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ABSTRACT: We develop a mesoscale polystyrene model based on atomistic simulations of oligomers using the
iterative Boltzmann inversion method. The potential is optimized against the atomistic simulation until the radial
distribution function generated from the mesoscale model is consistent with the atomistic simulation. The mesoscale
model allows to elucidate the polymer dynamics of long chains. The dynamics of polystyrene melts are investigated
at various chain lengths between 15 and 240 monomers. Mean-squared displacements are analyzed to capture the
dynamics changing from the Rouse to the reptation behavior. The reorientation behavior of segmental vectors is
investigated to identify the heterogeneity along the chain. Diffusion constants of various systems are calculated
to verify the crossover from the unentangled to entangled dynamics. Rouse mode analysis shows that the Rouse
model is applicable from chain length between 50 and 100 monomers. The entanglement length of this polystyrene
model is around 85 monomers at 450 K, in fair agreement with experiments.

1. Introduction

To investigate the behavior of polymer systems on the local
scale, atomistic simulations are required. To understand the
many rules governing material properties of polymer systems,
it would be highly desirable to have a multiscale model which
can include all relevant interactions.1 Experimental techniques
such as NMR spectroscopy,2-4 atomic force microscopy,5

position annihilation spectroscopy,6 and dielectric spectroscopy7

have been developed to obtain a detailed description of the static
and dynamic properties of polymeric systems from local chain
arrangements up to the behavior of the polymeric materials in
macroscale applications. Techniques covering the whole range
of length scales together do not exist in computer simulation to
date. Some phenomena, for example entanglements, occur on
length scales not accessible by fully atomistic simulations.

In view of these considerations, there are many efforts to
devise simulation techniques, which coarsen the microscopic
models in a more or less systematic way. There is a significant
tradition of simulations of simplified polymer models originating
from statistical mechanics, which provide a powerful basis for
the investigation of local and dynamical properties ranging from
single chain systems to polymer solutions, melts, and other
systems.8-12

Coarse-graining, the systematic mapping of various length
scale models onto each other, has made significant progress in
modeling polymer systems.13-22 A newly developed technique,
the “iterative Boltzmann inversion” (IBI), also known as the
“inverted Boltzmann method”,23 can be used to generate
meaningful potential parameters during coarse-graining. It
employs the differences in the potentials of mean force between
the distribution functions generated from a trial potential and
the true (simulated) distribution functions to improve the
effective potential until the radial distribution function (RDF)
generated from the mesoscale simulation is consistent with the
atomistic simulation. IBI has been successful in the mapping
of pure polymer systems;13,23however, it has not yet been used
to describe an entangled polymer system. We aim at filling this
gap. By connecting different models, we can gain insight into
interactions of various length scales at once with reasonable
computer power.

Several researchers have dealt with detailed simulations of
polystyrene (PS) melts24-29 and the entanglement behavior of
polymers.8,9,30,31But, there is not yet a computational analysis
of the entanglement length of PS, since the equilibration process
is too long for polymer systems with hundreds of monomers.
Dynamical problems in polymer melts arise from the very nature
of the polymer: polymers are one-dimensional connected objects
and cannot cross each other. The Rouse and the reptation model
are two of the most prominent dynamical models in describing
the motion of the polymers. The Rouse model32 treats the
polymer as a set of noninteracting beads connected by springs.
The dynamics of polymer chains in a melt is governed by a
viscous force and the tensile forces arising in stretched parts of
the chain. The reptation model confines the movement of the
polymer to a tube and describes global dynamic problems (cf.
Figure 1). Mean-squared displacements of the monomersg′1(t)
are important in characterizing polymer dynamics: (a) For very
short timet < τe, the segment does not feel the constraints of
the tube, so the actual dynamics correspond to the Rouse model.
(b) For τe < t e τR, the motion perpendicular to the primitive
path is restricted, but the motion along the primitive path is
free. (c) Forτe < t e τd, the internal degrees of freedom are
relaxed but the chains still are confined to the tube. (d) Fort >
τd, the dynamics is governed by reptation. All these processes
can be summarized as follows:33,34

τe, τR, and τd are the entanglement time, Rouse time, and
disengagement time, respectively.N is the number of links along
a chain,b is the effective link length, andZ is the number of
steps in a primitive chain. In the Rouse model only mean-
squared displacement behaviors with exponents of 1/2 and 1
are contained as the only subdiffusive process is the motion of
a monomer against the center of mass of the chain at short times.
These two models serve as the theoretical basis of our

g′1[t] ) {Nb2(t/τR)1/2 t < τe

Nb2(t/Z2τR)1/4 τe < t e τR

Nb2(t/τd)
1/2 τR < t e τd

Nb2(t/τd) t > τd

(1)
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simulations. The entanglement length can be employed to mark
the transition from the Rouse to the reptation model with
increasing chain length. Though the reptation model is success-
ful, our present understanding of the dynamics in entangled
systems is still incomplete. The aim of this project is to
determine the onset of entanglements in a systematically coarse-
grained polystyrene model.

Starting from the atomistic model of pure polystyrene with
48 chains, we investigate the local structure, particularly the
radial distribution function (RDF) and the bond and angle
distributions. These parameters, together with the effective
nonbonded potentials derived by the IBI, comprise the force
field of the mesoscale model. We observe the dynamic behaviors
of the mesoscale model and obtain the entanglement length of
PS.

2. Simulation Investigations

2.1. Atomistic Simulation.Atactic PS systems with 48 chains
of 15 monomers are investigated in atomistic details to obtain
the input parameters for the mesoscale model. Our simulations
contain 48 chains with completely random tacticities. The
probability of a meso or racemo dyad at any given position is
equal. The simulation is conducted at 450 K for 20 ns. For the
force field of PS, we use the Lennard-Jones parameters of
Jorgensen and Severance.35 The bending potential from all the
angles, the torsion potentials for all the backbone and phenyl
ring carbons, and the improper potential are taken from refs 36
and 37. All bonds are constrained, and all 1-4 nonbonded
interaction are excluded. Atomistic simulations are performed
using MD at a pressure of 101.3 kPa. Constant temperature and
pressure are ensured using Berendsen’s method38 with time
constants 0.2 ps for temperature and 1.0 ps for pressure,
respectively. A compressibility of 1.12× 10-6 kPa-1 is applied
to the three Cartesian directions independently. Simulations are
performed using the Gromacs molecular simulation package39

with a time step of 0.002 ps, and configurations are saved every
2000 steps.

2.2. Mapping.The mapping is an interplay between atomistic
and mesoscale models. The input parameters of the mesoscale
model are optimized against the “correct” results from the
atomistic scale. To map atomistic to mesoscale models, one
groups several atoms together into “superatoms”. Superatom
centers are chosen in order to produce a single peaked bond
distribution on the mesoscale leading to a harmonic bond.40

Further details of the mapping can be found in ref 41. Here we
summarize only the main findings. We group the 16 atoms of
a monomer together and the superatom centers of PS have been
placed on the carbons connecting the backbone with the side
ring.

The angle distribution and the corresponding forces of the
mesoscale model are derived from the atomistic model as well.

The angle histograms can be calculated by obtaining trajectories
only containing the superatoms. A torsion potential is not
needed.

The nonbonded interaction parameters are crucial in obtaining
a successful mesoscale model. The IBI23 is used to reproduce
the structure by means of radial distribution functions. The
numerical potentials are optimized iteratively until the desired
distributions of the coarse-grained model and the atomistic
model coincide within a reasonable tolerance. It is worth
stressing two points: First, on the scale of the nearest neighbors
the local packing of interaction centers is the strongest effect,
so the optimization of the potential should focus on the local
interactions. Second, during the iteration process, it is efficient
to apply a multiplicative factor to the correction term as the
iteration nears the end. The factor is any number between 0
and 1, whose magnitude depends on how far the resulting RDF
deviates from the atomistic RDF. We used factors between 0.05
and 1. In some cases simulations with different factors have
been performed for the same iteration in parallel, and the most
successful, i.e., the one yielding the RDF closest to the target,
has been chosen as the starting point for the next iteration.

2.3. Mesoscale Simulation.The molecular dynamics program
MDspherical is applied in theNVTensemble for the mesoscale
simulations.42 The reduced temperature (T* ) kBT/ε) is set to
1. σ* is set to 1 nm. The density is 5.7499 monomers/σ3,
corresponding to 978 kg/m3. The temperature is maintained by
a Langevin thermostat with a friction constantΓ ) 1.0τ-1, where

τ ) xσ2m/ε.43 The systems consist of an orthorhombic box
employing periodic boundary conditions. The equation of motion
is integrated with a time step∆t ) 0.01τ, and trajectories are
stored every 2000 steps. The bond length is 0.2545 nm with a
strength of 0.03 kJ/mol. The cutoff for the nonbonded interac-
tions is 1.805σ. The box size is changed according to the fixed
density. The numerical potential of mean force, which comes
from optimization to systems of the pure 48 chains 15-mer, is
applied to all systems. The details of the investigated systems
are listed in Table 1. We are aware that the largest systems
have to be analyzed with caution due to the system sizes.

The initial configuration of the system of 48 15-mer chain
comes from the atomistic scale simulation. Using bond, angle,
and torsion parameters from the atomistic scale, a mesoscale
model consisting of 48 chains 15-mer is set up. Energy
minimization is applied to get rid of initial overlaps. All longer
chain systems are set up based on the 48 chains 15-mer. Take
an example of 48 chains 30-mer: Starting from the 48 15-mer
system, the initial configuration of 30 mers is generated by a
translation of a copy of the 15-mer system, and then the
translated and the original 15-mer configuration are put together
in a new box which is expanded at a fix density and generates
a new initial configuration of 96 chains of 15-mer. By
connecting nearby chain ends, the 96 chains of length 15 can
successfully generate 48 chains of 30 monomers each. Equili-
bration can be checked if the end-to-end vectors are completely
relaxed. Static properties, for example, radius of gyration, are
used to validate the mesoscale model.

Entanglements constitute a major feature of the dynamics of
long polymers. Our project focuses on describing entanglement
behavior by several manifestations, in particular mean-squared
displacements, reorientation of local vectors along the backbone,
the Rouse plateau in the chain length dependence of the diffusion
constant, and Rouse mode analysis.

Figure 1. Illustration of two dynamic movements from Rouse model
and the reptation model. The red color represents the two-dimensional
movement from the confinement of a “tube” captured by the reptation
model, and the blue color represents the free three-dimensional
movement assumed by the Rouse model.
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3. Results and Discussion

3.1. Mapping. The histograms of superatom centers from
the backbone carbon connected to the pendant group, the phenyl
carbons connected to the backbones, and the center between
the two are plotted in Figure 2. Only the centers of the backbone
carbons connecting the phenyl groups result in a single harmonic
peak, so one superatom represents 16 atoms with a center at
the backbone carbon connected to the side rings as shown in
Figure 3. The angles range from 77° to 180°, and the angle
distribution has two peaks at 110° and 150° (cf. Figure 4a).

The corresponding force is plotted in Figure 4 as well. Angles
lower than 77° are assigned forces which gradually increase to
the maximum of 50 kJ/mol rad2.

Figure 5 depicts sample RDFs along the iteration of the
nonbonded potential. After about 25 iterations, the RDF is
consistent with the atomistic one within tolerance. IBI proves
to be an attractive solution for deriving effective potentials
during mapping atomistic scale to mesoscale.

3.2. Statics and Dynamics of Mesoscale PS.Extensive
simulations of systems with chain lengths ranging from 15 to
240 monomers provide an approach to capture the emergence
of the reptation behavior and the entanglement length of PS.
First, static properties of PS are investigated to verify our
mesoscale model including radius of gyrationRg, persistence
length l̃, and Kuhn lengthRk. The dynamics is investigated by
the correlation time of end-to-end vectors (τend), mean-squared
displacement, reorientation behaviors, diffusion constants, and
Rouse mode analysis.

Table 1. Simulation Details and Characterization Properties of the Different Systemsa

characterizations

NC NP tsim 〈Rg
2〉 l̃ Rk τend

15 48 200 0.52( 0.08 0.55( 0.08 0.57( 0.09 9( 1
30 48 1000 1.39( 0.13 0.68( 0.10 0.69( 0.06 48( 10
40 48 10 000 2.10( 0.18 0.69( 0.11 0.85( 0.07 120( 20
50 48 10 000 2.79( 0.18 0.70( 0.10 0.90( 0.06 152( 23
70 48 20 000 4.26( 0.53 0.71( 0.12 0.93( 0.10 395( 40
80 48 20 000 5.01( 0.59 0.71( 0.15 0.93( 0.09 438( 45
90 48 20 000 5.72( 0.60 0.72( 0.10 0.98( 0.11 644( 60

100 48 30 000 6.09( 0.94 0.71( 0.09 0.95( 0.14 689( 70
120 24 40 000 8.21( 1.47 0.72( 0.11 1.04( 0.08 1196( 100
160 24 40 000 11.20( 1.70 0.76( 0.09 1.05( 0.15 5010( 540
240 12 80 000 17.53( 3.48 0.72( 0.10 0.92( 0.18 25 900( 2500

a NC is the chain length;NP is the number of polymer chains;tsim is the simulated time for the systems. The units of〈Rg
2〉, l̃ or Rk, andτend are nm2, nm,

and time units.

Figure 2. Histogram distribution from different center of mass.

Figure 3. Atomistic structure of PS and its mapping to a mesoscale
model.

Figure 4. Angle distribution (a) and angle force (b) of mesoscale PS
model at different angles.

814 Sun and Faller Macromolecules, Vol. 39, No. 2, 2006

CDV



3.2.1. Statics.Snapshots of one 120 monomer chain at differ-
ent times are provided in Figure 6. It is clearly observed that
some part of the chain takes on free diffusion while most of it
is still confined in a tube like region. The program Rasmol is
used for the visualization.44

The size of the polymer can be appropriately represented by
the gyration radiusRg defined as

whereRcm is the position of the center of mass of the chain and
Rn is the position of thenth monomer. The gyration radii at
different chain lengths are calculated and listed in Table 1. It
shows clearly that the square of the radius of gyration increases
linearly with the number of monomersN indicative of a random
walk.

Real polymers have more or less flexibility. LetR(s) be the
position of a point on the polymer contour at positions. The
vectoru(s) ) ∂R/∂s is a unit vector tangent to the chain. The
persistence length measures the length along the chain over
which the tangent vectors decorrelate. The orientational cor-
relation functions ofu(s) decay exponentially along the chain
in the wormlike chain picture45 as

The characteristic length of this decay,l̃, is called persistence
length of the chain. Ats , l̃, the chains can be considered as
rigid rods, and ats . l̃, the chain describes a random walk. To
understand the flexibility of PS chains, the persistence length
at various chain length are measured and also listed in Table 1.

The Kuhn lengthRk, which is defined by

wherelb is the distance between neighbors, also characterizes
the stiffness of a given polymer chain; stiffer chains have larger
Rk. Both persistence length and Kuhn length are independent
of chain length for systems of chain length over 50.

3.2.2. End-to-End Reorientation.The end-to-end vectors
as the primary vectors of the polymers have the longest
relaxation time. The correlation times of end-to-end vector (τend),
which indicate that our polymer chains are fully relaxed, are
calculated and listed in Table 1 as well. Here we see that for
long chains the reorientation times increase clearly stronger than
with N2 already indicating onset of entangled behavior. Note
thatτend is calculated from the second-order Legendre polyno-
mial and therefore can be shorter (by a factor of 2-4) than
some of the Rouse times below.

3.2.3. Mean-Squared Displacement.We use the mean-
squared displacement of monomersg′1[t] to investigate the
motion of superatoms. To minimize end effects, we focus on
the central monomers. Figure 7 shows the resulting MSDs for
chain length from 15 to 240 monomers. Table 2 summarizes
the characteristic times determined by the first-order derivative
along the MSDs. Figure 8 gives examples of obtaining the
entanglement time, Rouse time, and disengagement time using
the derivative of the log of the MSD. The 90-mer takes on a
free movement inside a tube and then feels the constraints from
the tube and eventually free diffusion. As these chains are short,
we do not reach the theoretical values of the exponents but we
can distinguish different regimes. The movement of 50-mers is
first constrained by connecting monomers and further diffuses

Figure 5. Illustration of the various stages in the iteration process by
the iterative Boltzmann inversion.

Figure 6. 3-D visualization of the reptation tube for the system of
chain length 120-mer. The snapshots are recorded at time interval of
1000 time units.

Rg ) x1

N
∑
n)1

N

〈(Rn - Rcm)2〉 (2)

〈u(s)‚u(0)〉 ) exp(-s/ l̃ ) (3)

Figure 7. Time dependence of mean-squared displacements of
monomers in the central part of the chains: (a) chain length of 15, 30,
40, 50, and 70; (b) chain length of 80, 90, 100, 120, 160, and 240.

Rk )
〈R2〉
Nlb

2
(4)
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together globally while the 160-mer chains have still not yet
arrived at free diffusion at unit time of 4000 but at about 10 000
time units a clear slowdown for a short dynamic regime is
observed. It is worth mentioning that while this approach is
crude, it is superior to assigning such times by direct visual
observation. The error is taken as the half time difference
between two successive fluctuation regions. Table 2 shows that
the Rouse and disengagement times are strongly dependent on
chain length while the dependence of the entanglement times
is weaker. For the chains of 15 monomer it is difficult to identify
a clear Rouse regime as the minimal exponent is 0.75, which is
confined between the ballistic motion corresponding to an
exponent of 2 and free diffusion. The initial dynamic regime
for chains of length 30-70 shows a logarithmic slope of 0.6,
and the kink marks transition from a power of 0.6 to 1. The
slope changes at longer times as the chain length increases. It
is predicted by the Rouse model thatg′1[t] ∝ t1/2 to g′1[t] ∝ t1

at the Rouse time which should be proportional toN2. As the
Rouse time is normalized byN2, fluctuations around a constant
number of 0.2 are observed from chain length 40-160
monomers. For chain length 90 and longer increasing influence

of reptation can be observed. Initially all curves obey the same
dynamicsg′1[t] ∝ t1/2 up to about 1000 time units and then kink
down to smaller slopes.

Gradually the curves kink up to a power of 1/2 and further
to a slope 1, indicating free diffusion. As seen in Figure 7, the
slowdown below the Rouse dynamics is clearly identified, and
the longer chains exhibit a clearly lower slope than those of
shorter chains. This is not surprising as it is well-known that
the crossover behavior in the transition to reptation often
obscures the transition almost completely.9 Take the chain length
of 160 as an example; an initial slowdown identified with the
entanglement onset which, however, does not completely drop
from g ∝ t1/2 to g ∝ t1/4 is at around time 1100, which means
the motion of the monomers is constrained orthogonally to the
primitive path of the tube. At longer times (<15 000) a slope
of 0.25 is identified. The chains with 90 or 100 monomers at
this time already move out the tube and take on free diffusion.
At about 15 000 time units the chains of 160 monomers escape
the constraints of the tube, while the relaxation of 240 monomers
is still in the tube.

The transition from the Rouse model to the reptation model
determines the entanglement length. Our initial investiga-
tion of the mean-squared displacement indicates that the
entanglement length of PS is about 80-90 monomers. Exper-
iments determineNe by measuring the plateau modulus under
oscillatory shear. This yields aNe ≈ 130 for PS.46 This num-
ber is at 413 K, but the difference to 450 K is expected to be
minor. It is known that geometrically defined entanglement
lengths are often shorter than rheological experiments.8 Our
simulation data can also be compared to a simple simulation
model of polymers with stiffness.10 This model was not
optimized against any specific polymer but is characterized by
a persistence length. The entanglement lengthNe ) 8 for the
chain with a similar persistence lengthl̃ ) 3 is much smaller
compared to our result ofNe ) 80. We see that our mesoscale
model provides a much better estimate ofNe than the simple
model in comparison to experiments. This improvement can
be explained by that an extensive numerical potential is
employed other than a purely repulsive Lennard-Jones potential
used in the simpler model.

3.2.4. Reorientation Behaviors.The reorientation correlation
function can be defined by the second-order Legendre polyno-
mial as

It is used as a measure of chain dynamics, whereub(t) andub(0)
are unit vectors. The second-order polynomial is chosen because
it has head-to-tail symmetry along the chain and its integral
can be measured directly from NMR experiments.2 It is known
that chain stiffness and chain length contribute to reorientation
properties of polymers.11 Since the same potential is applied

Table 2. Rouse TimesτR of Various Systems of Rouse Model Behaviors and Entanglement Timeτe, Rouse TimeτR, and Disengagement Timeτd

of Various Systems Exhibiting Reptation Behaviora

Rouse model reptation model

NC τR τR/N2 NC τe τR τR/N2 τd

15 37( 15 0.333 90 854( 68 1456( 180 0.180 2289( 340
30 254( 29 0.282 100 930( 75 1890( 320 0.189 3879( 230
40 315( 50 0.197 120 975( 40 2150( 330 0.149 5325( 365
50 620( 90 0.248
70 986( 124 0.201
80 1168( 102 0.183

a We clearly see entanglements also for the longer chains, but the determination of times is ambiguous.

Figure 8. First-order derivative of logarithmic MSDs dependent on
unit time at various chain lengths: (a) chain lengths of 50 and 90; (b)
chain length of 160 monomers.

P2(t) ) Creor ) 〈12[3(ub(t)ub(0))2 - 1]〉 (5)
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and we verified the persistence lengths is almost constant with
chain length in all simulations, we focus on the reorientation
dependence with chain length. We use local vectors to explore
the orientation behaviors. Selected correlation functions are
shown in Figure 9 for vectors connecting superatoms three bonds
apart. To minimize the noise of the statistics, running averages
of length 5 are plotted as well as the raw data. Reorientation
correlation functions decay slower with increasing chain length.
Overall, a two-stage reorientation is clearly visible. The first
stage which looks like an algebraic decay occurs on times scales
of 10-100 time units. On this time scale, the vectors do not
feel the polymeric identity as it is clearly shorter than any times
calculated above. Correlation functions of shorter chains bend
over to a second algebraic process quite soon. For short chains,
the local process is also more effective since it correlation
function decays to lower values as longer chains have more
residual orientation when the second process sets in.

The reorientation of chains of length 40 is taken as an
example to show the heterogeneity of segmental motion along
the chain. The first-order Legendre polynomial is plotted against
time in Figure 10. The three vectors closest to either chain end
and the middle three vectors are used to characterize the
difference in local dynamics. End vectors reorient much faster
at both short and long times. Movements from middle monomers
are constrained by connecting monomers from both sides which
need more time to relax. The ends of polymers are always the
starting points of the reorientation and bear less confinement
compared to the middle monomers. This has been observed in
atomistic simulations as well.47 Even when the motion is
constrained by reptation the ends are free.

3.2.5. Diffusion Constants.Entanglement lengths can also
be determined from diffusion constants.10,34 For t g τR, the

diffusion constants of the polymer is defined by

where R(t) is the position of center of mass at timet. The
diffusion constants can be calculated as one-sixth of the slope
from the linear fit to MSDs starting after the longest relaxation
time. Table 3 shows the diffusion constants for various chain
length. We observe that the diffusion slows down with increas-
ing chain length consistent with entanglements. In the Rouse
picture the diffusion constant would decrease with the size of
the chain, i.e., the square of the gyration radius and thus linear
with chain length for chains performing a random walk.

In Figure 11 we find a plateau between 40 and 80 monomers
representing this behavior. With the onset of entanglements, the
diffusion coefficient drops toD ∝ N-2. The crossover from the
plateau to the linear decay in 6DN ∼ N represents the
entanglement length which again is between 80 and 90
monomers, consistent with our earlier analysis. The data for
the two shortest chain systems, especially the 15 monomer
chains, deviate from this plateau behavior; this discrepancy can
be explained by the chain length of these two system. They are
still oligomers. We cannot assume that these chains perform a
random walk which is necessary for the linear decay in the
diffusion constant. This is consistent with our analysis in Table

Figure 9. Time dependence of second-order Legendre polynomial of
local vectors at chain length of 40, 50, 90, and 120 monomers: (a)
raw data; (b) running time average of 5 with guide lines.

Figure 10. Depiction of end effects at chain length of 40 monomers:
(a) raw data; (b) running time average of 5 with guide lines.

Table 3. Diffusion Constants (6DN) of PS Chains at Various Chain
Lengths

Nc D (10-5 cm2/s) 6DN Nc D (10-5 cm2/s) 6DN

15 9.983 898.5 80 0.896 430.1
30 2.904 522.7 90 0.691 373.1
40 1.955 469.2 100 0.607 364.2
50 1.457 437.1 120 0.403 289.8
70 1.015 426.4 160 0.256 245.9

Ddiff ≈ lim
tf∞

〈(R(t) - R(0))2〉
6t

(6)
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1 where we found shorter Kuhn lengths and persistence lengths
for these chain lengths. We see that the Rouse model is
applicable only in a specific chain length range which was found
earlier in a study of chains of different stiffness.10,11 The same
behavior has been observed for systematically coarse-grained
PI.13 With increasing stiffness the whole existence of the Rouse
plateau becomes questionable.

3.2.6. Rouse Mode Analysis.According to the Rouse model,
the normalized autocorrelation function of all Rouse modes
collapse onto a master curve for one system if time is rescaled
by the square of the mode number. The Rouse modes or normal
coordinatesXp are defined by

with the autocorrelation functions obeying

in the Rouse regime.
The normal coordinateXp represents the internal conformation

of the polymer. This analysis is a clear test to which extent the
Rouse model is applicable for a given system.p is the mode
index. The mode with index 0 relates to the diffusive center of
mass motion and is not expected to decay exponentially,p ) 1
is the internal mode corresponding to the end-to-end motion,p
) 2 represents motion on the scale of half the chain,p ) 3 on
the third of the chain, and so on. The higherp, the shorter the
length scale. To decide whether the Rouse model is the
appropriate description of a polymer system, it is necessary to
calculate the modes. To test for Rouse behavior, chain lengths
of 40-240 monomers are analyzed. The short ones have been
ruled out already due to their diffusion behavior. Figure 12 is
the Rouse model analysis of 40, 70, and 80 monomers and
Figure 13 of 100, 120, and 240 monomers. We clearly observe
that the Rouse modes change from a scattered pattern to a master
curve at 80 monomers and differentiate again in the case of
100. Following the above equation, it is expected that the
different modes should collapse onto a single curve if timet is
scaled byp2 from the Rouse model. For chain length of 40
monomers, it is still too short to apply the Rouse model. As
the chain length at 70 or 80, the data collapse nicely onto a
single curve, which is consistent with for all the chain length
lower than entanglement length, the Rouse model being valid.
As the chain length increases further to 100 and 120 monomers,
the data differentiate at the end and do not exactly follow a
master curve anymore. The 120 monomer chains deviate earlier
at 6000 time units compared to 7000 units of the 100’s. It is
also observed that low index Rouse modes start to leave the
master curve earlier and deviate further at lower values. All

the data suggest that for chain lengths lower than entangle-
ment length, the systems follow the Rouse behavior if a
minimum chain length is reached. The first Rouse modes of
the same system are plotted in Figure 14a to understand the
relaxation of the large scale vectors. It is clear that the decay
of longer chains is much slower than the shorter chains. The
Rouse model proposes that the Rouse time, the decay time of
the first mode, of entire chains in a melt is proportional to
the square of the degree of polymerizationN.33 Scaling time
by chain length, the initial decays almost coincide. As the
relaxation time is normalized byN2, the first modes of 70, 80,
100, and 120 monomers chains collapse into a single curve
as shown in Figure 14b. The curve for 40 monomers deviates
strongly from the rest. So the chains of length 40 are not
polymers in their true sense yet. As the 240 monomers are
far above the entanglement length, so the Rouse model does
not qualify to describe their dynamic behavior on large scales
any more.

The Rouse times calculated from thep ) 1 vector in the
Rouse mode analysis are consistent with the earlier estimates
from the crossover times in the mean-square displacement, e.g.,
at 40 monomers we find by Rouse mode analysis a time ofτR

) 380. For other chain length the differences are typically 25%.

Figure 11. Diffusion constants at various chain length.

Figure 12. Time-dependent Rouse modes in Rouse scaling at chain
length of 40, 70, and 80 from top.

Xp ) 1
N∫0

N
dn cos(pπn

N )Rn(t) (7)

〈Xp(t) Xp(0)〉/〈Xp
2(0)〉 ) exp(-t/(τ1/p

2)) (8)
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To validate the dynamics of the mesoscale model, the Rouse
modes of the 15 monomers from mesoscale model are analyzed
and compared with those of the atomistic model. Figure 15
shows that there are clear deviations from Rouse behavior in
both cases. To estimate the magnitude of the unit time of the
mesoscale model, we calculate the reorientation times of the
end-to-end vector (p ) 1) from both models. Simulation results
show that the unit time is about 150-200 ps. Mapping makes
it possible to investigate the dynamics of longer chains as the
atomistic simulation cannot fully relax even after 20 ns.
Additionally, our mesoscale model is superior to simple bead-
spring model in that it keeps the identity of PS which is achieved
by employment of an extensive numerical potential.

4. Conclusion

We successfully obtained a mesoscale model of polystyrene
by collecting the bond, angle, and nonbonded interaction
parameters from atomistic simulations. The nonbonded numer-
ical potential with IBI is iterated until the newly generated RDF
from the mesoscale model well consistent with the atomistic
one within tolerance.

Simulation results show that〈Rg
2〉 is proportional toN while

l̃ andRk are constant as well asτend andτlocal increase with the
chain length. Investigations of mean-squared displacement,
diffusion constant, and Rouse mode analysis provide an

Figure 13. Time-dependent Rouse modes in Rouse scaling at chain
length of 100, 120, and 240 from top.

Figure 14. (a) Time-dependent first Rouse mode analysis at various
chain length. (b) Time-dependent first Rouse mode scaled by the square
of the degree of polymerizationN2 at various chain lengths.

Figure 15. Rouse mode analysis at chain length of 15: (a) from
atomistic scale; (b) from mesoscale.
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extensive description of the transition from unentangled to
entangled motion. A Rouse dynamics is observed from 50 to
80 monomers. We cannot observe the Rouse behaviors in the
case of shorter chains since they are only oligomers. The
dynamics of chain length 90, 100, 120, 160, and 240 show
increasingly trends toward reptation. The relaxation times
increase dramatically with the chain length, and the local end
vectors decay faster than the middle ones.

It is the first time to calculate an entanglement length directly
for a systematically coarse-grained melt. Our analysis provides
persistent evidence for the conclusion that the entanglement
length of this coarse-grained PS model is about 85 monomers,
which is not too far below the experimental value of aboutNe

∼ 130. This coarse-grained model enables us to determine the
dynamic behaviors of polymers of chain length which are not
reachable in atomistic simulations.
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