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Abstract

Starting from microscopic molecular-dynamics (MD) simulations of constrained Lennard-Jones
(LJ) clusters (with constant radius of gyration Ry), we construct two mesoscopic models
[Langevin dynamics and dissipative particle dynamics (DPD)] by coarse graining the LJ clusters
into single particles. Both static and dynamic properties of the coarse-grained models are
investigated and compared with the MD results. The effective mean force field is computed as a
function of the intercluster distance, and the corresponding potential scales linearly with the
number of particles per cluster and the temperature. We verify that the mean force field can
reproduce the equation of state of the atomistic systems within a wide density range but the radial
distribution function only within the dilute and the semidilute regime. The friction force
coefficients for both models are computed directly from the time-correlation function of the
random force field of the microscopic system. For high density or a large cluster size the friction
force is overestimated and the diffusivity underestimated due to the omission of many-body
effects as a result of the assumed pairwise form of the coarse-grained force field. When the many-
body effect is not as pronounced (e.g., smaller 7, or semidilute system), the DPD model can
reproduce the dynamic properties of the MD system.

l. INTRODUCTION

Many of the macroscopic phenomena observed for soft matter, such as liquid crystals,
polymers, and colloids, are consequences of physical processes at the microscopic level. It is
usually extremely difficult and even beyond computational capacity to describe these
systems at the microscopic level due to the short time scale and the large number of
microscopic particles. Alternatively, many coarse-grained (CG) methods such as Langevin
dynamics [1], smooth particle hydrodynamics [2,3], and dissipative particle dynamics
(DPD)[4] have been proposed to describe systems at mesoscopic scales, in which the force
parameters are chosen to match some macroscopic properties, e.g., compressibility [5] or
diffusivity [6-8]. Physically, any system at a certain level of interest can be described by its
Hamiltonian, its governing equations, and interaction parameters, all deduced from a more
fundamental description. At the microscopic level, the long-range term of the Lennard-Jones
(LJ) potential can be derived from a two-body renormalized dipole-dipole interaction in
quantum electrodynamics. Similarly, the CG description at the mesoscale level employs a
procedure for eliminating the fast microscopic variables of atoms or molecules and deducing
the evolution of mesoscopic variables with slower dynamic modes [9]. Therefore, it is of
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great interest to explore if the parameters of the effective forces of the mesoscopic models
can be directly evaluated from the microscopic level by a general method.

From the classical Liouville equation, Zwanzig [10] and Mori [11] introduced the projector
operator method, which provides the theoretical basis for the coarse-graining procedure.
Several studies have been reported on the application of this method to different systems,
e.g., the one-dimensional harmonic chain [9], the single tagged particle [12,13], and the
polymer chain [14]. Recently, a more generalized equation of motion for coarse-grained
many-body systems was proposed by Kinjo and Hyodo [15], which describes the dynamics
of the mesoscopic variables with an explicit relationship to the microscopic description. It
can be viewed as g priori CG equation from which the Langevin dynamics and dissipative
particle dynamics can be derived from different assumptions. The generalized equation of
motion consists of three types of forces: the ensemble average conservative force, the
random force reflecting the microscopic fluctuations around the ensemble average force, and
the friction force determined from the time correlation of the random force. The latter two
are the dissipation and noise terms originating from the eliminated degrees of freedom as a
consequence of the coarse graining [9].

The static properties of the CG system are closely related to the average force field.
Extensive studies on this relation have been reported for many different systems [16-22].
Espanol [16] modeled the DPD particles by grouping several LJ particles into clusters and
derived the conservative force field from the radial distribution function of the clusters.
Akkermans and Briels [20] computed the effective force field by minimizing the free-energy
difference between the CG and MD systems. Harmandaris et a/. [21] and Fukunaga et a/.
[22] extracted the effective force field for complex polymers from the distribution functions
of the bond length, bending angle, and torsion angle. However, much less work has focused
on the dissipative and random forces of the coarse-grained systems, which play a crucial role
in determining the dynamic properties of the CG system. To this end, Akkermans and Briels
[14] computed the Langevin-type friction force for a single tagged chain. Eriksson et al. [23]
estimated the dissipative force term of DPD system by the force covariance function. The
absence of the dissipation and random terms introduces an ambiguity on the time scale of
the CG system, which is typically resolved by matching the diffusivities of the two systems.
However, for complex fluid problems such a simple matching may not be applicable as
more than one dynamic property are involved.

The aim of this paper is to construct a mesoscopic system of clusters of microscopic
particles governed by the Lennard-Jones potential and investigate its behavior. The
dissipative and random forces as well as the effective mean force are evaluated directly from
the microscopic system. Both static and dynamic properties are evaluated in terms of the
reduced LJ units without rescaling the time unit between the two systems. Both Langevin
and DPD simulations are performed separately depending on the different random force
models we choose. In this respect, we expect similar results for both static and dynamic
properties between the CG and micro-scopic simulation results. By such comparisons we
expect to gain some insight into the relationship between the two levels of description.

The paper is organized as follows. In Sec. I1, we review the general CG equation proposed
by Kinjo and Hyodo and simplify it with further approximations. In Sec. Il1, we construct a
microscopic model from which we extract the force field for the CG model of the system. In
Sec. 1V, we investigate the CG system governed by the Langevin and the DPD equations of
motion and compare the results with MD simulations. In Sec. V, we discuss the effect of
different types of CG force fields. We conclude in Sec. VI with a brief discussion.
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IIl. THEORETICAL BACKGROUND

Let us consider a microscopic system with A/ particles governed by certain interaction
potential (7). We define the CG system by dividing the particles into K groups with N,
particles in each group; R,, and P, denote the position of the center of mass (COM) and the
total momentum of the group p, respectively.

The equation of motion of the CG groups in this system, derived by Kinjo and Hyodo [15],
can be approximated by

K
Py:/lg%lnw (R) —,B;f;ds <[6F;? (t— s)] x [5[?;‘2 (0)]T> . PVT(VS)MF;? ®, @

where p=1/kgTand R € R*¥ is a point in the phase space of the CG groups [24]. The three
terms on the right-hand side of Eq. (1) represent the average conservative, dissipative, and
random forces, respectively. Our objective is to evaluate the three terms directly from a
specific microscopic model with further approximations, as discussed below.

Here, o(R) in the first term can be viewed as a normalized partition function of all the
microscopic configurations corresponding to point R in the CG phase space defined by
[d"vs (R - R)e PV

R

@

where Uis the potential energy of the atomistic system. Therefore, the first term is the
ensemble average force on group w over all the microscopic phase points corresponding to a
specific CG phase point R, denoted as (F ,)r ¢

The last term 6F;@ (#) is the fluctuating force on group w. The second term is the dissipative
force, which contains an integral of the memory kernel of the random force. A direct
computation of this term is very difficult, even for the one-dimensional harmonic chain [9].
In practice, if the typical time scale of the momentum and random force correlation of the
CG cluster is separable (e.g., if the correlation function of the velocity decays much more
slowly than the correlation function of the random force, as we will show in Sec. 1V), we
can make a Markovian approximation as

<[5F;? (t- s)||oF7 (0)]T> =6 (t—5), (3)

P, ()
M, "’

Jods([oF7 @ = 9] [0 O]')- P . @

M,

where the factor of 2 in Eq. (3) comes from the integration over the delta function from zero,
and I, is the friction matrix defined by

Ty = f;"dt<[5F;? ][ o¥7 (0)]T>. (5)

Given Egs. (3) and (4), the general CG equation (1) can be approximated as a real time
equation, i.e., it does not depend on the time history. Hence, each term can be evaluated by
microscopic simulation methods, as shown in the next section.

Phys Rev E Stat Nonlin Soft Matter Phys. Author manuscript; available in PMC 2013 June 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leietal.

Page 4

Ill. MICROSCOPIC MODEL

A. Lennard-Jones system

We employ molecular-dynamics (MD) simulation in a 20x20x20 box with periodic
boundary conditions. We run several different cases but the largest size is 6400 particles
governed by the LJ potential, adjusted to vanish at the cutoff radius r,

v (r) =V (r) —Vy (r(r) 5

) =te(2)"-(2)]. @

where r,is 2.50. All the quantities in this and the following sections are evaluated in the
reduced LJ units (e.g., the length, mass, and energy units are o, 1, € respectively). The
particles are grouped into K clusters with A/, particles per cluster. The cluster number
density is defined as

pe=p[Ne, (7)

where p is the number density of the LJ system. For each cluster, the LJ particles are subject
to the constraint of constant radius of gyration (%), i.e.,

NLZ(I-‘I‘ - Rﬂ)zzRézconst, 8)

where R, is the COM of the cluster s, as shown in Fig. 1. The radius of gyration R, is a
natural measure of the cluster size. Although the LJ particles may wander across the cluster
surfaces, the constraint associates the constituent particles with a specific cluster, so that the
dynamic properties of the clusters can be evaluated [19]. It defines the inner number density
of the atomistic particles inside each cluster,

4 3
pinneerc/gﬂ'Rg' 9

The system was simulated in a VVT ensemble with the Nose-Hoover thermostat and the
RATTLE algorithm to deal with the constraints [25,26]. The time step was varied from
5x107% 10 1073,

Theoretically, the coarse-grained potential field of the clusters Usg(R) depends on the K-
body configuration {R}=(R1, Ry, ..., R p¢ 7). as does the average force (F,,)rg on
cluster x, which is difficult to evaluate directly. If we approximate the mean-field force on a
single cluster by pairwise forces with respect to other clusters [19], (F,u)rS can be simplified
as T,,{ (R,;1)), where () is the average pair force between two clusters and can be
obtained by the MD simulation with specific cluster density p,and temperature kg7. (We
note, however, that this assumption may lead to erroneous results at high densities, as we
will discuss later in Sec. IV.) To compute the average pair force {f{9), we divide the
distance between two clusters into several bins with dras the distance between each bin.
Then, () is obtained by taking the ensemble average of the radial component of the
instantaneous force f,,, between two clusters x and v, over all microscopic configurations
with the pair distance between a2 and r+adin2, i.e.,

R,
(f () =<fpv : R_> © (10)

Y

r=dr[2<Ruy<r+dr/2
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We also introduce the corresponding pair potential of mean force { (/) as the spatial
integration of {f{9), i.e.,

VEn=[{f(r)dr
From the simulations, we found that the average force (potential) field depends on the

temperature kg7, the radius of gyration /R, the number of particle within each cluster N/,
and the number density of the clusters p.. We discuss our findings in detail below.

B. Simulation results

We examine the average pair force {#7)) for two different values Ry=0.95 and 1.4397 (the
latter value is chosen so that p/inner=0=0.8). Figure 2 shows the temperature-scaled pair
potential B{ () for 0,=0.08 and N=10. Compared to the LJ system, the CG potential field
for both /7, values show softer and temperature-dependent properties. For R,=1.4397, the
potential field is similar to the Gaussian chain model [18]. For /;=0.95, the clusters behave
more like a “single” LJ particle and therefore the force field is stiffer with a stronger
repulsive force and deeper attractive well. With temperature between 2.0 and 5.0, both force
fields collapse approximately onto a single curve; this property will be discussed further in
conjunction with the results of static properties later in this section.

We also examine the potential field with different numbers of particle per cluster N/,
whereas the inner density pjsneris the same that at =10 by choosing the proper value of
Ry Similar temperature dependence is observed. Moreover, if we scale the potential by A,
and the distance by 7, the potential functions approximately collapse into a single curve, as
shown in Fig. 3. Based on the results we obtained, we can propose the following scaling:
Nek,, T
() =g=h(r/Ry),
(V) Nek,Ty(r/Ry),

12)

where A(N=-dg(n/drand g(r) are dimensionless functions depending on p.and ;e Note
that these simulation results are similar to the scaling relationship for an unconstrained DPD
system as derived in [27].

Figure 4 shows (fn) for different number densities o, at fixed temperature kg7=3.0.
Compared with the R,=0.95 case, (fn) for Rg=1.4397 depends strongly on o, indicating a
significant many-body effect, which may affect the properties of the coarse-grained system,
as discussed in Sec. V.

Having obtained the CG force field, we now turn to the static and dynamic properties of the
system. Figure 5 shows the radial distribution function g(7) of the clusters at different
temperatures. For £,;=1.4397, g(/) is flat and similar to the standard DPD result, while for
Rg=0.95, g(r) is much sharper, similar to the single LJ particle result as expected. Unlike the
simple fluid system, the radial distribution function shows very weak dependence on
temperature between 2.0 and 5.0. This result can be readily understood from the weak
temperature dependence of { {n)) shown in Fig. 2.

For dynamic properties, we determine the self-diffusivity of the clusters in the MD system
by the Einstein relationship

.1 2
D=lim = (IR, (1) - R, O)FF). (13)
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We determine the viscosity of the MD system by the periodic Poiseuille flow method [28]
and Lees-Edwards Couette flow. The velocity profile obtained for the periodic Poiseuille
flow is shown in Fig. 6. For simulation details, we refer to [28]. The dynamic properties are
listed in Table I.

IV. COARSE-GRAINED MODELS

To investigate the relationship between the two different scales we construct different
mesoscale models based on the microscopic results in the previous section. Specifically, we
construct CG clusters whose mass is the sum of the masses of MD particles within each
cluster. The CG system remains in the canonical ensemble at the same temperature kg7.

A. Mean force field approach

We start with a very simple model where we employ only the average force field, i.e., the
first term in Eq. (1). The static properties are determined by this term. Figure 7 compares the
equation of state (EOS) of the CG system with the MD system. The results are close to the
MD results with a difference less than 2%. Figure 8 compares the radial distribution function
of the system. For R,=0.95, the results of the MD and CG systems match well over the
entire density regime. However, for R,=1.4397 and p~0.08, the CG result shows a sharper
peak than the MD result. Similar differences have been reported for flexible polymer chains
in [20,22]. In contrast, Akkermans and Briels [29] proposed a structure-based effective
potential which reproduces the radial distribution of coarse-grained polymer system over the
entire density regime. However, it generates a pressure much lower than the MD system.
These differences are primarily due to the approximation of the clusters as point particles
and the absence of the full many-body interaction, which plays an important role at high
density and larger £,

In general, the mean field by itself cannot reproduce the correct dynamic properties of the
CG system. As an illustration, we calculate the self-diffusion coefficient and the dynamic
viscosity for CG system of /;=1.4397 with p=0.08 and kg7=3.0. The results are Dy;~=0.53
and nys=0.74, respectively, indicating a larger mass transport and a smaller momentum
transport, compared with the MD system (Dy,5=0.0255, nysp=7.08). Moreover, this
discrepancy cannot be eliminated by simply rescaling the units of the CG system.
Specifically, if we artificially match the diffusivity of two system by rescaling the time unit
of the CG system, while keeping the length and mass units fixed, the scaled time unit of CG
system is [ ,=20.78[f rsp. Consequently, the dynamic viscosity of the CG system, by the
mean-field model, should be 0.74[ MJ/[ L1[ ] p4==0.0356[ M)/ L1[A pmsp, Which is different from
the MD result 7,4p=7.08. In particular, the dimensionless Schmidt number is different in the
two systems. In the MD system, Spyp is around 347 (see Table 1) while in the mean field
Semris around 1. Therefore, the dissipative and random force terms in Eq. (1) cannot be
neglected if the dynamic properties are considered.

B. Langevin thermostat approach

Next, we discuss a model including the dissipative and random force terms. We assume that
each component of the random force on a CG particle is identical independently distributed
(i.i.d.); hence, Egs. (3) and (4) are simplified, respectively, as

<[5F§ 0] [6%2 (o>]T> —0265,6 (01, (14)
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B[ ods <[6F;? (t— 9| oF7 (0)]T> “Vy () =y8u Vo (), (15)

where /is the identity matrix and y=0?/2 is defined as the friction coefficient. The
fluctuation-dissipation theorem is satisfied and Eq. (1) simplifies to

Pﬂ:z <f (’ #V» e = YV, +0F;, (16)

VEU

where V , is the velocity of the CG particle. This model states that the motion of the CG
particles is coupled with the standard Langevin thermostat [1,30], as implemented in the
coarse-grained polymer melts [6]. Note that the friction coefficient -y is not casually chosen
but computed by Eg. (15).

The instantaneous random force term on a single cluster x is 5F;@=F,l - <Fﬂ> where (F ) is
a function depending on K-body configurations of the system, which is difficult to evaluate
directly. In practice, we approximate (F#) by decomposing it into pairwise functions as

discussed in Sec. Il A. Accordingly, we approximate 6F;? as

9 %)
OF; ~ ) ot 1
VEU

where 6f;% is the pairwise random force between clusters p and v, defined as
O =fr = (f () €y (18)
HY Y Vs

where f,,,, is the instantaneous force between the two clusters.

Figure 9 shows the correlation function of the random force on a single cluster. It also
verifies the Markovian approximation in Eq. (4) since the autocorrelation of velocity decays
slower than the random force correlation. The friction coefficient is obtained by taking the
long-time integration of the random force correlation function until a converged value is
obtained.

Having obtained the friction coefficient, we are ready to simulate the CG system by Eq. (16)
using the standard algorithm [26]. The temperature is kept constant by the Langevin
thermostat and the static properties are determined by the mean force term as shown in the
previous section. For £;=0.95 and p~=0.08 (0=0.8), the self-diffusion coefficient determined
by this method is D, 5=0.0063, which is approximately four times smaller than the MD
result (Dy,=0.0234)(see Table I).

Moreover, this CG system does not capture the correct hydrodynamics. This result
originates from Eq. (14), which assumes that the random force on each CG particle is inde-
pendent and therefore cannot be represented in a pairwise fashion. Physically, it appears that
each CG particle is surrounded by some heat bath particles [31], and the random force on
each particle arises from thermal collisions with heat bath particles. Therefore, the
momentum transport between two clusters in the MD system is modeled in two parts: the
pairwise interaction between the two CG particles through the mean force field and the
thermal collisions with the heat bath particles represented as the i.i.d. force 5F< on each
particle. Specifically, if the conservative interaction is much larger than the thermal collision
effect, the system approaches the Newtonian regime [32]. However, if the friction and

Phys Rev E Stat Nonlin Soft Matter Phys. Author manuscript; available in PMC 2013 June 26.
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random forces become comparable with the conservative force (as in the case of this study),
the Langevin thermostat significantly damps the hydrodynamic correlation [31] between the
particles, and the system cannot reproduce the correct hydrodynamics [32,33]. In this study,
the loss of momentum transport between the CG particles in the random force field
eliminates the information needed for the calculation of viscosity.

To establish the correlation of the random force between different CG clusters, we
decompose the random force into additive pairwise components between different particles.

Generally, the random force 6f;?v defined by Eq (18) is not along the radial direction e,,,, as

shown in Fig. 1. Therefore, we decompose 6 v into two parts: the radial force along e, and
the perpendicular part, e.g.,

52 (e,“,e ) 6f=2+(1 eel,) ot

=5f2 V”eﬂv+6 (19)

v, L

where 6f;% 1 is the perpendicular part of the random force. We assume that the random force
pairs are independent and uncorrelated in time, i.e.,

( Sty (08 ©) =[opm RFF @),

fn Il
(012" ()62 @) =20 ow, RIPH ),

where oy wj(R) and o | w, (R) are the variances of the random force depending on the
distance R, and

H (1) = (8uebm+0,m0ve) 5 (1) . (21)
These assumptions lead to

(682 (1) SE2(0)" ) = (8 — Sumdve) X (52 () SELO) ). 22)

In addition, the memory kernel fo <5f"2 (1) of; (0)T> dt js isotropic in planes perpendicular to
€.~ Therefore, we decompose the matrix as

Yur =By (52 (1) S£2O) ) dt

=Y (R#V) €€l YL (R/W) (1 - e#veZv) @

where yj and vy, are scalars depending on £,,,. Using Eq. (20), they are determined by

1 (Ruv) =€l yuveuy =B [gdt (512, (0612, (0)
=18l (Rw)]z’

ve (Rur) =3Te[(1 = ewvell) v (I - emef)]
=187 | [ (1 - ewel,) 582 (1) SE20) x (I - euel,)) dt
=18[5 (612, () - ot2 , (0))dt
il (R

(25)

Phys Rev E Stat Nonlin Soft Matter Phys. Author manuscript; available in PMC 2013 June 26.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

The dissipative force on a single cluster w is then obtained from

BL [ ds (B2 ()F2O)-V, =BT 3 [Tds (62 () GA0)") -V,
n

1) VEUER]

222 (undve = Gucdion) [ 11 (Ru) ety (Ruv) x (1 = e, )| - Vi
=V§#y” (Ruv) ewel, - (Vi = V,) +V§#yl (Ru) (1 - euel) - (V- Vo)

=EN (Riv) X (e - Vi) Gt BV (Rs) [ Vi = (&~ Vi) ]

(26)

Similar to Eq. (4), the above approximation replaces the continuously varying impulses on a
CG particle by discrete time-independent values, along both the radial and perpendicular
directions for each pair. The first term on the righthand side of the above equation is the
dissipative force of standard DPD [5,15,34]. The second term represents the friction between
two CG particles along the perpendicular directions. This is exactly the dissipative force for
the “transverse DPD thermostat,” recently proposed by Junghans et a/. [35]. Putting the
three terms together, we obtain the generalized DPD equation.

P#=Z <f (rw» e#V—Zy” (Rw,) (ew . Vw) eﬂv+Z7’L (Rw,) [Vuv - (eﬂv . V,,V) eﬂv] +Z5ff,. @7

VF#U V#EU VF#EU

Specifically, we use Egs. (24) and (25) to calculate the friction coefficient in the radial and
perpendicular directions, with 5]‘,}?,” and (Sf;"’iL defined by Eq. (19). Noting that the radial
vector e, changes with time, the random force terms 5f;(f,” () and 6 ffﬁ 1 (1) are defined by

projecting 6F;@V (1) onto the vector e, at time zero. Figures 10(a) and 10(b) show the random
force correlation along both the parallel and perpendicular directions. For /£;=0.95, the
clusters behave like the single particles, and the radial part of random force dominates for
most distances. However, for the larger R;=1.4397, the shearing part becomes comparable
to the radial part, and the integration converges for longer times, as shown in Fig. 10(d).

Figure 11 shows the friction coefficients for different distances with 7,=0.95 and k57=3.0.
We fit y; and v by polynomials a(1.0-/6)", where nis 4.0 and 3.0, respectively. Using the
fitted function form of y, we simulate the CG system by DPD using both the radial and the
shear thermostats [35]. In Figs. 12 and 13, we show the mean-square displacement of the
CG system in the long-time region and the velocity correlations in short-time region. The
difference in the results obtained with the best fit and the original points is less than 5%.
Figure 14 shows velocity profiles from both the MD and DPD systems obtained by the
periodic Poiseuille flow method. As the momentum transport between clusters is represented
by pairwise forces, the simulation results recover Newtonian flow behavior in this model, as
expected. The dynamic properties of the DPD system are listed in Table II.

The DPD results show smaller diffusivities and larger viscosities compared with the MD
results, with the deviations being different for the four cases. For /7,=0.95, the difference of
the diffusivity is about 16% and 1.2% for DPD densities p=0.08 and 0.04, respectively. For
Ry=1.4397, the difference is about 80% and 25%, respectively. The differ-ences are due
mainly to two factors: the Markovian approximation and the overestimation of the friction
coefficient. First, the DPD model we have derived is based on the assumption that the
velocity correlation of the CG particles decays more slowly than the random force
correlation. When the density is high and the velocity correlation is comparable to the
random force correlation, the DPD particles would be overdamped (see Ref. [14]), which
explains why we get better results in the semidilute regime. Second, the friction coefficient
we use is overestimated since we lack the “full” information of the force field for the CG
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system [36]. Physically, the many-body potential field Usg(RX) is the mean field which
minimizes the random force covariance. It depends on the entire particle configuration of the
CG system. Therefore, the pairwise mean force field implemented in this study would
always lead to overestimated friction coefficients. In this study, when the many-body effect
is important (e.g., £;=1.4397 and p=0.8; see Fig. 4), (/) is largely overestimated in this
pairwise style and the diffusivity of the DPD system is only 20% of the MD results. For the
other three cases, the many-body effect is less important and the pairwise mean field we use
can approximate Upog(RX). The friction coefficient can be accurately estimated and
therefore the DPD results match reasonably well with the MD results.

V. OTHER POTENTIALS

As shown in the previous sections, while the mean force field {{)) we chose reproduces the
EOS in a wide density range, it does not reproduce the structure properties of the MD
system in the high-density regime when Ry is large. On the other hand, several methods
[18,29,37,38] have been proposed for obtaining a structure-based effective potential V1),
which reproduces the pair distribution function of the MD system. Therefore, it is
worthwhile exploring if a structure-based force field can improve the dynamic property
predictions.

For demonstration, we compute the pair distribution function by MD simulation with 7,=1.2
and p=0.8. An iterative method [37] is used to obtain Vg(7), where { (1)) is used as the
initial guess. As shown in Fig. 15, V() shows a longer attractive tail compared with the
mean-field result, and it reproduces the pair distribution function. However, the pressure
obtained is 5.37, which is approximately 18% lower than the MD result. In contrast, with
our approach EOS is reproduced very accurately.

Next, V(1) is used as the input for Egs. (24) and (25) to compute the dissipative force term
and the dynamic properties of the CG system are revisited. As shown in Fig. 16, both the
velocity correlation and mean-square displacement obtained from Vg(7) show smaller
values than the MD results. No obvious improvement is observed compared with the mean-
field results. This result is reasonable and consistent with what we expect. Although the
pairwise effective potential Vg(r) can mimicthe higher-order interactions of the MD
system and can reproduce the second-order correlation (radial distribution function)(as
shown in Fig. 15), the higher-order correlations of the MD system may not be reproduced.

The instantaneous random forces 5f,jgv, i () and 6 f};%, 1 (®in Egs. (24) and (25) may still be far
away from the real value, depending on the strength of the higher-order correlation of the
MD system.

Finally, we also checked the coarse-graining results with the Weeks-Chandler-Andersen
potential as the input interaction between the MD particles. Both static and dynamic
properties show qualitatively similar results with the previous sections, e.g., we can
represent the MD clusters by DPD particles and predict the friction coefficient reasonably
well in semidilute regime or R relatively small, which indicates that the approach we use is
quite general and may be extended to many other systems.

VI. SUMMARY AND DISCUSSION

Starting from a microscopic simulation of LJ clusters in a canonical ensemble, we conducted
mesoscopic simulations of the system by coarse-graining clusters that we constructed with a
fixed radius of gyration and represented them as point particles. The mean, dissipative, and
random forces needed for the motion of the CG particles are extracted from the microscopic
simulation. In particular, the mean force field is approximated by the ensemble average of
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the pairwise atomistic force between two clusters, and we find that its corresponding
potential is proportional to the number of particles per cluster. We also approximated the
memory kernel of the dissipative force with two different assumptions, leading to Langevin
dynamics and dissipative particle dynamics (DPD), with the latter endowed with two
thermostats. While both models produce the same static properties, the Langevin model
requires extra hydrodynamic information as input to produce the correct dynamic properties.
On the other hand, DPD seems to be a good candidate for reproducing the correct mass and
momentum transport properties. Compared to the MD results, the DPD results can
approximate the dynamic properties reasonably well when the many-body effect of
microscopic system is not too strong (e.g., for small /; or semidilute system). However, the
DPD model is not so successful when the many-body effect is very strong, i.e., for large
density and R, We note that we also tested DPD with a single thermostat, i.e., neglecting
the perpendicular contribution as it is typically done in standard DPD simulations. In that
case, we did not achieve as good in accuracy for the dynamic properties for the small R,
cases as we did with the two-thermostat DPD, but the results for the high £, cases were
slightly better.

This work provides a general framework for constructing a “bottom-up” mesoscopic
simulation directly from the microscopic level, with explicit relationships between the two
hierarchies. It can be extended to the mesoscopic description of complex fluid systems in the
dilute and semidilute regimes, e.g., star polymers, flexible polymer chains, and mixture of
polymer and colloid systems. The friction coefficients can be extracted from microscopic
sample systems in pilot simulations within affordable computation time. Hence, coarse-
grained simulation of a large system at the mesoscopic level can be conducted with the
various dynamic properties evaluated directly, i.e., without any scaling ambiguities.

We note, however, that in the present study the friction coefficient was computed with data
from equilibrium MD simulations and this may affect the computation of the dynamic
viscosity, which was obtained here based on CG simulations of a periodic Poiseuille or
Couette flow. It will be interesting in the future to investigate whether improved predictions
of the dynamic viscosity can be achieved if the friction coefficients are based on
nonequilibrium MD simulations. We also note the similarity of the “parallel-normal”
thermostat in the current work with a similar thermostat employed in the single-particle
DPD version in [39,40] where a shear drag coefficient is imposed explicitly. In particular, to
obtain the correct hydrodynamics in flow past a sphere in [39] it was found that y,=y for
the fluid particles, which is consistent with the results obtained here for large R, which
correspond to large shear contribution.

Another natural extension of this work is to construct friction force models, where a more
sophisticated mean force field is implemented in the coarse-grained system. In the high-
density regime, the pairwise mean field in this study may not be adequate to describe the full
coarse-grained potential field Usg(RX), leading to the overestimation of the memory kernel
of the dissipative term. In these cases, a mean field that incorporates the “many-body”
information may lead to a more accurate dissipative force and therefore more accurate
prediction of the dynamic properties.

Finally, rather than a constrained microscopic system, it would be interesting to coarse grain
the unconstrained LJ fluid by the DPD model of this study, especially with regard to the
computation of the dissipative force term. In this direction, some work has been done in this
direction is by Eriksson et a/. [23], and also by Flekkgy and Coveney [41]. It would be
interesting to directly compute the dissipative force term of the coarse-grained LJ fluid by
the method of this study and compare the DPD predictions of dynamic properties with those
of the LJ fluid.
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FIG. 1.

(Color online) A sketch of the force between two clusters. Small spheres represent atomistic
particles while shells represent CG particles. The force vectors drawn in the figure
correspond to the instantaneous forces obtained from the MD simulation. The total force

F ., between two clusters is generally not parallel to the radial vector e,,.
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FIG. 2.
Potential of the average pair force scaled by temperature, with p=0.8, N =10, R;=0.95 (a),
and R;=1.4397 (b).
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FIG. 3.
Potential of the average pair force scaled by N, with kg7=3.0, p=0.8, N =10, R£;=0.95 (a),
and R,;=1.4397 (b).
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30

FIG. 4.
Potential of the average pair force for different densities with N=10, kg7=3.0, £;=0.95 (a),
and R;=1.4397 (b).
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FIG.5.
Radial distribution function g(/) computed for different temperatures, with p=0.8, N=10,
R4=0.95, and R,=1.4397. For the latter case, the three curves coincide.
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0.15 T

FIG. 6.

Velocity profiles obtained using the periodic Poiseuille flow method. The square and circle
symbols represent velocity profiles for p=0.8 and 0.4, respectively. The lines are quadratic

fit curves for each case. The body force g is added on each atomistic particle; g, is chosen
as 0.02 and 0.005 for p=0.8 and 0.4, respectively. The box size is changed to 30x15%15 in

this test and the temperature is k57=3.0.
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FIG.7.
Pressure computed by MD and CG simulations for A/=10 and kg7=3.0 with R,=0.95 and
1.4397.
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FIG. 8.
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r

Radial distribution function g(/) of the coarse-grained particles for p~=0.08 and 0.04, with
R5=0.95 (a) and 1.4397 (b). The lines denote the MD simulation results. The symbols

correspond to MD simulations.
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Computation of the Langevin thermostat coefficient. (a) and (b) Time correlation of the
velocity and random force on each cluster for 0=0.8, N/;=10, and k57=3.0. The left axis

¢ = <6F 2 (1) OF 2 (0)> denotes the time correlation of the x-component of total random
force on a cluster. The right axis y()=(v,(0) v,(d) denotes the x-component of the velocity

correlation of a cluster. (c) and (d) Time integration of correlation defined by
y () =/3f:) <5F;0_2v (t—s)6F7 (0)> ds. The result converges when 3.0 for R,;=0.95 and

~15.0 for R,=1.4397.
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FIG. 10.

(a) The left axis denotes the time correlation of the pairwise random force between two
clusters for p=0.8, =10, kg7=3.0, (a) R,;=0.95, /=2.65, and (b) R;=1.4397, r=2.25. ¢(2)
and ¢ (2 denote the radial and the perpendicular parts of the correlation, respectively. The
right axis y(Z) denotes the velocity correlation function, which decays slower than the
random force as shown. Bottom: time integration of the correlation function with (c)
Rg=0.95, r=2.65 and (d) R,=1.4397, =2.25.
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FIG. 11.

Radial and shear friction coefficients for /£;=0.95; the solid line is a fit to (a) p~0.08,
vi(D=a(1-r/6)*, where a=1.06 x103, 6=3.6; v | (N=a(1-/b)°, where a=80.1, b=3.5 and (b)
0~0.08, yi(A=a(l-r/b)*, where &=0.97x103, b=3.6, p=0.4; v | (N=a(1-r/6)3, where &=35.6,
b=3.5.
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Mean-square displacement (scaled by 6.0) of the clusters and CG particles for different

densities with £;=0.95 (a) and R;=1.4397 (b); N=10 and kg7=3.0.
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FIG. 13.
Velocity correlation function of the clusters and CG particles for different densities with

R,=0.95 (a) and R,=1.4397 (b); N=10 and kzT=3.0.
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FIG. 14.

Velocity profile for periodic Poiseuille flow method for MD and DPD models. The solid line
is the quadratic fit to the numerical results. Body forces fy,pand 7o are applied on each
MD and CG particle, respectively. Top: £,;=0.95, p=0.4, f345=0.005, 7c5=0.05; R,=0.95,
p=0.8, yp=0.02, 7cc=0.2. (b) R;=1.4397, p=0.4, f3p=0.01, fcc=0.1; R,=1.4397, p=0.8,
fip=0.02, fc=0.4.
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FIG. 15.

(a) Effective potential V() obtained from the pair distribution function of MD simulation
and mean-field potential { (/) obtained from Eq. (10) with R,=1.2, kg7=3.0, N,=10, and
0=0.8. V,¢£7) shows an artificially longer tail compared with {\{(n). (b) Pair distribution
function measured by MD, V7, and { (7).
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Velocity correlation function (a) and mean-square displacement (b)(scaled by 6.0) measured
by MD, effective potential V,z(r), and mean-field potential { V(1) for R;=1.2, kg7=3.0,

N=10, and p=0.8.
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Dynamic properties for the MD system with k57=3.0 and N=10; D, n, and S, stand for diffusivity, dynamic
viscosity, and Schmidt number, respectively.

P

Ry

D 7 %

0.8
0.4
0.8
0.4

0.95
0.95
1.4397
1.4397

0.0234 741 39
0.271 1.05 9.69
0.0255 7.08 347
0.141 166 29.4
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Dynamic properties for MD and CG systems with kg7=3.0 and N=10.

Ry D n Se
p=0.8 0.95 0.0234 7.41 395
Popp=0.08 0.95 0.0195 9.69 621
p=0.4 0.95 0.271 1.05 9.69
Popp=0.04 0.95 0.269 1.075 9.98
p=0.8 1.4397  0.0255 7.08 347
pDPD=0.08 1.4397 0.00525 41.23 9.81x103
p=0.4 1.4397 0.141 1.66 29.4
Popp=0.04 1.4397 0.133 2.26 42.47
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