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Abstract The dynamic density functional theory is applied to study the diffusion of nanoparticles in polymer solutions, in which
different diffusion modes have been identified by exploiting the density and free energy evolutions. Under the condition of low polymer
concentration, diffusion is controlled by particle free motion with a normal Gaussian type. As the concentration increases, the non-
Gaussian behavior can be observed when the particle size is comparable to the correlation length of polymer chain. Particles need to
penetrate through a cage and overcome an entropic barrier, where the hopping and the model-coupling diffusion coexist. Further increase
of polymer concentration can result in complete restriction of the particle by surrounding polymer segments. In this case, the non-Gaussian
process fades away, and particle diffusion is controlled by Rouse dynamics of polymer chains with the generalized Gaussian

characteristics.
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INTRODUCTION

The diffusion of nanoparticles in polymer solutions is of
broad interests in physics, material science, cell biology, and
medicine.' ) In simple liquids, nanoparticle diffusion
follows the well-known Stokes-Einstein (SE) relation.’] In
some polymer solutions, however, experiments indicated
that the motions of nanoparticles are significantly faster
than the predicted limit given by the SE relation,!®° and the
radius of gyration, Ry, of polymer chains is the crossover
length scale for the nanoparticles experiencing nanovisco-
sity or macroviscosity.['”) These results provided global
knowledge on how polymer structure and additive properties
can influence nanoparticle diffusion. In fact, the situations
are more complex. There are several lengths and interaction
scales such as the radius of nanoparticle, the segment size
and correlation length of polymer chain, as well as the in-
teractions of particle-polymer and polymer-polymer. More-
over, the dynamical behavior is strongly affected by the
solvent-induced hydrodynamic interactions.!'!'?] It is rather
complicated to understand the diffusion of different nano-
particles in polymer solutions, because the competing me-
chanism of nanoparticles and polymer chains remains still an
open and difficult problem.
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Over the past decades, there have been many pioneer in-
vestigations devoted to understanding the dynamics of nano-
particles in polymer matrixes to optimize the comprehensive
properties and to facilitate their processing.l'3~18] More im-
portantly, a variety of theoretical models have been pro-
posed to correlate these factors with diffusion processes. For
instances, de Gennes and co-workers identified three diffu-
sion modes in semidilute solutions depending on solvent vis-
cosity and macroscopic viscosity.[1920] If the particles are
small enough and can slip smoothly through the polymer
mesh, the diffusion is mainly controlled by the solvent vis-
cosity. In the opposite limit, particles are restricted by poly-
mer network, thus the diffusion is governed by the macro-
scopic viscosity of the solution. In these cases, nanoparticle
diffusion can be described by the SE equation. In the trans-
ition regime, however, particle diffusion can proceed in a
particularly difficult way, and the SE equation is no longer
suitable. Phillies and Cukier offered a model of probing dif-
fusion and argued that hydrodynamic interactions dominate
over topological constraints and proposed an equation of
D/Dgy ~exp(—pB4°).121:22] Cai et al.[?3] proposed a scaling the-
ory by considering the effects of chain architecture and con-
straint on the mobility of nanoparticles, where the polymer
mesh size was transferred to R,. If the particle size Ry is
smaller than Ry, the particle motion is implicated by poly-
mer segments rubbing the nanoparticle surface, which yields
D« 1/R(3). Otherwise the diffusion is dominated by the hy-
drodynamic contribution given as D o 1/Ry. The aforemen-
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tioned endeavors fitted a wide concentration range of poly-
mers with different configurations,!?*2¢ but none of these
models considered explicitly the microscopic characteristics
of nanoparticle dynamics. In recent years, Schweizer et al.
developed a microscopic statistical mechanical theory for
predicting the diffusion coefficients of nanoparticle in un-
entangled and entangled polymer chains.[27-28]1 They found
that the hopping diffusivity is generally smaller than the SE
prediction. These investigations aimed at testing fundament-
al idea of nanoparticle diffusion and provided some insights
regarding the dynamical modes of free diffusion, hopping
diffusion, model-coupling diffusion, and Rouse dynamic dif-
fusion. However, these investigations cannot directly show
the non-Gaussian diffusion or the transition from Gaussian to
non-Gaussian.

In this work, we try to present a quantitative and compre-
hensive understanding of particle diffusion in polymer solu-
tions using the dynamic density functional theory (DDFT).
We pay more attention to the co-evolution of microscopic
structure induced by the driven force from density and free
energy gradients. In the theoretical model, the free energy
functional is integrated into Smoluchowski equation, which
has been successfully applied to study self-assembly,[2°]
Brownian dynamics of dilute colloidal suspensions,[30-34]
and polymer diffusion.[33] It is obvious that this theory can
reflect the details of density fluctuation relaxation on inter-
mediate time and length scales to decipher the driving force
for particle motion.

We firstly study the pure polymer solutions to obtain the
dynamics of polymer chains with special consideration about
the shifts of connected segments during time evolution. Sub-

sequently, we derive the time-dependent density and free en-
ergy for a test nanoparticle in different polymer solutions to
identify the effects of particle size, chain concentration, and
interaction strength of particle-polymer on the transport of
the test particle. Finally we show the influence of particle
volume fraction on diffusion dynamics. To test the reliabil-
ity of the theoretical approach, some predicted diffusion
coefficients are compared with the reported experimental
data.[10]

THEORY AND EQUATIONS

For description of nanoparticle diffusion, we combine the
DDFT approach with the Percus’ test particle limit.[]
Accordingly, we treat the system as a ternary mixture con-
taining species o (test nanoparticle), n (nanoparticle), and p
(polymer). Density evolution of the test particle can represent
the motion behavior of particles, whereas the density evo-
Iutions of particles and polymers around the test particle
provide the driving force. At initial stage, the density dis-
tributions of particles and polymers surrounding the test
particle are related to the radial distribution functions. The
polymer chain is modeled as the tangent spheres with di-
ameter op, the chain length is set as 1000 to ignore the tail
effect of polymer chain, and the overlap concentration is
about 4.073. The nanoparticles are modeled as spheres with
diameter o,. The interaction potentials of particle-particle
and polymer-polymer are given by the Lennard-Jones po-
tential. For the interaction of particle-polymer, however, the
size ratio of particle to polymer segment is exceedingly large.
Description of such highly asymmetric interaction can be
simplified asB7-3%]

00 r—Anp<21/6ap
) = 4enp [(ap [(r=Aap))'? = (0 /(r = Anp))6] 206, < r—Anp <75 O
np =
anp(r —App — rc)2 +bnp(r = App — rc)3 re<r—App <rc
0 Fe<t—App

with Anp = (00 — 0p)/2, 15 = (26/7)! /%0y, re = (67/48)r, anp =
—(24192/3211)(enp/r2), and byp = —(387082/61009)(enp/73).
Here r and ¢ are the separation and Lennard-Jones well
depth.

We think the motion of the test particle is induced by the
collective density fluctuation relaxation, including the local
density fluctuation of particle and polymer and Rouse dy-
namics of polymer chains, Dy = Diocal + Drouse.[*? In par-
ticular, the hydrodynamic contributions arising from the
solvent-flow mediated interactions of particle-particle and
particle-polymer are integrated into the density and energy
evolution. Since Rouse dynamics has been well addressed in
our previous work,35] here we pay more attention to the loc-
al density fluctuation.

In general, the time-dependent full probability density dis-
tribution P(rV,f) for N interacting spheres at positions
r¥ =ry,rs,...,ry and time ¢ can be approximately represen-
ted by the Smoluchowski equation

ZZV Dyj(x")

6P(r v,uae™]
+kB—T P(r ,t) (2)

where kgT is the thermal energy, Dij(rN ) is the configu-
ration-dependent diffusion tensor, U(r") is the summari-
zation of the pair interaction potential vy (ry,r;) with U@V) =

— Zkal(rk,rl) The hydrodynamic interactions mediated
k 1 I#k

D;;(r") is given byl"

N

D;;(x") ~ D;016;j + Dioldi; Zl#wu(l‘i —I)+ 3)

(1-6;j)oi2(r;—r;))]
where J;; is the Kronecker’s delta, D;o is the diffusion
constant for the i sphere in good solvent, ®;; and ®,
represent the self and distinct hydrodynamic tensor.!!]

By integrating Eq. (2) with N [dr;--- [dry, for a given
species ¢ with N; interactive spheres, the equation for the
time-dependent density in the multiple-component system
can be written as

ap (r7 t) : 3 i
l@t =D;oV[ji1+ji2+iisl 4)

with the current densities
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ji1 = ksTVp,(r, t)+Zfdrpj(2)(rr t)VZvlj(rr) (5)
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@0V > vij(r’,r”)}

rEr

jiz = Z f dr op(r =) (ks TV, 2 (e, )+

VZV”(I‘ r )p”(Z)(r r t)+2fdr Pijk (7)

r'#r

(r,x’,x",H)V Z vij(r’,r”)}
r#r!

where j, is proportional to the thermodynamic force that
is independent of the hydrodynamic interactions. In the
opposite, j, and j; are from the solvent-flow mediated
hydrodynamic interactions. The distinct hydrodynamic ten-
sor m, is approximated by the Rotne-Prager expression,4*]
and the self-term j; is trivial and neglected.’"] As a
consequence, the DDFT equation can be generalized as the
following form

Dol L, [
ot opi (r,1) ®)
(r,r’, H@;;(r - r’)~V%} , 1€[o,n,p]

where the two-body density p®(r,r’,1) can be simplified as
PP, 1, 1) = p(r,t)p(’ ,Hg(r —r'|).3 F[p(r, )] accounts for
the intrinsic Helmholtz free energy of the system.

For the particles and polymer chains surrounding the test
particle, the free energy can be written as

BF [p(r,0)] = Z f drp,(r,t) [In [p;(r,))] = 1]+ BFex [p(r,1)]

i€lo,n,p]

©
where the first term on the right-hand side is the free energy
for ideal gas while Fex [p(r,1)] accounts for the excess free
energy due to the contribution of hard-sphere repulsion,
dispersive attraction, and chain connectivity. According to
the fundamental measure theory,[*! the hard-sphere part is
written as

BFus [p(e.0)] = f [ (r,1)]dr (10)

and @[n,(r)] is the free energy density which stems from the
modified fundamental theory including both the scalar and
vector contributions(*’]

niny —Ny, ‘N
®[ny(r,0)] = o In(1 —ny) + ———— 12

1—1’13
In(1 -y 4 3|27 a0y s )
n n
sen (T () n3

where n,(r,1) with y=0, 1, 2, 3, V|, V, are the weighted
densities, and can be calculated by[*‘]

n,(r) = Z f dr’p, (0 W’ —r) (12)

i€lo,n,p]

Here the weight functions are given as wl.z(r)
3(d; /2~ I, w)(x) = 0(di/ 2~ [¥l), wO(r) = wi()/md?, w! (x)
wA(r)/2nd;, w)*(r) =r(d;/2— e/ [rl, and w}'(r) = w)*(r)/
2nd;, and J(r) and 6(r) denote the Dirac delta function and
Heaviside step function, respectively.

The attractive contribution due to the attractive interac-
tions can be integrated into

BFalp.0l= D\ > BFailern]l  (13)

i€[o,n,p] jelo,n,p]

In the considered systems, the nanoparticle-nanoparticle
and polymer-polymer attractive interactions are symmetric,
thus Fy ;i[p(r)] can be expressed as[47]

Faiilp(r)] = fpi(r)aatt [p;(r)]dr (14)

in which a,q is the free energy per particle from attractive
contribution and can be given by a sum of perturbation

terms.[*8] The weighted density p(r) is given by[4-3]
5= [ p00ulle-rar (s)
with
va(r)

Wa(r) = ——— (16)
f drv;‘i‘in(r)

wae(r) 1s the weight function, and v?i“(r) is the attractive part
of Lennard-Jones interaction.

For the attractive free energy arising from the asymmetric
interaction of particle-polymer, the weighted density approx-
imation is no longer suitable. For simplicity, Fa,ij[p(r,1)]

can be given by
PFauijlp(r,t)] = fdl'fdl'"pi(l‘ t)pj(r" DVip
r—App < 21/6%

att(r) { —énp (18)

Vip(r)  T=App 2 21/60]3

The free energy contribution from the molecular con-
nectivity is based on the associating theory[31]

Pavanlpten] =5 [ o XS r)Z(

;/5(| ! Hl_ aa’) ’”
ln[fdr I‘mrTaym, ({fy})/)a’(r ,t)])

aa’

)

(19)

where o’ denotes the neighboring associating point which
bonds with site a, v ({f},}) is the reference fluid cavity
correlation function between a and o,
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1 + 30—(10-0(' 62 " 2( OaO0qo’ )2 §22
1-&  og+ow (1-&)? (1-&)°
(20)

Yaa! ({fy}) =

Oy + 0y

&= >

o,
dr’T‘gﬁ(oa —r=rp, ) @D

oa€[n,p] 80,
For the test particle, however, the interaction within the
test particle no longer exists. In this limit, the excess free-en-

ergy given by Eq. (9) can be simplified as

BFexo [p(r,1)] = fFex [p(xr,1)] — fFex |ﬁ0(r, 1] (22)
For the DDFT calculation, the initial density distribution
in an equilibrium state for the species o is given by
Po,0)=0d(r) ~ G(r,a) = (a/n)% exp(—alrlz). For species of
nand p, the initial density distributions are p; (r,0) = p; ,g(|r|).
Along with the time evolution, we assume the coordinate
system to be fixed in the space. To determine the dynamic
behavior, we integrate Eq. (8) forward in time using the
Euler-forward algorithm with time steps of df = 10~z and
B = apz/Do,o as the unit timescale. The partial derivatives
are calculated numerically, and the spatial integrations are
performed using the trapezoidal rule with dr = 0.016,. Since
Dy cannot be obtained by the theory itself, we derive it by
simulating one particle in good solvent using the large scale
atomic/molecular massively parallel simulator (LAMM-
PS),[31 in which the real units are used to ensure the dimen-
sional quantities. For simplicity, we assume polyethylene
chain as the model polymer in the whole theoretical calcula-
tions with the transferable potentials for phase equilibria
united-atom (TraPPE-UA) force field.’*] Meanwhile, nano-
particles are modeled as LJ spheres with the diameter o, and
interaction strength &,. To generate the initial configurations,
a particle is placed in the center of a large periodic box, and
then some good solvent molecules are added. The influence
of good solvent molecules is neglected in theoretical calcula-
tions. In simulation systems, however, the solvent molecules
exist. The total packing density of the system is given as 0.8,
a general liquid density. The system is equilibrated for at
least 10 steps for each simulation in the NVT ensemble at
given temperature. When the average fractional difference of
the radial distribution functions of solvent between the simu-
lational and theoretical yields is less than 0.01, the equilibri-
um is achieved. The equilibrium structure is used as the initial
configuration for further simulation of 10° molecular dynam-
ics steps and mean square displacement (MSD) < ARZ> of
the nanoparticle per 1000 steps is output. Finally, the diffu-
sion coefficient is determined by the Einstein relation,
Do = ,ll)m <AR?> /(61). During each molecular dynamics
run, a time step of 1.0 fs is used with a multiple time step in-
tegrator (RESPA).I%] In calculation of the dynamic evolu-
tion of the free energy function, the dependence of p,(r,?) is
only on the distance to the origin r = |r|. The asymptotic be-
havior of the species o, n, and p in the thermodynamic limit
is given by

lim p,(r,1) = tlim Po(r,t)=0 (23)
rli_)n;)pi(r’ t) = tli)r?opi(n t) :pi,b’ i€ [n9p] (24)

The partial derivatives of the density and energy functions
need to be considered as the spherical symmetric form. For
example, the partial derivative of chemical potential

OF [p(r,1)
(e, = 2P E0]

op; (r,1)

0
Vu(r, 1) = E,U(V, =

can be calculated by

u(ra, ) —u(ry, 1)
2dr

with ry =r—dr, and rp =r+dr. For the density flowing

Ji(r,1) = Vp,(r,1)Vy,(r,t), the mass conservation should be

applied to give

(25)

Vp(r,)Vu(r,t) = 2rzp(r, HVu(r,t) =
or (26)
122 p(r2, OV u(ra, 1) — 12 p(r1, OVu(ry, 1)

2r2dr
Accordingly, the hydrodynamic interaction is also calcu-
lated in the same method. During the dynamic evolution, the
density distributions at time #; = dt and #, = t,-; +df can be
obtained by

pi(r,t1) = p;(r,0) + J;i(r,0)ds (27)
and

pi(r.tn) = pi(ryta-1) + Ji(r, tn1)dt (28)
After the derivation of the time-dependent local density
distributions of particle and polymer, we can calculate MSD
of the test particle from a simple statistical formula
<AR*> = [drp,(r,0)Ir|*. Finally, the local diffusion coeffi-
cient Dyocq is determined by the Einstein relation. In a given
polymer concentration (p,,) system, the correlation length of
polymer chain (L), defined as the average mesh size, can be
simplified as shown in Fig. 1

5 30y (Le +0p)

Pooy’ = (29)
P (Lc+ O'p)3
and
(30)
Fig. 1 Schematic visualization of particles in polymer network
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RESULTS AND DISCUSSION

Firstly, we consider the test particle with the size of 100,
diffusing in different polymer solutions, which are similar to
the experimental systems.['”) Fig. 2 shows MSDs of the hard-
sphere particle related to the local diffusion. At different
polymer concentrations, the minimum apparent exponent,
Ar? ~ 1%, varies from the free diffusion with a ~ 1 to the
trapped diffusion with ~0.0. Such phenomenon is associated
with the transient trapping and slowing down of particle
motion. In addition, no ballistic motion can be seen at short
time, because the initial structure is assumed to be in the
equilibrium state. Therefore, collisions exist between particle
and polymer segments. Under the condition of extremely low
overlap concentration (ppaf; <0.001), the polymer network
has not been formed and particle transport shows a free-style
mode. The influence of polymer Rouse dynamics is trivial.
As the polymer concentration increases, particle size is
comparable to L.; the motion slows down since the particle
should penetrate the polymer mesh. This is a traditional
non-Gaussian process. Finally, the particle is completely res-
tricted by the surrounding polymer chains, and the diffusion
behavior is entirely controlled by Rouse dynamics of poly-
mer relaxation.

10%¢

]0*3 L Il Il !
102 107! 100 10! 102 103 104
t/ty

Fig. 2 Mean-squared displacement of nanoparticle (on = 100p) at
different polymer concentrations and 7* = 6.0

Fig. 3 displays the calculated diffusion coefficients for the
local and total density fluctuation relaxations in different
polymer solutions. Here a total coefficient includes the local
and Rouse diffusions, and the second term is calculated
by a simple treatment of Hayakawa and Ichiki,[
Drouse()/ Dditute = (1 =) /[1+ 25 +1.4925(1 _’7)3]a where
Dygiee has been determined in our previous work.[35! For
comparison, the corresponding experimental data are also
plotted in the figure. As the polymer solution varies from di-
lute to semidilute state, the local diffusion coefficient de-
creases about three orders of magnitude, whereas the total
diffusion coefficient decreases about one order. By fitting the
values of local diffusion with D ~ p”, we obtain the expo-
nent v=-2.5. In contrast, the exponent for the total diffu-
sion coefficient is —1.0. As the polymer concentration in-
creases, local diffusion declines and finally disappears.
When the local diffusion has been strictly constrained,

particle motion is carried by the surrounding polymer seg-
ments, showing the Rouse type diffusion. This conclusion is
consistent with the previous reports.l!'%-23] The exponent v
can be used as a measure to judge the confinement on
particle, and lower v means stronger confinement. The phe-
nomenon is the result of competition between local diffusion
and Rouse relaxation. Due to the asymmetrical sizes of large
particle and small segment, segments can slip easily through
the meshes but particle cannot, which means that the local
diffusion is sensitive to polymer concentration. In the re-
gime of ppog > 0.004, the calculated diffusion coefficients
are in general agreement with the experimental values,!!?]
showing a quantitatively reasonable description of the dy-
namics of nanoparticle in polymer solutions.

107
- 10 |
N\ E
g [
= 0
S 10

107"k

]0*2- 1 1 1

0 0.05 0.10 0.15 0.20
Py’

Fig. 3 Local and total diffusion coefficients of the test particle (on
= 100p) at different polymer volume fractions with 7* = 6.0 as
obtained by the theory and reported experiment.l'”] The dash lines
are the power law fit with D ~ p®.

In order to clarify the details of nanoparticle diffusion pro-
cess, we consider a moderate particle size, since too big or
too small particle could not reflect some details. Fig. 4
presents the diffusion of a smaller nanoparticle (o, = 50p)
in different polymer solutions. The diffusion mode at low
polymer concentration is nearly the same as that for larger
one, but the diffusion rate increases. In the regime of 0.10 <
ppof) < 0.15, one sees an obvious cage effect, first occurring
as an inflection point and then as a full-fledged plateau,
which is caused by the neighboring cage effect, and has been
well addressed in those simple molecule glass systems.[57-58]
Due to the frequent collisions with its neighboring polymer
segments, the particle is confined to a small region but then
escapes. In the intermediate crossover regime (0.20 < ppof’, <
0.30), the second inflection point and full-fledged plateau
emerge, which could arise from the spontaneous elastic fluc-
tuation of polymer chains. This phenomenon has not been
discussed by previous experiments or molecular simulations,
since the MSD regarding hopping diffusion has not been
clearly shown. It means that the test particle has escaped
from the surrounding chains, which was reported as an activ-
ated hopping process.[>01 Once the polymer packing in-
creases up to 0.40, the hopping behavior disappears due to
the strong confinement effect. Such effect is also induced by
particle size, as shown in Fig. 2.

https://doi.org/10.1007/s10118-019-2237-9
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Fig. 4 Mean-squared displacement of particle (on = 50p) with
different polymer packing with 7* = 6.0

Compared with those macroscopic theoretical models, the
current DDFT approach has an obvious advantage of dis-
playing the density evolution during the diffusion process,
which offers a visible intuition of diffusion details. As an ex-
ample, Fig. 5 illustrates the local density relaxation of nano-
particle by means of the time-dependent density distribu-
tions. In the “penetrant” regime (Fig. 5a), the particle diffu-
sion displays a pure Gaussian distribution in the initial stage
(t<0.1zg). In the intermediate stage (¢t~ 5.0tg), however,
the diffusion behavior transfers from Gaussian to non-Gaus-
sian type, where the density distribution can decompose into
several Gaussian functions with different peak positions.
After a period of time (¢> 50.0rg), the diffusion displays
non-Gaussian feature, which is caused by the confinement
effects of surrounding polymers. A similar effect observed in
gases and liquid crystals has been explained with the mech-
anism of diffusional hopping.[**-¢1l In the intermediate cros-
sover regime (ppo% =0.25), one can see from Fig. 5(b) that
the density distribution can be divided into caged and un-
caged parts after 5tg. In the caged part, the density profiles
keep constant, suggesting that the particle is restricted by
polymer segments and cannot move. In the uncaged part, the
density profiles lose their structure as time evolves, and the
particle henceforward diffuses and meets the definition of
hopping motion. This phenomenon has not been found in
simple molecule systems, where particle shows either caged
or uncaged dynamical properties at a long scale time.[3%:60]
Fig. 5 offers a direct evidence to explain the two caging-like
regimes in Fig. 4.

In order to understand the driving force for particle diffu-
sion in polymer solutions, we present the evolution of total
free energy in the system, and correlate the energy with dis-
placement of the test particle. In this way, we can obtain the
driving force on the tagged particle by analyzing the spatial
derivative. The similar free energy study has been given in
Ref. [27] but some approximations have been included. Here
we obtain more reasonable results. From Fig. 6, one can
identify three regimes based on the free energy evolution. In
the free diffusion regime, F(Ar(f)) decays monotonically
with particle displacement. As the polymer concentration in-
creases, an entropic barrier arising from the polymer deple-
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Fig. 5 The density fluctuation relaxation of particle for (a) ppop* =
0.10 and (b) ppoy® = 0.25. The ordinate axis in the nanoparticle part
shows a logarithmic scale and 7* = 6.0.

0
N
VT S-.
A -~
& “I \
L2 20 P e 2
T e -
N S
~ { o pe2 =020
90, =001~ pa3=025
—4or == 9,0, =0.10 < p,6. 3 =0.30
: p0,°=0.15 p,0,° =040
1 1
107! 10° 10!

<AH(t>>"Yo,

Fig. 6 Dynamic free energy profiles, in units of thermal energy, of
the test particle as a function of particle displacement under
different polymer concentrations with 7% = 6.0

tion can be observed whose location corresponds to the
first caging-like regime in Fig. 4. In the regime of 0.10 <
ppof, <0.15, F(Ar(2)) still decays after hopping over the en-
tropic barrier. The location of the free energy minimum is at
r =00, and the particle can diffuse via thermal perturbation.
In the intermediate crossover regime (0.20 <ppo‘;’, <0.30),
F(Ar(t)) cannot over the entropic barrier but shows a plat-
eau in diffusion process. This plateau reveals that the particle
motion does not influence the total free energy, showing an

inertial motion mode. As for polymer, the plateau implies a
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reconstitution process of polymer network, and the resist-
ance of network matches the thermal driving force of
particle. By comparing the figure with Fig. 4, one can find
that the length of this plateau maps with the second plateau,
which means the hopping process is based on the reconstitu-
tion of polymer but not the thermal perturbation. Once the
polymer packing increases up to 0.40, the plateau disappears
and the particle is completely caged. On the other hand, a
knot appears at the location of free energy minimum, where
the same value of <Ar(f)>>!/? corresponds to two different
values of F(Ar(t)). This knot could be induced by the re-
strictive effect of surrounding polymer network, where the
motion of the test particle has been frozen. Since then, the
polymer structure starts to reconstruct due to thermal fluctu-
ation, and hopping diffusion emerges. It is unnecessary to
cross over a high free energy barrier given by the initial
polymer network. In other words, the hopping diffusion can-
not happen once the minimum resistance given by polymer
structure reconstruction is larger than the thermal driving
force for particle motion.

We note that the non-Gaussian density distribution can be
approximately decomposed into two Gaussian functions with
p,(r)=(1- ¢h0pping)G(r, op) + ¢hoppingG(r,a1 ), ag > a1.  The
second item corresponds to the hopping diffusion. Fig. 7
shows the hopping probability, ¢p,ppine. as a function of
polymer packing. Here ¢y, 1s calculated via integrating
the density distribution at 100z, at which the density distri-
bution has been transferred from Gaussian to non-Gaussian
type but has not yet lost the structure characteristics. Under
the condition of extremely low polymer concentration, the
value of ¢p,nin, approaches to zero, which means that the
particle can diffuse freely and follow a Gaussian type. As the
polymer packing increases up to 0.27, L. is close to particle
size, and the strengthening restrictive effect results in as-
cending probability of particle hopping. In this regime, the
non-Gaussian process gradually strengthens. Further in-
crease of polymer packing, however, leads to the descending
probability of hopping diffusion. Once the value of ¢y qynine
returns back to zero, the particle can be frozen thoroughly,
and the non-Gaussian diffusion no longer occurs. The second
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Fig. 7 Hopping probability of particle (on = Sop) as a function of
polymer packing at 100zs. The inset shows the second derivative of
@hopping versus polymer packing (7* = 6.0).

derivative of @y,,,nin, Versus polymer packing is additionally
shown in the inset of Fig. 7. One sees two inflection points
located at p,o; = 0.08 and p,o; = 0.20. These two inflection
points correspond to the prerequisites to producing the first
and second cages, as shown in Fig. 4.

Fig. 8 shows the calculated local and total diffusion coeffi-
cients of a smaller nanoparticle. The results are no longer in
line with the power law fitting. It seems that particle mobil-
ity exhibits concentration-dependent behavior controlled by
(1) local diffusion via thermal perturbation, and (ii) Rouse
dynamics via polymer flow. The different trends indicate that
the local diffusion is inadequate to describe the particle dy-
namics in semidilute solution (ppas > 0.25), where the con-
tribution of Rouse diffusion to the total diffusion becomes
important. For a relatively small particle, the polymer con-
centration region has been enlarged for the local diffusion.
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1 1
0.30 0.35
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Fig. 8 Diffusion coefficients of nanoparticle (on = Sop) as a
function of polymer concentration with 7* = 6.0

Hereafter, we analyze the influence of the geometrical and
chemical properties of particles on diffusion dynamics. For
simplicity, the polymer concentration is set to 0.1, at which
L. is 80p. Fig. 9 summarizes the time-dependent MSDs for
different nanoparticles and the corresponding dynamic free
energy evolutions. In the moderately asymmetric systems
(3op < 0n < 80p), one sees that an intermediate caging re-
gime emerges and an entropic barrier appears at the corres-
ponding location. In these situations, the particles can hop
over the entropic barrier, which means they can escape and
henceforward diffuse as normal motion. In a highly asym-
metric system (o, = 100;,) the particle cannot cross the en-
tropic barrier and is finally constrained by the surrounding
polymer segments. On the other hand, the plateau or the knot
in Fig. 6 is not observed in Fig. 9(b). This phenomenon re-
sults from the weak confinement effect of the dilute polymer
solution, where the reconstitution process of system and the
diffusion of particle coexist. By combining Figs. 2, 6, and 9,
we can draw a conclusion: polymer concentration and par-
ticle size play a similar role in particle motion, and the influ-
ence of polymer concentration is more remarkable.

Fig. 10 summarizes the diffusion coefficients of nano-
particles with different sizes. Clearly, the size-dependent dif-
fusion exhibits staircase characteristics, similar to the con-
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Fig. 9 (a) Mean-squared displacements and (b) dynamic free
energy of particles with different sizes. The polymer concentration
is 0.1 and 7* = 6.0.

centration-dependent behavior shown in Fig. 8. The two
stages are connected by a sharp but continuous crossover.
More interestingly, small particles (smaller than L.) are
found to diffuse about 200 times faster than the predictions
given by Rouse dynamics,[>6] whereas the diffusion rate of
large particles (close to or larger than L.) is in the same or-
der of magnitude as Rouse dynamics. Therefore, the ratio of
particle size to L. is a critical parameter to control the diffu-
sion process. This remarkable behavior is due to the reduced
frictional drag acting on small particle, and has been con-
firmed by previous experiment.[!
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Fig. 10  Power-law dependence of diffusion coefficients for

nanoparticles with different sizes. The polymer concentration is 0.1
and 7* = 6.0.

Fig. 11 gives the diffusion coefficients as a function of the
particle-polymer interaction to clarify the effect of chemical
attribute on dynamics of nanoparticle. The value decreases
monotonically with the interaction strength, and the vari-
ation of coefficient is limited in one order of magnitude. As
the interaction strength increases, the absorbed layer of poly-
mer around the particle grows so that particle moves slowly
and is easier to be trapped. However, such effect is unobvi-
ous, since this absorbed layer has not bonded with the
particle and can easily slide from its surface. Therefore,
particle motion is not sensitive to the particle-polymer inter-
action when the particle size is large enough.[?’] In other
words, it is not an effective method to promote nanoparticle
dispersion via changing the interaction between particle and
polymer segments in semidilute polymer solution.
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Fig. 11  Diffusion coefficient as a function of the nanoparticle-
polymer interaction at 7% = 6.0. The squares represent the
calculated results. The solid line is the linear fit. The polymer
concentration is 0.1, and particle size is 5ap.

In polymer nanocomposites, the volume fraction of
particle, ¢, =pnof’l/ppof’), also influences particle diffusion.
Fig. 12 depicts the diffusion coefficient variation as a func-
tion of the particle volume fraction. If the particle size is
much smaller than L., the diffusion coefficient is independ-
ent of the particle volume fraction. Otherwise the coefficient
increases monotonically with the particle volume fraction,
and the slope also increases with particle size. Once the
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Fig. 12  Diffusion coefficients as a function of nanoparticle

volume fraction (¢n = pnon’/ppoy’) and size. The polymer concen-
tration is 0.1 and 7* = 6.0.
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particle size is close to or larger than L., the surrounding
meshes will be shoved and form a channel for particle diffus-
ing with the particle volume fraction growing. In principle,
the effect of particle volume fraction is similar to the one of
particle size or polymer density.

CONCLUSIONS

In summary, the evolutions of density and free energy of
nanoparticles in polymer solutions have been studied using
the dynamic density functional theory, in which the micro-
scopic hydrodynamic and non-hydrodynamic interactions
have been integrated into the time-dependent free energy
function. The effects of nanoparticle size, polymer concen-
tration, particle-polymer interaction, and particle volume
fraction on particle diffusion have been analyzed to clarify
the main factors affecting particle transport. Some results
have been tested by experiment data. It has been shown that,
in the local diffusion region, both concentration and particle
size are important to regulate the dynamics from free dif-
fusion to hopping and model-coupling style, showing the
mode transition from Gaussian to Non-Gaussian. By con-
trast, the influences of interaction strength and particle
volume fraction are relatively trivial in semidilute solutions.
When a particle has been completely constrained by the
surrounding polymer segments, its motion is controlled by
Rouse dynamics of polymer chain.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (Nos. 51790502 and 51525301), the

National ~ Supercomputer  Centre in  Guangzhou, and
Chemcloudcomputing of Beijing University of Chemical
Technology.

REFERENCES

1 Shen, H.; Tauzin, L. J.; Baiyasi, R.; Wang, W.; Moringo, N.;
Shuang, B.; Landes, C. F. Single particle tracking: From theory
to biophysical applications. Chem. Rev. 2017, 117, 7331-7376.

2 Zimmerman, S. B.; Minton, A. P. Macromolecular crowding:
Biochemical, biophysical, and physiological consequences. An-
nu. Rev. Biophys. Biomol. Struct. 1993, 22, 27-65.

3 Kessler, M. R. Polymer matrix composites: A perspective for a
special issue of polymer reviews. Polym. Rev. 2012, 52,
229-233.

4 Mackay, M. E.; Dao, T. T.; Tuteja, A.; Ho, D. L.; van Horn, B.;
Kim, H.; Hawker, C. J. Nanoscale effects leading to non-Ein-
stein-like decrease in viscosity. Nat. Mater. 2003, 2, 762—766.

5 Yu, Y. X, Tian, A. W.; Gao, G. H. Prediction of collective dif-
fusion coefficient of bovine serum albumin in aqueous electro-
lyte solution with hard-core two-Yukawa potential. Phys.
Chem. Chem. Phys. 2005, 7, 2423—2428.

6 Tuteja, A.; Mackay, M. E.; Narayanan, S.; Asokan, S.; Wong.
M. S. Breakdown of the continuum Stokes-Einstein relation for
nanoparticle diffusion. Nano Lett. 2007, 7, 1276—1281.

7 Zhang, X.; Gray-Weale, A. A. Local hydrodynamics of solvent
near diffusing dendrimers: A test of the new Stokes-Einstein re-

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

lation. J. Polym. Sci., Part B: Polym. Phys. 2017, 55,
1380—-1392.

Lungova, M.; Krutyeva, M.; Pyckhout-Hintzen, W.; Wis-
chnewski, A.; Monkenbusch, M.; Allgaier, J.; Ohl, M.; Sharp,
M.; Richter. D. Nanoscale motion of soft nanoparticles in un-
entangled and entangled polymer matrices. Phys. Rev. Lett.
2016, 117, 147803.

Cai, L. H.; Panyukov, S.; Rubinstein, M. Hopping diffusion of
nanoparticles in polymer matrices. Macromolecules 2015, 48,
847-862.

Kohli, I.; Mukhopadhyay, A. Diffusion of nanoparticles in
semidilute polymer solutions: Effect of different length scales.
Macromolecules 2012, 45, 6143—6149.

Grabowski, C. A.; Mukhopadhyay, A. Size effect of nano-
particle diffusion in a polymer melt. Macromolecules 2014, 47,
7238-7242.

Griffin, P. J.; Bocharova, V.; Middleton, L. R.; Composto, R.
J.; Clarke, N.; Schweizer, K. S.; Winey, K. 1. Influence of the
bound polymer layer on nanoparticle diffusion in polymer
melts. ACS Macro Lett. 2016, 5, 1141-1145.

Brown W, Stepanek P. Dynamic light scattering of poly(n-
laurylmethacrylate) in the melt and in concentrated ethyl acet-
ate solutions. J. Polym. Sci., Part B: Polym. Phys. 1997, 35,
1013-1024.

Ge, T.; Kalathi, J. T.; Halverson, J. D.; Grest, G. S.; Rubinstein,
M. Nanoparticle motion in entangled melts of linear and non-
concatenated ring polymers. Macromolecules 2017, 50,
1749—-1754.

Petekidis, G.; Fytas, G.; Scherf, U.; Mullen, K.; Fleischer, G.
Dynamics of poly(p-phenylene) ladder polymers in solution. J.
Polym. Sci., Part B: Polym. Phys. 1999, 37, 2211-2220.
Eslami, H.; Rahimi, M.; Miiller-Plathe, F. Molecular dynamics
simulation of a silica nanoparticle in oligomeric poly(methyl
methacrylate): A model system for studying the interphase
thickness in a polymer-nanocomposite via different properties.
Macromolecules 2013, 46, 8680—8692.

Starr, F. W.; Schreder, T. B.; Glotzer, S. C. Molecular dynam-
ics simulation of a polymer melt with a nanoscopic particle.
Macromolecules 2002, 35, 4481—4492.

Volgin, I. V.; Larin, S. V.; Abad, E.; Lyulin, S. V. Molecular
dynamics simulations of fullerene diffusion in polymer melts.
Macromolecules 2017, 50, 2207-2218.

de Gennes, P. G. in Scaling concepts in polymer physics, Cor-
nell University Press, Ithaca, NY, 1979.

Brochard Wyart, F.; de Gennes, P. G. Viscosity at small scales
in polymer melts. Eur. Phys. J. E 2000, 1, 93-97.

Phillies, G. D. J.; Clomenil, D. Probe diffusion in polymer solu-
tions under THETA and good conditions. Macromolecules
1993, 26, 167-170.

Cukier, R. I. Diffusion of Brownian spheres in semidilute poly-
mer solutions. Macromolecules 1984, 17, 252-255.

Cai, L. H.; Panyukov, S.; Rubinstein, M. Mobility of nonsticky
nanoparticles in polymer liquids. Macromolecules 2011, 44,
7853—7863.

Cheng, S.; Xie, S. J.; Carrillo, J. M. Y.; Carroll, B.; Martin, H.;
Cao, P. F.; Dadmun, M. D.; Sumpter, B. G.; Novikov, V. N.;
Schweizer, K. S.; Sokolov. A. P. Big effect of small nano-
particles: A shift in paradigm for polymer nanocomposites.
ACS Nano 2017, 11, 752—759.

Fan, T. H.; Dhont, J. K. G.; Tuinier, R. Motion of a sphere
through a polymer solution. Phys. Rev. E 2007, 75, 011803.
Liu, J.; Cao, D.; Zhang, L. Molecular dynamics study on nano-
particle diffusion in polymer melts: A test of the Stokes-Ein-
stein law. J. Phys. Chem. C 2008, 112, 6653—6661.

Yamamoto, U.; Schweizer, K. S. Theory of nanoparticle diffu-
sion in unentangled and entangled polymer melts. J. Chem.
Phys. 2011, 135, 224902.

Yamamoto, U.; Schweizer, K. S. Microscopic theory of the

https://doi.org/10.1007/s10118-019-2237-9


http://dx.doi.org/10.1021/acs.chemrev.6b00815
http://dx.doi.org/10.1146/annurev.bb.22.060193.000331
http://dx.doi.org/10.1146/annurev.bb.22.060193.000331
http://dx.doi.org/10.1080/15583724.2012.708004
http://dx.doi.org/10.1038/nmat999
http://dx.doi.org/10.1039/b500371g
http://dx.doi.org/10.1039/b500371g
http://dx.doi.org/10.1021/nl070192x
http://dx.doi.org/10.1002/polb.v55.18
http://dx.doi.org/10.1103/PhysRevLett.117.147803
http://dx.doi.org/10.1021/ma501608x
http://dx.doi.org/10.1021/ma301237r
http://dx.doi.org/10.1021/ma501670u
http://dx.doi.org/10.1021/acsmacrolett.6b00649
http://dx.doi.org/10.1021/acs.macromol.6b02632
http://dx.doi.org/10.1002/(ISSN)1099-0488
http://dx.doi.org/10.1002/(ISSN)1099-0488
http://dx.doi.org/10.1021/ma401443v
http://dx.doi.org/10.1021/ma010626p
http://dx.doi.org/10.1021/acs.macromol.6b02050
http://dx.doi.org/10.1007/s101890050011
http://dx.doi.org/10.1021/ma00053a025
http://dx.doi.org/10.1021/ma00132a023
http://dx.doi.org/10.1021/ma201583q
http://dx.doi.org/10.1021/acsnano.6b07172
http://dx.doi.org/10.1103/PhysRevE.75.011803
http://dx.doi.org/10.1063/1.3664863
http://dx.doi.org/10.1063/1.3664863
http://dx.doi.org/10.1021/acs.chemrev.6b00815
http://dx.doi.org/10.1146/annurev.bb.22.060193.000331
http://dx.doi.org/10.1146/annurev.bb.22.060193.000331
http://dx.doi.org/10.1080/15583724.2012.708004
http://dx.doi.org/10.1038/nmat999
http://dx.doi.org/10.1039/b500371g
http://dx.doi.org/10.1039/b500371g
http://dx.doi.org/10.1021/nl070192x
http://dx.doi.org/10.1002/polb.v55.18
http://dx.doi.org/10.1103/PhysRevLett.117.147803
http://dx.doi.org/10.1021/ma501608x
http://dx.doi.org/10.1021/ma301237r
http://dx.doi.org/10.1021/ma501670u
http://dx.doi.org/10.1021/acsmacrolett.6b00649
http://dx.doi.org/10.1021/acs.macromol.6b02632
http://dx.doi.org/10.1002/(ISSN)1099-0488
http://dx.doi.org/10.1002/(ISSN)1099-0488
http://dx.doi.org/10.1021/ma401443v
http://dx.doi.org/10.1021/ma010626p
http://dx.doi.org/10.1021/acs.macromol.6b02050
http://dx.doi.org/10.1007/s101890050011
http://dx.doi.org/10.1021/ma00053a025
http://dx.doi.org/10.1021/ma00132a023
http://dx.doi.org/10.1021/ma201583q
http://dx.doi.org/10.1021/acsnano.6b07172
http://dx.doi.org/10.1103/PhysRevE.75.011803
http://dx.doi.org/10.1063/1.3664863
http://dx.doi.org/10.1063/1.3664863
https://doi.org/10.1007/s10118-019-2237-9

728

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Ye, Y. et al. / Chinese J. Polym. Sci. 2019, 37, 719-728

long-time diffusivity and intermediate-time anomalous trans-
port of a nanoparticle in polymer melts. Macromolecules 2014,
48, 152—-163.

Ye, Y.; Ning, N.; Tian, M.; Zhang, L.; Mi, J. Nucleation and
growth of hexagonal ice by dynamical density functional the-
ory. Crys. Grow. Des. 2016, 17, 100—105.

Rex, M.; Léwen, H. Dynamical density functional theory with
hydrodynamic interactions and colloids in unstable traps. Phys.
Rev. Lett. 2008, 101, 148302.

van Teeffelen, S.; Likos, C. N.; Lowen, H. Colloidal crystal
growth at externally imposed nucleation clusters. Phys. Rev.
Lett. 2008, 100, 108302.

Wittkowski, R.; Lowen, H.; Brand, H. R. Extended dynamical
density functional theory for colloidal mixtures with temperat-
ure gradients. J. Chem. Phys. 2012, 137, 224904.

Rex, M.; Wensink, H. H.; Lowen, H. Dynamical density func-
tional theory for anisotropic colloidal particles. Phys. Rev. E
2007, 76, 021403.

Archer, A. J. Dynamical density functional theory for molecu-
lar and colloidal fluids: A microscopic approach to fluid mech-
anics. J. Chem. Phys. 2009, 130, 014509.

Ye, Y.; Du, Z.; Tian, M.; Zhang, L.; Mi, J. Diffusive dynamics
of polymer chains in an array of nanoposts. Phys. Chem. Chem.
Phys. 2017, 19, 380—387.

Yu, Y. X.; Wu, J. Extended test-particle method for predicting
the inter- and intramolecular correlation functions of polymeric
fluid. J. Chem. Phys. 2003, 118, 3835—3842.

Bresme, F.; Quirke. N. Computer simulation study of the wet-
ting behavior and line tensions of nanometer size particulates at
a liquid-vapor interface. Phys. Rev. Lett. 1998, 80, 3791.
Holian, B. L.; Evans, D. J. Shear viscosities away from the
melting line: A comparison of equilibrium and nonequilibrium
molecular dynamics. J. Chem. Phys. 1983, 78, 5147-5150.
Fenwick, N. 1. D.; Bresme, F.; Quirke, N. Computer simulation
of a Langmuir trough experiment carried out on a nanoparticu-
late array. J. Chem. Phys. 2001, 114, 7274-7282.

Yamamoto, U.; Schweizer, K. S. Spatially dependent relative
diffusion of nanoparticles in polymer melts. J. Chem. Phys.
2013, 739, 064907.

Kim, S.; Karrila, S. J. in Microhydrodynamics: Principles and
selected applications, Butterworth-Heinemann, Boston, 1991.
Rotne, J.; Prager, S. Variational treatment of hydrodynamic in-
teraction in polymers. J. Chem. Phys. 1969, 50, 4831—4837.
Trokhymchuk, A.; Nezbeda, L.; Jirsak, J.; Henderson, D. Hard-
sphere radial distribution function again. J. Chem. Phys. 2005,
123,024501.

Rosenfeld, Y. Free-energy model for the inhomogeneous hard-
sphere fluid mixture and density-functional theory of freezing.
Phys. Rev. Lett. 1989, 63, 980.

Yu, Y X.; Wu, J. Z. Structures of hard-sphere fluids from a
modified fundamental-measure theory. J. Chem. Phys. 2002,
117,10156-10164.

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Davis, H. T. in Statistical mechanics of phases, interfaces, and
thin films, Wiley-VCH, New York, 1996.

Kim, S. C.; Lee, S. H. A density functional perturbative ap-
proach for simple fluids: The structure of a nonuniform
Lennard-Jones fluid at interfaces. J. Phys.: Condens. Matter
2004, 16, 6365.

Lee, J. K.; Barker, J. A.; Pound, G. M. Surface structure and
surface tension: Perturbation theory and Monte Carlo calcula-
tion. J. Chem. Phys. 1974, 60, 1976—1980.

Peng, B.; Yu, Y. X. A density functional theory with a mean-
field weight function: Applications to surface tension, adsorp-
tion, and Phase transition of a Lennard-Jones fluid in a slit-like
pore. J. Phys. Chem. B 2008, 112, 15407—15416.

Peng, B.; Yu, Y. X. A density functional theory for Lennard-
Jones fluids in cylindrical pores and its applications to adsorp-
tion of nitrogen on MCM-41 materials. Langmuir 2008, 24,
12431-12439.

Tripathi, S.; Chapman, W. G. Microstructure and thermody-
namics of inhomogeneous polymer blends and solutions. Phys.
Rev. Lett. 2005, 94, 087801.

McGarrity, E. S.; Frischknecht, A. L.; Mackay, M. E. Phase be-
havior of polymer/nanoparticle blends near a substrate. J.
Chem. Phys. 2008, 128, 154904.

Plimpton, S. Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 1995, 117, 1-19.

Martin, M. G.; Siepmann, J. I. Transferable potentials for phase
equilibria. 1. United-atom description of n-alkanes. J. Phys.
Chem. B 1998, 102, 2569-2577.

Curro, J. G.; Frischknecht, A. L. The structure of poly(ethylene
oxide) liquids: Comparison of integral equation theory with
molecular dynamics simulations and neutron scattering. Poly-
mer 2005, 46, 6500—6506.

Hayakawa, H.; Ichiki, K. Statistical theory of sedimentation of
disordered suspensions. Phys. Rev. E 1995, 51, R3815.
Charbonneau, P.; Kurchan, J.; Parisi, G.; Urbani, P.; Zamponi,
F. Glass and jamming transitions: From exact results to finite-
dimensional descriptions. Ann. Rev. Conden. Matt. Phys. 2017,
8, 265-288.

Charbonneau, P.; Jin, Y.; Parisi, G.; Zamponi, F. Hopping and
the Stokes-Einstein relation breakdown in simple glass formers.
Proc. Natl. Acad. Sci. 2014, 111, 15025—15030.

Boshoff, J. H. D.; Lobo, R. F.; Wagner, N. J. Influence of poly-
mer motion, topology and simulation size on penetrant diffu-
sion in amorphous, glassy polymers: Diffusion of helium in
polypropylene. Macromolecules 2001, 34, 6107—6116.

Kim, J.; Kim, C.; Sung, B. J. Simulation study of seemingly
Fickian but heterogeneous dynamics of two dimensional col-
loids. Phys. Rev. Lett. 2013, 110, 047801.

Patti, A.; El Masri, D.; van Roij, R.; Dijkstra, M. Stringlike
clusters and cooperative interlayer permeation in smectic liquid
crystals formed by colloidal rods. Phys. Rev. Lett. 2009, 103,
248304.

https://doi.org/10.1007/s10118-019-2237-9


http://dx.doi.org/10.1103/PhysRevLett.101.148302
http://dx.doi.org/10.1103/PhysRevLett.101.148302
http://dx.doi.org/10.1103/PhysRevLett.100.108302
http://dx.doi.org/10.1103/PhysRevLett.100.108302
http://dx.doi.org/10.1063/1.4769101
http://dx.doi.org/10.1103/PhysRevE.76.021403
http://dx.doi.org/10.1063/1.3054633
http://dx.doi.org/10.1039/C6CP07217H
http://dx.doi.org/10.1039/C6CP07217H
http://dx.doi.org/10.1063/1.1539840
http://dx.doi.org/10.1103/PhysRevLett.80.3791
http://dx.doi.org/10.1063/1.445384
http://dx.doi.org/10.1063/1.1357795
http://dx.doi.org/10.1063/1.4817593
http://dx.doi.org/10.1063/1.1670977
http://dx.doi.org/10.1063/1.1979488
http://dx.doi.org/10.1103/PhysRevLett.63.980
http://dx.doi.org/10.1063/1.1520530
http://dx.doi.org/10.1088/0953-8984/16/36/003
http://dx.doi.org/10.1063/1.1681303
http://dx.doi.org/10.1021/jp805697p
http://dx.doi.org/10.1021/la8024099
http://dx.doi.org/10.1103/PhysRevLett.94.087801
http://dx.doi.org/10.1103/PhysRevLett.94.087801
http://dx.doi.org/10.1063/1.2899329
http://dx.doi.org/10.1063/1.2899329
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1016/j.polymer.2005.03.123
http://dx.doi.org/10.1016/j.polymer.2005.03.123
http://dx.doi.org/10.1103/PhysRevE.51.R3815
http://dx.doi.org/10.1146/annurev-conmatphys-031016-025334
http://dx.doi.org/10.1073/pnas.1417182111
http://dx.doi.org/10.1021/ma010255c
http://dx.doi.org/10.1103/PhysRevLett.110.047801
http://dx.doi.org/10.1103/PhysRevLett.103.248304
http://dx.doi.org/10.1103/PhysRevLett.101.148302
http://dx.doi.org/10.1103/PhysRevLett.101.148302
http://dx.doi.org/10.1103/PhysRevLett.100.108302
http://dx.doi.org/10.1103/PhysRevLett.100.108302
http://dx.doi.org/10.1063/1.4769101
http://dx.doi.org/10.1103/PhysRevE.76.021403
http://dx.doi.org/10.1063/1.3054633
http://dx.doi.org/10.1039/C6CP07217H
http://dx.doi.org/10.1039/C6CP07217H
http://dx.doi.org/10.1063/1.1539840
http://dx.doi.org/10.1103/PhysRevLett.80.3791
http://dx.doi.org/10.1063/1.445384
http://dx.doi.org/10.1063/1.1357795
http://dx.doi.org/10.1063/1.4817593
http://dx.doi.org/10.1063/1.1670977
http://dx.doi.org/10.1063/1.1979488
http://dx.doi.org/10.1103/PhysRevLett.63.980
http://dx.doi.org/10.1063/1.1520530
http://dx.doi.org/10.1088/0953-8984/16/36/003
http://dx.doi.org/10.1063/1.1681303
http://dx.doi.org/10.1021/jp805697p
http://dx.doi.org/10.1021/la8024099
http://dx.doi.org/10.1103/PhysRevLett.94.087801
http://dx.doi.org/10.1103/PhysRevLett.94.087801
http://dx.doi.org/10.1063/1.2899329
http://dx.doi.org/10.1063/1.2899329
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1016/j.polymer.2005.03.123
http://dx.doi.org/10.1016/j.polymer.2005.03.123
http://dx.doi.org/10.1103/PhysRevE.51.R3815
http://dx.doi.org/10.1146/annurev-conmatphys-031016-025334
http://dx.doi.org/10.1073/pnas.1417182111
http://dx.doi.org/10.1021/ma010255c
http://dx.doi.org/10.1103/PhysRevLett.110.047801
http://dx.doi.org/10.1103/PhysRevLett.103.248304
http://dx.doi.org/10.1103/PhysRevLett.101.148302
http://dx.doi.org/10.1103/PhysRevLett.101.148302
http://dx.doi.org/10.1103/PhysRevLett.100.108302
http://dx.doi.org/10.1103/PhysRevLett.100.108302
http://dx.doi.org/10.1063/1.4769101
http://dx.doi.org/10.1103/PhysRevE.76.021403
http://dx.doi.org/10.1063/1.3054633
http://dx.doi.org/10.1039/C6CP07217H
http://dx.doi.org/10.1039/C6CP07217H
http://dx.doi.org/10.1063/1.1539840
http://dx.doi.org/10.1103/PhysRevLett.80.3791
http://dx.doi.org/10.1063/1.445384
http://dx.doi.org/10.1063/1.1357795
http://dx.doi.org/10.1063/1.4817593
http://dx.doi.org/10.1063/1.1670977
http://dx.doi.org/10.1063/1.1979488
http://dx.doi.org/10.1103/PhysRevLett.63.980
http://dx.doi.org/10.1063/1.1520530
http://dx.doi.org/10.1088/0953-8984/16/36/003
http://dx.doi.org/10.1063/1.1681303
http://dx.doi.org/10.1021/jp805697p
http://dx.doi.org/10.1021/la8024099
http://dx.doi.org/10.1103/PhysRevLett.94.087801
http://dx.doi.org/10.1103/PhysRevLett.94.087801
http://dx.doi.org/10.1063/1.2899329
http://dx.doi.org/10.1063/1.2899329
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1021/jp972543+
http://dx.doi.org/10.1016/j.polymer.2005.03.123
http://dx.doi.org/10.1016/j.polymer.2005.03.123
http://dx.doi.org/10.1103/PhysRevE.51.R3815
http://dx.doi.org/10.1146/annurev-conmatphys-031016-025334
http://dx.doi.org/10.1073/pnas.1417182111
http://dx.doi.org/10.1021/ma010255c
http://dx.doi.org/10.1103/PhysRevLett.110.047801
http://dx.doi.org/10.1103/PhysRevLett.103.248304
https://doi.org/10.1007/s10118-019-2237-9

