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ABSTRACT: We present amultiscale modeling protocol to generate realistic amorphous polymer surfaces.
Our computational approach consists of several steps having different levels of molecular detail. Initially, we
generate a course-grained polymer surface that is completely relaxed using mesoscopic simulation methods.
In the second step we transform the equilibrated coarse-grained polymer surface to atomistic detail with a
special “mapper” that takes as input the mesoscopic morphology and uses Monte Carlo techniques to
generate the atomistic structure. In the final step the atomistically detailed surface is equilibrated by
performing a short molecular dynamics simulation. The great advantage of this multiscale approach is that
it allows the study of compounds that have intrinsically (very) slow equilibration dynamics such as polymers,
which would be difficult to study with conventional simulation methods only. In addition, the multiscale
approach makes it straightforward to “move” between different levels of molecular detail and even zoom in
on a relevant part of the mesoscopic structure and map only that part. As test cases we applied the multiscale
modeling protocol to polyethylene, polypropylene, and polyacrylonitrile.

1. Introduction

The computational study of polymers is a challenging subject
as the molecular weight can be large, excessing several hundred
thousand monomers, depending on the type of polymer. In
addition, the polydispersity of the polymer matrix can be high,
making the modeling difficult as one has to generate a large
number of polymer chains all with different lengths. In the 1990s
Mattice and co-workers published a series of papers that focused
on atomistic simulations of a number of simple polymer model
surfaces of polyethylene (PE), polypropylene (PP), and poly(1,4-
cis-butadiene) .1-3 Using a relatively simple technique in which
they extended the simulation box in one dimension, they were
able to compute surface energies in line with experiment.

Multiscale modeling approaches at the particle level were first
used in the early 1990s when quantum mechanics was coupled
with molecular mechanics (QM/MM). For an overview of QM/
MM see the work of Gao.4 A typical example would be the study
of an enzymatic reaction. The relatively small center of the
enzyme would be treated at the quantum level, since there the
reaction and/or conformational changes will take place, whereas
the rest of the enzyme structure is describedbya force field. In this
way one is able to study relatively large systems at different levels
of theory.

In recent years the number of papers that deal with multiscale
modeling at the coarse-grained level has increased steadily. One
can make a distinction between techniques that perform multi-
scale simulation on the fly or the ones that perform several steps
in a row at different levels of coarse-graining, similar to the work
presented here. In the former case simulations can have multiple
spatial and time domains treated at different levels of coarse-
graining, here termed collectively as hybrid methods. Similar to
QM/MM methods, the difficulty with these hybrid methods is

usually the overlap region, where the different spatial and time
domains overlap, exchanging particles via sophisticatedmapping
techniques. Often this overlap region needs some additional
parametrization. In the latter case the different coarse-grained
spatial domains are strictly separated, and themapping occurs in-
between the simulation steps at different levels of coarse-graining,
i.e., a so-called multiscale protocol. Although hybrid schemes
with multiple coarse-grained domains are very appealing as only
one simulation needs to be performed, they are hampered by the
often difficult parametrization of the overlap region and have
currently only been applied to relatively simple condensed phase
systems. Some examples of the hybrid methods are the meso-
scopic reactive scheme of Kapral and co-workers5 and the
adaptive resolution schemes of Kremer et al.6,7 and Ensing et al.8

In two recent papers we demonstrated that by using the
multiscale protocol approach, we could go from the atomistic,
via the mesoscale level, all the way to finite element simula-
tions .9,10 Following thework ofM€uller-Plathe and co-workers,11

wepresent an alternative simulationprotocol that performs first a
fast, coarse-grained simulation to equilibrate the polymer chain,
thenweperforma “mapping” to atomistic level, and finally wedo
a very short atomistic simulation. This work is organized as
follows: First we describe the different steps of the simulation
protocol, and then we give the results where we compare com-
puted polymer properties against experimental results. We will
end with some conclusions.

2. Computational Details

The simulation protocol to generate the bulk and surface
polymer structures consists of three consecutive steps: (1) gen-
erate coarse-grained polymer structure; (2)mapping from coarse-
grained to atomistic level, (3) equilibrate generated atomistic
polymer structure.

Step 1 was done by performing a dissipative particle dynamics
(DPD)12,13 simulation using a 4 � 4 � 4 cubic box. The box was
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filled with soft-core particles (P) up to a density of 3.0, i.e., 192
particles. For the polymer surfaces, in the z-dimension a single-
particle layer (W)was attached to the box. The positions of theW
particles were fixed during the simulation. In the following
all parameters related to the DPD simulations are given in
reduced units. Temperature was set to 1.0, and the time step for
the integration of the equation of motion was set to 0.015. The
mapping factorwas set to three, whichmeans that every soft-core
particle equals three heavy atoms. Using a mapping factor of 3
allows for sufficient molecular detail in the mesoscopic model of
the polymer chains as we have the possibility to add polymer
specific harmonic bond and angle terms. Using a density of 3.0,
the repulsive aPP interaction was set to 78.0. The DPD σ and γ
were set to 3.0 and 4.5 following the standard work of Groot and
Warren .14 The P-Wparameter was set to 156.0 in order tomake
the layer repulsive and thus impenetrable. At given intervals a
bond was formed between two P particles to create a polymer
chain until no single particles were left in the simulation box. In
this way one polymer chain was “grown” in a solution of
monomers. Bonds were described by harmonic springs. In addi-
tion, a harmonic angle term was turned on when the minimum
number of particles in the chainwas three. Equilibriumbackbone
bond lengths and angle values of polyethylene (PE), polypropy-
lene (PP), and polyacrylonitrile (PAN) (see Table 1) were
obtained from short-chain, single-molecule, molecular dynamics
(MD) simulations using the OPLS all-atom force field .15

Temperature was set to 300 K, and a time step of 0.5 fs was
used. The total simulation time was 100 ps where we saved coor-
dinates every 0.025 ps. Average bond and angle values were
computed from the stored coordinates archive. The dihedral
backbone value was also computed. However, it was found to
vary substantially during a typicalMD simulation, andhence, the
dihedral termwas not used in the mesoscopic simulations. kb and
ka were set to 4.0 and 10.0, respectively. At the monomeric stage
we performed 10000 DPD time steps. After every bead addition
to the growing chain the number of steps for an interval was
increased in the following steps: 11 000, 12 000, 13 000, etc., until a
maximum number of steps per time interval of 50 000. Once the
complete chain was generated, an additional 500 000 steps were
performed. At the final stage, to decrease bead-bead overlap, we

set the harmonic bond spring constant to 40.0 and let the
simulation run for another 50000 steps. From the final run one
snapshot was selected for the mapping step. In total, more than
8millionDPD stepswere performed,which corresponds to 0.4 μs
real time. For the mesoscopic model of bulk-phase polyethylene
we checked the time invariance of the radius of gyration, Rg, and
found it to be invariant at the final stage (see Figure 1 of the
Supporting Information). In addition, the computed value for
ÆRg

2æ of 2.3 � 103 Å2 is in the same order of magnitude as the
value reported recently for bulk-phase polyethylene at 450 K
obtained fromMDsimulations, i.e.,≈2� 103 Å2 .11While we are
aware of the importance of entanglement effects16 no attemptwas
made to include them in the current work as the chain lengths are
relatively short. Note finally that for the generation of the bulk-
phase mesoscopic polymer models we used exactly the same
procedure as described above, apart from the fact that we did not
use the repulsive wall.

In step two the mapping was performed from the soft-core
mesoscopic to the atomistically detailed structures. First the repul-
sive wall was removed. In order to perform themapping, we needed
to define mapping relations; i.e., every soft-core particle represents
an atomistic fragment or “blob”. In Table 2 we collected the
mapping relations for the different polymers, and Figure 1 shows
the used fragments for polypropylene. In our case a typical soft-core
polymer can be represented by the stringH-(R190)-T.On the basis of
the mapping relations given in Table 2, the atomistically detailed
polymer structures were generated. In line with the mapping factor,
the fragments contain three heavy atoms for PE and PP and four
heavyatoms forPAN.As input of themappingwe set the densities
to those of the bulk amorphous form of the polymer; i.e., FPE =
0.834 g/cm3 and FPP = 0.869 g/cm3 at T = 300 K, and FPAN =
1.095 g/cm3 at 400 K. In the case of PP and PAN the mapped
polymer chains were isotactic. All atomistic models were descri-
bedwith theOPLS all-atom force field.15 Long-range interactions

Table 1. Harmonic Bond and Angle Equilibrium Values Used in the
Generation of the Mesoscopic Polymer Structuresa

polymer bond length (Å) bond angle (deg)

PE 3.71( 0.28 140.8( 16.0
PP 2.59( 0.06 127.6( 22.7
PAN 2.62( 0.07 113.0( 15.1
aValues were obtained from single-molecule MD simulations of a

short-chain polymer consisting of five repeat units.

Table 2. Relations for the Mapping from the Soft-Core Mesoscopic
Polymer to the Corresponding Atomistic Polymer Structurea

soft-core particle atomistic fragment (“blob”)

H (PE) H3C-CH2-H2C 3
R (PE) 3CH2-CH2-H2C 3
H (PP) (CH3)(CH3)HC 3
R (PP) 3CH2-(CH3)HC 3
T (PP) 3CH2-CH2-CH3

H (PAN) (CH3)(CN)HC 3
R (PAN) 3CH2-(CN)HC 3
T (PAN) 3CH2-CH2(CN)

a “H”denotes the “head” soft-core particle, “R” the “repeat” particle,
and “T” the “tail” particle. Note that for polyethylene (PE) the head and
tail particles are equal. Dots denote a bond connection point.

Figure 1. Atomistic fragments used for themapping of polypropylene: (left) “head” fragment, (middle) “repeat” fragment, and (right) “tail” fragment.
The blue ball-and-sticks indicate bond connection points.
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were described with the Ewald implementation of Karasawa and
Goddard17 using a cutoff of 0.8 nm. An in-depth description of
the mapping procedure is given in section 4 together with the
results.

In the final step the mapped atomistic structures were allowed
to relax using conventional molecular dynamics (MD) techni-
ques. No prior energy minimization step was required. The
velocity Verlet algorithm was used to integrate the equations of
motion with a time step of 0.5 fs. For the bulk phase systems we
performed 0.2 ns NPT simulations at T= 300 K for PE and PP
and at T = 400 K for PAN using the Berendsen barostat18 at
ambient pressure. The average pressure was for all cases smaller
than (5 ATM. The standard deviation in the temperature and
box edge was smaller than 1.5 and 0.5%. We performed several
longer runs and found that the bulk-phase density remained
constant. Furthermore, the results did not change if we per-
formed an additionalNVT run after theNPTrun.For the surface
models we extended the z-box dimension by 2.0 nm, creating a
vacuumspace. Initially, weplaced twowalls buildupof a lattice of
argon crystal cells at the vacuum-surface interface. The system is
depicted in Scheme 1. For the surface models NVT simulations
were performed at T= 300 K for PE and PP and at T= 400 K
for PAN using the Nose-Hoover thermostat.19,20 The time step
was set to 0.5 fs. Every 2000 time steps we measured the pressure

exerted by the polymer phase on the two walls. As soon as the
pressure was smaller than (100 ATM on both walls the walls
were removed from the simulation box. In most cases no more
than 10 cycles were needed. The walls were used to make the
simulation protocol more robust. After the mapping the density
of the atomistic surfaces is homogeneous, whereas in the final
equilibrated surface the density will drop at the polymer/vacuum
interface. The walls ensured that the surface would not expand
too much in the vacuum once the dynamics was turned on. A
distance-dependent repulsion parameter in the DPD simulation
might exclude the need to use these inert walls. We subsequently
performed 1.0 ns NVT simulations without walls to further relax
the polymer surface structures. Standard deviations in the tem-
perature of the surface simulationswere not larger than 10%.For
both the bulk-phase and surfaceMD simulations we employed a
cutoff of 0.9 nm for the long-range interactions. All calculations
were performed with the Culgi software library.21

3. Generation of Coarse-Grained Polymer Surface

Initially we performed a coarse-grained simulation using the
dissipative particle dynamics (DPD) technique.12,13 The DPD
method is very well suited to fast equilibrate long polymer chains
as it allows for simulation times up to seconds if needed. On the
other hand, the DPD still allows for sufficient detail to make a
distinction between, for example, polyethylene and polystyrene.
In our case the coarse-grained polymer model is buildup of con-
nected soft-core particles or “beads” where every bead is repre-
sented by three heavy atoms (see Figure 2).

We start with a solution of “monomer” beads, which we then
“grow” bead by bead into a chain. This process is continued until
there are no monomers left. You can envisage this process for
example as a polymerization reaction that you perform in the lab.
In this way one polymer chain was generated. Of course, the
growth process could be stopped at a given chain length, and a
new polymer chain could be formed. However, since our simula-
tion box was rather small, we decided to have just one polymer
chain. Connections between beads are based on the closest dis-
tance criterion. In the xy-plane of the simulation boxwe created a
one-bead layer wall that is impenetrable by the monomers in
solution. This wall ensures that the polymer “grows” only in two
dimensions, thus creating a mesoscopic surface model. Figure 3
shows four snapshots of the simulation. To create a bulk-phase
polymer structure, no wall was attached to the simulation, and
hence the polymer chainwas allowed to grow in three dimensions.
To improve the resulting mesoscopic bulk and surface structure,
we added harmonic bond and angle terms that were obtained
from short-chain single molecule MD simulations of the respec-
tive polymer under study. For details of the bond and angle
generation see section 2. At the final stage, after the equilibration

Scheme 1. Atomistic Surface Simulations
a

aThe walls denote an one-atom layer thick lattice of “frozen” argon
atoms.

Figure 2. Coarse-grained model of a polyethylene polymer chain. Every soft-core particle represents three heavy atoms along the chain. Beads are
connected by harmonic bond and angle terms.
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phase, the bead-bead harmonic constant was set to 40.0, making
the bonds along the polymer chain rather stiff.We found that this
improved the coarse-grained polymer structure used as input for
the mapping step considerably. The overall simulation time was
0.4μs,more than sufficient to allow for the polymer to completely
equilibrate.

4. Mapping Coarse-Grained Structure to Atomistically
Detailed Structure

Once a snapshot of themesoscopic simulationwas selected, we
proceeded with the mapping step. The number density of the
coarse-grained structure, usually 3.0, should be mapped to the

desired density of the atomistic surface. A single bead in the
coarse-grained model represents a fragment of a molecule, or
“blob”, in the atomistic model (see e.g. Figure 1). Information on
the equilibrium local configuration of these molecular fragments
is not available in the coarse-grained model. However, as the
coarse-grained surface is well equilibrated, the goal of the map-
ping procedure is also to obtain an equilibrated structure. To
ensure the desired density of the generated atomistic surface, we
first calculate, and set, the size of the atomistic simulation box
based on the amount of material to be placed in the box,
independent of the size and density of the coarse-grained simula-
tion box. Once the atomistic simulation box is created, the

Figure 3. Snapshots ofmesoscale simulation box where we grow a polymer chain in a solution of monomers. The polymer is allowed to freely grow in
the x- and y-dimension and to a fixed extent in the z-dimension, as there is an impenetrable, stationarywall. Bead color coding: (red) polymer headbead
from which the chain is growing; (yellow) polymer bead in chain; (brown); beads of wall. Monomers are visualized as opaque blue beads. From (left,
top) to (right, bottom) the numbers of beads in polymer chain are 1, 2, 4, and 10. The polymer continues to grow until there are no monomers left in
solution.
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mapping procedure generates the required number of molecular
fragmentswithproper connectivity andmorphologybased on the
coarse-grained structure. In mapping chain molecules each bead
in the soft-coremodel corresponds to a singlemolecular fragment
in the atomistic model. We now generate the desired molecular
fragments for each bead in the system, identify the corresponding
location of each soft-core bead in the atomistic simulation box by
considering the dimension disparity between the boxes, and place
each respective generated fragment in the atomistic box such that
their centers fall on the corresponding locations of the beads. We
also generate appropriate bonds to connect the fragments,
following the connectivity information in the coarse-grained
model. Note that the molecular fragments corresponding to each
soft-core bead element type are identified a priori as part of the
design of the coarse-grained structure, and thus the information
regardingwhich atoms should be connected in replacing soft-core
model bonds is well-defined. Since information on internal equi-
librium configurations of each of the fragments in the atomistic
structure is not known, we use vacuum-equilibrated configura-
tions of individual fragments and place them at random orienta-
tions during mapping. It is clear that such an approach would
generate structures with high intramolecular, such as bond

stretching, bending, and torsion energies. Two separate mea-
sures are considered to improve on the local intramolecular
structures of the generated molecules. The first is a premapping
procedure that goes in the design of the coarse-grained system.
Since all of the bonds and bending angles of the coarse-grained
system directly transform to some corresponding bonds and
angles in the atomistic structure, one needs to use appropriate
bond stretching and angle bending constraints in the generation
of the coarse-grained system. To this end, unlike common
practice in DPD simulations, we use harmonic bond stretching
and angle bending potentials in equilibrating our coarse-grained
soft-core model surfaces as discussed in section 2. The second
measure to improve the generated intramolecular structures of
the atomistic surface is to perform random Monte Carlo proce-
dures on the generated fragments. We employ two types of trial
Monte Carlo moves: (1) rotational moves, where individual
fragments are rotated around their own centers, and (2) stretch
moves, where fragments are stretched or shrunk around their
own centers. Both of the Monte Carlo moves are designed such
that they do not affect the morphology of the structures, as
present in the coarse-grained model. Note that the procedure to
map from a soft-core mesoscale model to the corresponding

Figure 4. (top) Mapping of coarse-grained bulk-phase structure of PP to the corresponding atomistic structure. (bottom)Mapping of coarse-grained
surface structure of PE to the corresponding atomistic structure after the stationarywall is removed. In both cases the coarse-grained structure contains
192 soft-core particles and the atomistic structure 1730 atoms.
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atomistic model is completely integrated in the Culgi software
library in a special mapper routine. It is possible that the genera-
ted atomistic structures may still contain some high intramolec-
ular energy regions. In order to overcome this, we perform a few
steps of MD simulation with small time step to improve on the
local structures of the generated surfaces. Figure 4 shows as an
example the mapping of a coarse-grainedmodel of PP (bulk) and
PE (surface) to the corresponding atomistic model. Note that for
the coarse-grained and atomistic surface model no bonds cross
the box edge in the -z- and þz-dimension.

5. Bulk and Surface Polymer Properties

Figure 5 shows a snapshot of the PAN surface as obtained
from the MD trajectory. From the side view one can see that the
surface is rather packed; i.e., only a limited number of molecular
groups are actually protruding out of the surface. We will look in
more detail at the atomic distribution, and in particular the
orientation of the CN groups, of the PAN surface later on. In
Table 3 we collected a range of physical and chemical properties
of the three amorphous polymers under study. The simulations
were run at 300 K for PE and PP and at 400 K for PAN. The
surface simulation of PAN at 300 K did not converge due to the
fact that the structure was most likely crystalline. This can be
inferred from the relatively high glass phase transition tempera-
ture of PAN, i.e., 370K.22 The computed bulk phase densities are
in excellent agreement with experiment. Note that for the bulk
phase simulations 0.2 nswas sufficient to equilibrate the atomistic
box, indicating that the mapped structure was already close to
the final equilibrated structure. In addition, it shows that the

coarse-grained model correctly describes the Kuhn length for the
given polymer.

The Hildebrand solubility parameter23 is defined as the square
root of the cohesive energy density, Ecoh, which in turn is defi-
ned as

Ecoh ¼ ΔHv -RT

Vm
ð1Þ

where ΔHv is the heat of vaporization, R the universal gas
constant, T the temperature in kelvin, andVm the molar volume.
One can estimate ΔHv from computer simulations using24

ΔHv ¼ ÆEbox -
Xn

i¼ 1

Eiæ-RT ð2Þ

whereEbox is the (potential) energy of the simulationbox,Ei is the
energy of the individual molecules, and n is the number of mole-
cules. The broken brackets indicate a time average over the length
of the simulation. From Table 3 one can see that the computed
value of PAN is underestimated by 20% compared to experi-
ment. This could be attributed to the fact that we use a force field
without polarization term. In a simulation it is straightforward to
separate out the different energy terms. In Table 3 one sees that
for PE and PP the electrostatic contribution to its solubility
parameter, δelec, is negligible, whereas as expected, for PAN δelec
takes up half of the solubility parameter. The length of the surface
simulations after the mapping step is 1.0 ns. This is relatively
short, considering that the surface needs to expand somewhat in
the z-dimension to account for the decrease in density at the

Figure 5. (left) Side view of polyacrylonitrile (PAN) atomistic surfacemodel. (right) Top view of PANatomistic surfacemodel. The central simulation
box is replicated once in the -x-, -y-, þx-, and þy-dimensions.

Table 3. Polymer Properties Obtained from the Amorphous Bulk and Surface Molecular Dynamics (MD) Simulationsa

polymer F (g/cm3) Ecoh δtot δdisp δelec ÆΔEpotæ ÆΔEvalæ ÆΔEdispæ ÆΔEelecæ Esurf
b Esurf

c dsurf (Å)

PE 0.8340.852 71( 1 8.48.0 8.4 0.3 75 -10 86 -2 33( 1 4133 5.1
PP 0.8700.855 62( 2 7.97.9 7.9 0.3 47 -59 98 8 30( 1 2729 5.0
PAN 1.0951.182 109( 3 10.412.2 7.3 7.5 97 -20 66 51 44( 1 5454 4.6
aFor polyethylene (PE) and polypropylene (PP) the data are at 300 K and for amorphous polyacrylonitrile (PAN) at 400 K. Error in the average

bulk-phase densities are smaller than 0.01 g/cm3. Cohesive energy densities are given in cal/cm3, and solubility parameters (δ) are given in (cal/cm3)1/2.
Energies are given in kcal/mol. ÆΔEpotæ is the averaged potential energy difference between the bulk and surface simulations. Similar definitions hold
for the other energy terms where “val” denotes the valence terms (i.e. bond, angle, and torsion), “disp” denotes dispersion (van der Waals)
interactions, and “elec” denotes electrostatics (Coulomb) interactions. Surface energies, Esurf, are given in dyn/cm. dsurf is the surface extension
relative the bulk phase; see eq 5 for a definition. Where available, experimental values are given as superscripts. These values were for the most part
taken from the work of Li and co-workers,22 except for δtot (PE),

25 δtot (PP),
25 and Esurf (PP).

26 bComputed using eq 4; see main text. cComputed
using eq 3; see main text.
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polymer/vacuum interface. Note that the mesoscale surface
simulations were run at constant density. This means that at
the start of the atomistic simulation the density at the interface is
too high, and the surface needs to expand. We will come back to
this point later on.

The surface free energy can be defined as1-3

Esurf ¼ ÆEbulkæ- ÆEsurfæ
2A

ð3Þ

where Ebulk and Esurf are the bulk and surface free energy and A
denotes the surface area at the polymer/vacuum interface. Similar
to theworkofMattice et al.,1-3 weneglect the entropic part of the
free energy and simply use the potential energy. Again, the
broken brackets indicate a time average over the length of the
simulation.One can also estimate the surface energy directly from
a bulk-phase simulation using

Esurf ¼ ð3=4ÞðEcohÞ2=3 ð4Þ
We want to stress that a comparison between this simulation
work and experiment is difficult to make as there is a large

uncertainty in the experimental values due to the large array of
measurement techniques .22 A further complication is that the
temperature at which the measurements were performed is not
reported in quite a number cases. Finally, there are small errors in
the simulation methods that trace back to fitting of mesoscopic
parameters from the atomistic simulations. Nevertheless, we
want to make a comparison in order to see how accurate the
applied multiscale protocol is. From Table 3 we see that the
surface energies obtained using eq 3 match the experimental
values quite well. For PAN the surface energy is exactly equal to
the experimental value. This is likely fortuitous considering the
uncertainties involved and probably points to some error cancel-
lation but nontheless illustrates the ability of this protocol to
construct realistic polymer surfaces and predict polymer proper-
ties. For PE the computed surface energies is somewhat too high
compared to experiment. It difficult to understand what is cau-
sing this discrepancy as one can easily find literature values up to
40 dyn/cm. From Table 3 we see further that the surface energies
using eq 4 are predicted very well for PE and PP and under-
estimated for PAN. This may suggest that more atomistic detail
may be required in the mesoscale simulations for polymers with
short polar side chains to predict highly accurate surface energies

Figure 6. (left) Density profiles of the polymer surfaces across the z-box dimension. (right) Nitrogen and carbon density profiles of PAN surface.
Profiles were generated from the polymer surface MD trajectories. Lines are just a guide to the eye.

Figure 7. CNbondvector of PAN surface across the z-box dimension.Bondvector profile was generated from thePANsurfaceMDtrajectory. Line is
just a guide to the eye.
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or alternatively longer simulations may be required. An impor-
tant point is that, even though the surface MD simulations were
run for only 1.0 ns, already good to very good surface energies
were obtained. This indicates that with a minimum of simulation
time at the atomistic level we are able to get realistic polymer
surfaces. Hence, most of the equilibration of the polymer chain
takes place at the mesoscale level of theory.

If one splits out the potential energy change in valence,
dispersion, and electrostatic contribution, it is evident from
Table 3 that for surfaces the long-range interaction energy
increases, whereas at the same time, the intramolecular energies
decrease. This effect is especially pronounced for PP, most likely
due to the rotational freedom of the methyl side group.

The surface extension is defined as follows:

dsurf ¼ lz, surf - Ælz,bulkæ- dvac ð5Þ
where lz,surf and lz,bulk are the z-box dimensions of the surface and
bulk simulations, respectively, and dvac is the vacuum dimension.
The surface extension indicates how much the surface structure
will extend relative to the bulk- phase polymer. In Figure 6 we
have plotted the polymer density profiles across the z-box
dimension. The surface extensions of PE and PP are equal and
10% larger than dsurf of PAN. This indicates that PAN is more
tightly packed than the hydrophobic PE and PP surfaces. For the
PAN surface we computed in addition the density distribution of
the carbon and nitrogen atoms (Figure 6 (right)).We find that on
average the nitrogen atomic surface profile extends up 3.0 nm,
whereas the carbon profile has a width of 2.8 nm. Hence, as was
already evident from Figure 5, the CN groups stick out of the
surface with the nitrogen atoms more exposed. In Figure 7 we
have plotted the CN bond vector. If the vector is 180�, the CN
bond lies exactly perpendicular to the surface interface. Clearly,
this perpendicular ordering of CN side groups is highly favored
close to the interface. This ordering gradually becomes less
pronounced going toward the inner region of the surface where
the surface has more bulk-phase character. All ordering is lost at
0.8 nm from the polymer/vacuum interface.

6. Conclusions

Wehave successfully applied amultiscalemodeling protocol to
generate realistic polymer surfaces of common polymers. Dis-
sipative particle dynamics has been shown to be an accurate
simulationmethod for fast equilibration of the polymer chains. In
order to improve the mesoscopic polymer structure, we used a
coarse-graining technique that included harmonic bond and
angle terms from atomistic simulations in the description of the
polymer chain. For themapping of the polymer chain frommeso-
scale to atomistic level we used a technique that takes as input the
coarse-grained particle positions and topology. Froma collection
of predefined molecular fragments (“blobs”), centered at the
coarse-grained particle positions, an atomistic structure with the
same topology is generated. Any overlaps between molecular
fragments in this initial structure are minimized with Monte
Carlo techniques. The input mesoscopic structure should not
contain large residual particle-particle overlaps for the mapping
to work properly, which is the reason we “freeze” the coarse-
grained particles in space right before themapping step. The final
equilibration of the atomistic polymer structure using conven-
tionalmolecular dynamics required only 0.2 ns for the bulk phase
systems and 1 ns for the polymer surfaces. This short simulation
time clearly shows that globally the atomistic structure was
already close to equilibrium and that only locally molecular
groups needed to reorient themselves. In principle, thismultiscale
modeling protocol could also be applied to (much) larger box
sizes and more complicated amorphous materials including

nanocomposites. At the mesoscale level one can add colloidal
particles of any given shape and let them move via quaternion
dynamics or keep them fixed in space. And within the mapping
step there is the option to have more than two bonds per frag-
ment; hence, dendrimeric and metal-organic framework struc-
tures27would be possiblewithin the current implementation, with
the obvious restriction that the force-field atom types are known
and the material is amorphous in nature.

Overall, we find that for themultiscalemodeling protocol to be
successful the input coarse-grained structure should be “as
accurate as possible”. That is, it is necessary to set up a detailed
coarse-grained model that gives a very good description of the
atomistic structure. For these polymer systems dissipative parti-
cle dynamics (DPD) with additional bond and angle terms from
atomistic simulations was sufficiently accurate. For more com-
plex molecular systems one could think of additional intermedi-
ate mapping steps, such as the mapping from DPD to coarse-
grained MD. The key thing is that the mapping steps should not
involve too large molecular changes, so that sufficient molecular
information can be transferred from one level of coarse-graining
to the other.

In this work we verified the accuracy of the applied multiscale
modeling protocol by comparing, besides standard bulk-phase
properties, the computed polymer surface energies with experi-
mental values, as we were specifically interested in surface ener-
gies for this study. In future studies we want to verify our
multiscale protocol further by comparing polymer chain proper-
ties with literature data from polymer theory and experiment.

Supporting Information Available: A figure that shows the
time invariance of the radius of gyration of bulk phase poly-
ethylene as obtained from the mesoscopic simulation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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