distance to NP centers (Figure 13a,b).
This carries information about the density of entanglements that goes far beyond the Zyp/Z ratio.
To make sure that these densities are not biased by the presence of neighboring NPs, we determined
pe(r) using entanglements and spherical shell volumes residing within the Voronoi volume of their
nearest NP (details in Supplementary Section 7). Density profiles are shown for extreme cases
observed at ¢ = 11.6% (Figure 13a) and ¢ = 28.3% (Figure 13b). At the lower ¢, the p, reaches
its maximum for p3-charged systems, while the situation is reversed at the larger volume fraction.
The p3-charged systems show a pronounced tendency for entanglements directly at, or not far from
the NP surface. This tendency diminishes with increasing ¢ (note the different scales on the y-axes),
while the end-charged systems can be considered more homogenous and less sensitive to variations of
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NP loading. It is only the end-charged N = 200 systems that clearly reach a bulk plateau, while the
short p3-charged N = 40 do not seem to exhibit any entanglements in space half way between NPs
(confirmed by Figure 11a). This is supported by their tendency to increase their Ry with decreasing
¢ (Figure 5b). The p3-charged oligomers tend to stretch out due to the intramolecular repulsion.
The profile suggests that they seem to be almost completely unentangled in the bulk, i.e., far away
from the NP surfaces. We confirmed this by independent simulations of a bulk system containing
p3-charged chains. The remaining low-¢ systems shown in Figure 13a have not reached a plateau yet,
while their bulk entanglement densities remain finite.
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Figure 12. Mean number of (a) polymer—polymer entanglements per chain Z and (b) polymer-NP
entanglements per chain Zyp, both calculated in the frozen NP limit. (c) Polymer—polymer
entanglements per chain Zj in the phantom-limit (NPs ignored in the analysis). Data shown only for
dispersed systems as a function of NP volume fraction. Dash-dotted lines are guides to the eye.
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Figure 13. (a,b) Selected radial number density profiles of entanglements from NP center p, (), and (c)
the average number density of entanglements in the system p, for all dispersed systems (¢, = 24).
Data in (a) corresponds to ¢ = 11.6% (all dispersed), and in (b) to ¢ = 28.3% (all dispersed except the
end-charged N = 200 that had been included for comparison). For the p3-charged systems of (a,b)
snapshots of their entanglement networks are available in Figure 11 and Supplementary Figure S15,
respectively.

4. Conclusions

To summarize, we investigated the structure, conformations and dynamics of unentangled
and entangled polymers in ionic nanocomposites, up to approximately 40% NP loading, using a
coarse-grained model for ionic polymers and NPs by means of molecular dynamics simulations.
We observed structural and dynamical behavior different from that known for conventional (non-ionic)
nanocomposites. In particular, we observed that dispersion, NP dynamics, and polymer-NP crosslinks
depend on the ratio Ap/ Reharges rather than on the matrix molecular weight. Specifically, NP dynamics
is faster in entangled end-charged polymer matrices than in unentangled end-charged polymer
matrices, since the ratio A/ Rcharges 1S smaller. This is the opposite of the dynamic behavior observed
in conventional nanocomposites. NP dynamics also depends on the type of matrix that is dispersed,
and slows down very dramatically in the case of p3-charged polymers. Moreover, the decrease of the
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relative dielectric constant of the nanocomposite further influences chain dynamics by altering the
electrostatic strength, again characterized by Ap/Rcharges- Temporary crosslinks show a behavior that
depends on the type of charged polymer matrix. We have observed that the average radii of gyration
of entangled chains (N = 200) are unperturbed by charged NPs in ionic nanocomposites at any NP
loading up to ¢ = 37%, as long as the gyration radius does not exceed the NP diameter, R¢ < 2rnp.
The entanglement behavior of long p3-charged chains observed in our study with NP volume fraction is
qualitatively similar to conventional (non-ionic nanocomposites) [87,91,92]. The average entanglement
number density depends on both the Ap/Rcharges ratio and matrix molecular weight. We are planning
to investigate the amount of entanglements and temporary crosslinks, expected to play important roles
in the nonequilibrium mechanical behavior of the ionic nanocomposites, in the near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/11/
2591/s1, Figure S1: R%, versus N, Figure S2: Cumulative radial distribution of NP-NP distances, Figure S3:

Additional radial distribution of NP-NP distances, Figure S4: Additional MSDs of NPs and polymers, Figure
S5: Additional crosslink and survival probabilities, Figure S6: Test of Equation (10), Figure S7: Analysis of
system size effects, Figure S8: Analysis of system size effects, Figure S9: 3D snapshots, Figure S10: Primitive
path length Lpp, Figure S11: Additional entanglement number density version II profiles, Figure S12: Additional
entanglement number density version I and II profiles, Figure S13: Hypothetical number of entanglements around
an individual NP, Figure S14: Entanglement networks at ¢ ~ 11.6%, Figure S15: Entanglement networks at
¢ ~ 28.3%, Figures 516 and S17: MSD of monomers at interphase and bulk regions.
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