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The diﬀusion of nanoparticles immersed in semidilute polymer solutions is investigated by a
hybrid mesoscopic multiparticle collision dynamics method. Eﬀects of polymer concentration
and hydrodynamic interactions among polymer monomers are focused. Extensive simulations
show that the dependence of (diﬀusion
) coeﬃcient D on the polymer concentration c agrees
with Phillies equation D-exp −αcδ with a scaling exponent δ≈0.97 which coincides with
the experimental one in literature. For increasing nanoparticle size, the scaling prefactor α
increases monotonically while the scaling exponent always keeps ﬁxed. Moreover, we also
study the diﬀusion of nanoparticle without hydrodynamic interactions and ﬁnd that mobility
of the nanoparticle slows down, and the scaling exponent is obviously diﬀerent from the one
in experiments, implying that hydrodynamic interactions play a crucial role in the diﬀusion
of a nanoparticle in semidilute polymer solutions.
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relation spectroscopy measurements. In the semi-dilute
transition regime, the dependence of D on c was shown
to follow a stretched exponential
function
given by the
(
)
Phillies equation [27], D-exp −αcδ , the exponent δ is
usually less than one and α is dependent on the probe
size [28]. Such an observation was also conﬁrmed by a
recent experiment [16], the diﬀusion of gold NPs of radii
2.5−10 nm in semidilute poly(ethylene glycol) (PEG)
water solution was measured. Theoretically, NP’s diﬀusion in polymer liquids has been studied by using scaling
theory [22, 26, 29], “walking conﬁned diﬀusion” model
[23, 24], mode coupling theory (MCT) [25, 30–33], and
so on. In the scaling theory developed by Cai et al.
[22], the eﬀect of chain relaxation on the mobility of
nonsticky NPs in polymer liquids was considered, and
a power law dependence of the diﬀusion coeﬃcient on
polymer concentration was derived. The “walking conﬁned diﬀusion’‘’ model [23, 24] considered a depletion
layer and it could reproduce the nonlinear dependence
of mean square displacement on time. In recent years,
an important theoretical framework based on MCT has
been proposed to study the long-time diﬀusion coefﬁcient in complex polymer liquids, from a microscopic
level explicitly accounting for the solute-solvent interactions. It starts from the calculation of the friction kernel
ζ(t), deﬁned as the time correlation function of the random force exerted on NP, which may result from short
time collisions among NP and surrounding particles, the
coupling of NP dynamics with the solvent structural
relaxation modes, or coupling with a long-time transverse hydrodynamic currents. With the calculated ζ(t),
the diﬀusion coeﬃcient D can be obtained directly via

I. INTRODUCTION

Understanding the transport properties of nanoparticles (NPs) in polymer liquids, including polymer solutions and polymer melts, is of great importance in
many interdisciplinary ﬁelds. For instance, the diﬀusive behavior of NPs can provide important information
about the local mechanical and viscoelastic properties
of polymer liquids [1–3]. Diﬀusion dynamics of a probe
in dense polymer solutions can help to understand effects of crowding on intracellular diﬀusion processes of
proteins or other macromolecules [4–7]. Adding NPs to
polymer liquids can result in novel electrical and photonic properties of nanocomposite systems where the
mobility of NPs can play a crucial role [8–12], to list
just a few.
For many of these reasons, diﬀusion of NPs in polymer solutions has received a lot of attention both experimentally [13–21] and theoretically [22–26]. It was found
that the well-known Stokes-Einstein (SE) relationship
between the long-time diﬀusion coeﬃcient D and the
particle size might be violated in polymer solutions and
be strongly dependent on the interactions between the
probe particle and the polymer molecules [13, 19]. In
particular, much attention has been paid to how D depends on the concentration c of polymer solutions by
using experimental techniques such as ﬂuorescence cor-
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ﬂuctuation-dissipation theorem. Using MCT, Schweizer
and coworkers [25, 31] had studied the diﬀusion of NPs
in polymer melts theoretically, being both unentangled
and entangled, which helps to understand many important experimental observations and also provides deep
physical insights. Egorov [30] performed a slightly different MCT study on the anomalous diﬀusion behavior
of NP in polymer melts and solutions, but only unentangled regime was considered and the eﬀect of solvent
was implicitly accounted for. Most recently, Dong et
al. extended the MCT to calculate D of NPs in PEG
solutions by introducing a particular dynamic scattering function suitable for polymer solutions, ﬁnding very
good quantitative agreements with experimental data
[33]. In parallel to the theoretical approaches, there
have been some coarse-grained molecular dynamics simulations (CGMD) as well [11, 34–37]. Liu and his coauthors found that the gyration radius of a polymer chain
is a key factor to determine the validity of the SE relationship in describing NPs diﬀusion in polymer melts
[35]. While a recent CGMD study performed by Kalathi
et al. showed that it is the entanglement mesh size that
should be such a key factor and an NP’s diﬀusivity has
two very diﬀerent classes of behavior depending on its
size [37].
We note that diﬀusion of NPs in polymer solutions is
a rather complicated problem, wherein not only the interactions between NPs and polymer molecules must
be considered, but also the solvent eﬀects may play
important roles. Nevertheless, most of the theoretical
and simulative studies so far have not related to solvent eﬀects explicitly. MCT studies mentioned above,
only considered either polymer melts or the solvent implicitly. And to the best of our knowledge, studies on
the diﬀusion behavior of NPs by using CGMD method
mainly concerned about polymer melts rather than solutions. On the other hand, it has been shown that solvent eﬀects, particularly the long-range hydrodynamic
interaction (HI), might drastically inﬂuence dynamics
of polymer chain in a solvent [38–42]. For example,
Kikuchi et al. reported that HIs accelerate the coilglobule transition (CGT) of a ﬂexible polymer and also
aﬀect the morphology in the shrinking process [38, 39].
Chang and Yethiraj also proposed that HIs tend to prevent a collapsing polymer from being trapped at local energy minima [40]. Recently, Tanaka speculated
that HIs not only accelerate the CGT, but also may
retard it via a squeezing ﬂow eﬀect [41]. Moreover, Kamatu and coworkers found that HIs accelerate collapsing for a quench from above Flory temperature (i.e. θ
point), whereas they decelerate collapsing for a quench
from below θ point and they believed that the roles of
HIs in the chain collapsing transition crucially depend
upon the initial enhancement of anisotropy of a polymer conﬁguration [42]. These studies clearly showed
HIs can play subtle roles in both polymer collapse and
the folding pathway. Thus, it is quite natural for one
to seek for some mesoscopic simulation approaches to
DOI:10.1063/1674-0068/29/cjcp1603058

study dynamics of such complex systems. Recently, a
new approach termed as multiparticle collision dynamics (MPCD) was proposed to address this issue. The
main idea of MPCD is to replace the solvent molecules
by coarse-grained particles, which performs streaming
and collision steps to make sure the long range HI effects are maintained [43, 44]. This mesoscopic method,
sometimes combined with MD, has been used successfully in many soft matter systems [45, 46], including
those involving polymers [44, 47, 48].
In the present work, we investigate the diﬀusion of
an NP in a semi-dilute polymer solution by using the
MPCD method combined with MD. The main motivation of the present study is to take into account the
eﬀects of solvent in an explicit and direct way, including the particular role of HI. For simplicity, we only
consider the semi-dilute regime and mainly investigate
the dependence of diﬀusion coeﬃcient D on the polymer concentration. We ﬁnd that our method can well
reproduce the scaling relation between the gyration radius and the concentration. The diﬀusion coeﬃcient,
as a function of polymer concentration c, is shown to
follow the Phillies equation very well with reasonable
exponents α and δ in agreements with experimental observations. Importantly, the method facilitates us to
study the very role of HI by switching on or oﬀ the HI
during the simulation process. It is demonstrated that
D would decrease remarkably if HI, were not accounted
for, and scaling relation between D and c would become
quite distinct.
II. MODEL AND METHOD

As shown in Fig.1(a), an NP (larger gold particle) is
immersed in a polymer solution consisting of Np linear
ﬂexible polymer chains composed of Nb beads (green
particles) of mass Mb , embedded in an explicit solvent (not shown). Exclusive volume eﬀects among all
polymer beads are taken into account by the repulsive,
shifted, and truncated Lennard-Jones (LJ) potential,
]
 [ ( )12 ( )6
σ
1
 4ϵ σ
−
+ , r ≤ rc
r
r
4
VLJ =
(1)

0,
r > rc
where the cutoﬀ radius is rc =21/6 σ. Bond eﬀects among
adjacent beads in the polymer backbone are given by
the ﬁnite extensible nonlinear elastic (FENE) potential,
[
( )2 ]
r
κR02
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VFENE = −
2
R0
where κ=30ϵ/σ 2 is the bond strength and R0 =1.5σ is
used as the maximum bond length.
The NP is modeled as an LJ-like sphere of radius
Rn and mass Mn . The interaction between NP and
polymer beads are described by a modiﬁed LJ potential
c
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undergo eﬀective collisions at discrete time intervals
∆tMPC . During streaming steps, particles move ballistically and their positions ri are updated according
to
ri (t + ∆tMPC ) = ri (t) + vi (t)∆tMPC

(4)

where vi (t) is the velocity of particle i at time t. In
collision steps, particles are sorted into cubic cells of size
a0 and then the velocities of solvent particles in a certain
cell are updated according to a stochastic rotation
vj (t + ∆tMPC ) = VCM (t) + R̂(vj (t) − VCM (t)) (5)
where j runs
(∑over all) of the Nc particles in the cell and
Nc
VCM (t)=
j=1 vj /Nc is the corresponding center-

FIG. 1 (a) A typical simulation snapshot of an NP immersed
in a semidilute polymer solution (with box size L=32a0 ).
Here only nanoparticle (big yellow sphere) and polymer (red
and blue beads for the both ends of a chain) is drawn, water is omitted for clarity. (b) Potential curves used in our
system. Polymer beads interaction is plotted according to
Eq.(1) shown with green line and nanoparticle-bead interaction is showed by orange curve referred to Eq.(3).

which is oﬀset by the interaction range Rev =Rn −σ/2,
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This potential is truncated and shifted at the separation
rc =Rev +21/6 σ. As an illustration, bead-bead and NPbead interaction potentials are drawn in Fig.1(b). NP
and polymer chains constitute the solutes of the system,
and MD method is used to simulate their motions.
We consider that the solutes mentioned above are
dissolved in the solvent, which could be water in real
polymer solutions. Speciﬁc interactions among the solvent particles are not explicitly accounted for in the
present work. However, we are mainly interested in the
eﬀects of HI. To this end, as already mentioned in the
introduction part, we use the MPCD method which has
already been widely adopted in this respect [44, 47, 48].
In MPCD, Ns point solvent particles with mass ms ,
representing coarse-grained molecules, free stream and
DOI:10.1063/1674-0068/29/cjcp1603058

of-mass velocity. R̂ is a rotation matrix which rotates
velocities by an angle α around an axis generated randomly for each cell at each collision step. This simple
collision rule conserves mass, momentum, and energy,
which guarantees the emergence of Navier-Stokes hydrodynamics on length scales larger than the collision
cell size a0 and thus properly accounts for the long range
HI eﬀects. Note that a random shift of the collision
lattice is necessary at every collision step to guarantee
Galilean invariance [49].
In our hybrid MD-MPCD scheme, a speciﬁc coupling
between the solute and solvent particles should also be
taken into account. Firstly, the coupling between MPC
ﬂuid and the polymer is established in collision steps,
where the polymer beads are treated similarly to solvent
particles. In this case, bead size is not explicitly considered, while the momentum transfer between polymer
beads and solvent particles is maintained. This kind
of coupling has been widely used in polymer solutions
[44, 47, 48]. For NP, however, we may be interested in
how its diﬀusion behavior depends on its size. To this
end, the coupling between NP and solvent particles is
realized by using MD simulations according to the modiﬁed LJ potential in a similar form in Eq.(3). Since the
MPC solvent particle is a point particle, the oﬀset range
between solvent and NP should be Rev =Rn −σ. Note
that such a similar kind of force coupling schemes has
been widely used in many studies on colloidal particles
immersed in a MPC solvent [50–52].
To study the eﬀects of HI, one should investigate the
same system with and without HI. A method to switch
oﬀ HI in the MPC method has been proposed by Yeomans [38, 39], and its basic idea is to interchange velocities of all solvent particles randomly after each collision step. Then the momentum conservation in a local
ﬁeld will be destroyed, and the long-ranged hydrodynamic correlations will disappear, while leaving friction
coeﬃcient and ﬂuid self-diﬀusion coeﬃcient largely unaﬀected. In the present work, Fisher-Yates shuﬄe algorithm with O(N) time complexity will be used to interchange the velocities randomly. This makes it very
convenient to address the speciﬁc role of HI, by runc
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ning simulations with the same initial conditions and
parameter values but with HI present or not.
In our simulation we set the collision cell size a0 , solvent particle mass ms and kB T to be the unit of length,
mass, and energy, respectively.
With these units, the
√
time unit reads τ = ms a20 /kB T . To guarantee a constant local system temperature T during a simulation
run, we use an eﬃcient thermostat by rescaling the solvent velocities on the cell level as proposed in Ref.[53].
MD equations for NP and polymer beads are integrated
using time-reversible velocity Verlet algorithm with a
time step ∆tMD =0.002τ . The time interval between
succeeding collision steps is ∆tMPC =0.1τ , the number
density of solvent is ρs =10 (each cell contains 10 coarsegrained particles), the mass of NP is Mn =4πRn3 ρs ms /3,
the bead size is σ=1 and the bead mass is chosen to
be M =ρs ms . Note that the particular settings for the
bead have been shown to lead to an adequate ﬂuidbead coupling, necessary for the appearance of hydrodynamic behavior [54]. The simulation is performed in
a 3-dimensional cubic box of size L=16a0 . The number
of monomers per chain is Nb =50 if not otherwise stated.
For the accuracy of statistics, 100 independent simulation runs with typically tsimu =1×108 τ are performed
for every system.
III. SIMULATION RESULTS AND DISCUSSION
A. Gyration radius of polymer chain

Before we study the diﬀusion dynamics of NP, we ﬁrst
investigate some relevant static properties of the polymer solution without the NP. In particular, we are interested in how the radius of gyration Rg of the polymer
chain depends on the concentration c of the solution.
By deﬁnition, Rg is given by
v⟨
⟩
u
Nb
u 1 ∑
2
t
Rg ≡
|ri − Rcm |
(6)
Nb i=1
where ri is the position of bead i and Rcm is the centerof-mass position of a polymer chain. We note here that
there already exist well-established scaling relations regarding Rg in dilute and semi-dilute polymer solutions.
For a dilute solution, there is no overlap between diﬀerent polymer chains, such that the gyration radius only
depends on the number of beads Nb in the chain, i.e.,
Rg0 ∝ Nbν

(7)

with a Flory exponent ν≈0.59 for a good solvent in theory. Note here we use a subscript ‘0’ to specify the value
of a dilute solution which is thus not dependent on the
polymer concentration. With the increase of concentration, however, polymer chains become to overlap if the
monomer concentration c=Nb Np /V exceeds the value
given by
c∗ =

Nb
3 /3
4πRg0
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(8)

FIG. 2 (a) Log-log plot of the mean-squared radius of gyration as a function of Nb , the number of beads in a single
polymer chain. The solid line represents a linear ﬁt of the
data and slope indicates ν=0.588≈0.59 according to Eq.(7).
(b) Log-log plot of the relative mean-square radius of gyration as a function of the normalized concentration of the
polymer solution with chain length Nb =50. The solid line
represents a linear ﬁt of the data for c>c∗ . The slope of the
solid line is about −0.115 which indicates ν≈0.588 according
to Eq.(9).

In the range c≫c∗ , it has been shown that
( c )(2ν−1)/(2−6ν)
( c )−0.117
Rg = Rg0 ∗
≈ Rg0 ∗
c
c

(9)

for ν≈0.59.
In Fig.2(a), a log-log plot of Rg0 versus Nb , obtained from our simulation for a single polymer chain in
the solvent, is presented. Apparently, the scaling relation (7) is reproduced, with the Flory exponent ν≈0.58
which agrees very well with the theoretical value 0.59.
In Fig.2(b) , we present the relative radii of gyration
Rg /Rg0 as a function of the normalized concentration
c/c∗ . The length of the polymer chain is Nb =50 and we
change Np to increase the concentration c. Clearly, for
dilute solutions where c≪c∗ , Rg keeps nearly constant
which is not dependent on c which is consistent with
Eq.(7). For c≥c∗ , a good power-law scaling relation appears between Rg and c, i.e., Rg -c−γ with an exponent
γ≈0.115 which is in excellent agreement with Eq.(9).
Therefore, our simulation method can reproduce the
scaling properties of the gyration radius excellently in
the polymer solution, which serves as a validation of the
approach in the present work.
c
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B. NP diffusion: concentration dependence

We now turn to study the diﬀusion dynamics of the
NP in the polymer solution. Since the number concentration of NPs in real experiments is usually very low,
here we only need to consider one NP in our system and
ensemble averaging is performed to get reliable data.
The essential quantity is the mean square displacement
(MSD) of the NP,
⟨

⟩
⟩ ⟨
2
∆R2 (t) = |rn (t) − rn (0)|

(10)

where rn (t) denotes the position vector of NP at time t
and
denotes
ensemble averaging. Figure 3(a) shows
⟨ ⟨·⟩
⟩
∆R2 (t) as a function of time t for particle size Rn =2
at several diﬀerent values of concentration c. The curves
share
some
⟨
⟩ common features. For a very short time,
∆R2 (t) -t2 as a consequence of the
⟨ ballistic
⟩ motion
of the NP. In the long time limit, ∆R2 (t) -t which
corresponds to normal diﬀusion behavior. For large
concentration, e.g., c=0.61, the NP may show subdbehavior
in the intermediate time range, where
⟨iﬀusion
⟩
∆R2 (t) -tα with α≈0.725<1. This sub-diﬀusive behavior is mainly due to the cage eﬀect that the surrounding polymer chains exerted on the NP when the
concentration is relatively high.
We can calculate the long-time diﬀusion coeﬃcient D
by
D = lim

t→∞

⟩
1 ⟨
∆R2 (t)
6t

(11)

According to Fig.3(a), D decreases monotonically with
the increment of the concentration c as expected. As
proposed by Phillies [27], the dependence of D on c may
follow a scaling relationship described by the stretched
exponential function
D
= exp(−αcδ )
D0

(12)

where α and δ are two exponents to be determined, D0
is the diﬀusion coeﬃcient in a very dilute solution. He
argued that this should be the case when HI dominates
over topological constraints on the probe diﬀusion and
the exponent δ range from 0.5 to 1 depending on the
solvent quality.
In Fig.3(b), our simulation results of the diﬀusion
constant D as a function of c is shown for the particle
size Rn =2. The solid line is a ﬁtting of Eq.(12) with
α=4.63 and δ=0.98. Clearly, our data follows excellently the scaling relationship and the exponent δ lie
within a reasonable range. In addition, we note that
this result agrees very well with a recent experimental
observation by Omari et al. [15] who studied the diﬀusion of gold NPs in semidilute solutions of polystyrene
in toluene.
DOI:10.1063/1674-0068/29/cjcp1603058

FIG. 3 (a) Mean squared distance of nanoparticles with
Rn =2 for the various concentrations of polymer
monomers.
⟨
⟩
The short lines indicate the dependencies ∆R2 (t) -t2 at
⟨
⟩
the beginning of time, ∆R2 (t) -t for the long-time MSD,
⟨
⟩
and ∆R2 (t) -t0.725 in the intermediate phase of high concentration case. (b) Dependence of diﬀusion coeﬃcient of
nanoparticle with Rn =2 on the concentration of polymer solution. The solid line is ﬁtted via Phillies equation Eq.(12)
with α=4.63, δ=0.98.

C. NP diffusion: effect of HI

As already mentioned in the Model and Method part,
one of the advantages of the MPC method used here is
the convenience to investigate the role of HI, by switching oﬀ HI during the simulation with all other settings
the same. The basic idea is to interchange velocities of
all solvent particles randomly after each collision step so
that momentum (and energy) is not conserved locally.
In this section, we will mainly discuss how the diﬀusion
behavior of the NP depends on HI.
In Fig.4(a), MSD of NP as a function of time t is
shown for Rn =2 and c=0.244 with HI on or oﬀ. Obviously, the long-time diﬀusion constant D becomes
smaller (the curve is lower) if HI is switched oﬀ, indicating that HI is favorable for the NP diﬀusion. Interestingly, there seems to exist a sub-diﬀusion region
in the intermediate time range when HI is not considered, and it takes longer time for the NP to enter a
normal diﬀusion region. This indicates that HI can accelerate the relaxation of the cage formed by polymer
beads surrounding NP. In Table I, the dependence of
D on concentration c is listed. We note that the difc
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FIG. 5 Dependence of diﬀusion coeﬃcient of NP on concentration of polymer solution with Rn =1.0, Rn =1.5, Rn =2,
and Rn =2.5. Solid lines are ﬁtted by Phillies equation
Eq.(12).

TABLE II Parameters for Phillies ﬁt in Fig.5.

FIG. 4 (a) Mean squared displacement of nanoparticle with
radius Rn =2 in a polymer solution with c=0.244. (b) Dependence of diﬀusion coeﬃcient of nanoparticle with Rn =2
on concentration of polymer solution with HI switched oﬀ.
The solid line is ﬁtted via Phillies equation Eq.(12) with
α=1.7 and δ=1.1.

TABLE I Diﬀusion coeﬃcient of NP with Rn =2 as a function of polymer beads concentration, where Don and Doff
represent the diﬀusion coeﬃcients of NPs in polymer systems with HI switched on and oﬀ respectively.
c
0.122
0.244
0.366
0.488
0.610

Don ×10−4
31.22
14.59
9.70
6.08
3.69

Doff ×10−4
2.52
2.03
1.71
1.36
1.12

Don /Doff
12.39
7.19
5.67
4.47
3.29

fusion constant Don (HI on) is much larger than that
Doff (HI oﬀ) in the whole concentration range considered here. In particular, the ratio Don /Doff increases
as c decreases, suggesting that the role of HI on diﬀusion becomes much signiﬁcant in the low-concentration
range. We also tried to use Eq.(12) to ﬁt the data with
HI oﬀ, which is depicted in Fig.4(b) for Rn =2. The ﬁtting is also good, but now with exponents to be α=1.7
and δ=1.1. As discussed above, the exponent δ lies typically within the range (0.5, 1) such that δ=1.1 seems not
reasonable. Therefore, the eﬀects of HI must be properly taken into account to illustrate real experimental
results.
DOI:10.1063/1674-0068/29/cjcp1603058

Rn
1.0
1.5
2.0
2.5

Phillies-α
3.21
4.01
4.63
4.86

Phillies-δ
0.97
0.98
0.98
0.95

D. NP diffusion: size effect

In this section, we investigate the size eﬀects of NPs
on their diﬀusion behaviors in polymer solutions. As
already discussed before, in order to obtain reasonable mobility of NP with diﬀerent size, long range HI
among polymer beads has been considered in our simulation systems. Dependencies of diﬀusion coeﬃcient
D on polymer concentration c for a series of NPs sizes
(Rn =1.0, 1.5, 2.0, and 2.5) are shown in Fig.5. As expected, one can see that diﬀusion coeﬃcients decrease
with increasing polymer concentration for all sizes of
NPs considered here, but the mobility of NP slows down
more remarkably for small NP than the big one. On the
other hand, it can be seen that D decreases as particle
size Rn increasing for a certain polymer concentration
while such a size eﬀect gets weaker for larger polymer
solution concentrations. In particular, we ﬁnd that the
curves can all be well-ﬁtted by the Phillies’ equation
(Eq.(12)), and the ﬁtting exponents α and δ are given
in Table II. Interestingly, the exponent δ keeps nearly
constant (∼0.97) and does not depend on the particle
size, while the exponent α increases monotonically with
Rn (see Table II). We note that these simulation results
are consistent with recent experimental observations in
the semi-dilute concentration range [16, 28].
IV. CONCLUSION

In conclusion, we used a hybrid mesoscopic MDMPCD simulation method to investigate the diﬀusion
c
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dynamics of NPs in semidilute polymer solutions. We
demonstrated that the method can well reproduce the
scaling relations between the radius of gyration and the
concentration of polymer solution, which serves as a
validation of the simulation approach. Extensive simulations were performed to calculate the long-time diﬀusion coeﬃcient D of the NP, particularly, as functions
of the solution concentration c. Interestingly, we found
that the dependence of D on c can be ﬁtted
( very
) well
by a stretched exponential function D-exp −αcδ . The
exponent α increases almost monotonically with the
particle size Rn , while the exponent δ keeps a nearly
constant ∼0.97 for the size range considered here. In
addition, our method makes it convenient to investigate
the very role of HI by performing simulations with HI
oﬀ. It was shown that HI plays a signiﬁcant role in
the diﬀusion dynamics of the NP. On the one hand, HI
can enhance the long-time diﬀusion constant considerably and shorten the transient time between the ballistic
motion and normal diﬀusion. On the other hand, the
scaling relation between D and c changes remarkably
if HI is oﬀ and the exponent δ may become unreasonable. Our simulation results are in good agreements
with recent experimental observations for NP diﬀusion
in semidilute polymer solutions [16, 28]. Our results
demonstrate that the hybrid MD-MPCD method is a
very eﬃcient strategy to investigate the structure and
dynamics involving complex polymer solutions.
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