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ABSTRACT: Coarse-grained (CG) computer simulation mod-
els of polyamide-6,6 (PA-6,6) and graphene have been devel-
oped to simulate long chains of polymer confined between
surfaces. Here, groups of atoms are mapped onto a smaller
number of beads, allowing simulation of nanoconfined poly-
mers over the length scales and time scales much longer than
what is achievable in atomistic simulations. The CG force field
has been obtained using the iterative Boltzmann inversion
method, in which the distribution functions for different
degrees of freedoms are iteratively matched to the correspond-
ing distributions obtained from atomistic simulations. Taking
into account the detailed chemical structures of both polymer
and confining surfaces, the resulting CG force field is shown to
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be transferable and applicable to simulate the confined polymer systems over a wide range of temperatures and intersurface
distances. Employing this force field, CG simulations have been performed on long chains of PA-6,6 confined between graphene
surfaces, at constant temperature, constant parallel component of pressure, and constant surface area of the confining surfaces. It is
shown that the present CG model describes well the layering of polymers confined between the surfaces. The conformations of
confined polymers have been analyzed by calculating the radius of gyration and the orientation of end-to-end vectors relative to the
surface normal. It is shown that the CG model allows efficient and fast equilibration of even very long chains of PA-6,6 in very

narrow pores.

B INTRODUCTION

Research on the properties of polymers confined between
solid surfaces with a separation of a few nanometers is of funda-
mental importance in many applications including energy storage,
gel permeation and gel electrophoresis," chromatography,” mem-
brane separation,® design of solid surfaces with controlled wetta-
bility,* and stabilization of colloidal dispersions.>® Among the
various polymers, polyamides (PAs) have important characteristics
such as high thermal stabilities, good mechanical properties, ex-
cellent abrasion, low coeflicient of friction, easy processing, and
solvent resistance which make them the most common engineering
polymers.” Because of their excellent mechanical properties as well
as their high selectivities, thin films of PAs are considered as high-
performance materials with applications in the areas of reverse
osmosis and nanofiltration membranes.®

Confining fluids in nanometric pores causes strong deviations
in their equilibrium®'® and transport'" properties with respect to
the bulk fluid. This means that the conventional experimental
or theoretical methods are usually inapplicable to study such systems.
During the past two decades our knowledge on the properties of
confined fluids has progressed with the advent of new experimental
techniques such as atomic force microscopy, surface force apparatus
(SFA),"" and microbalance techniques.'* Despite considerable
amount of experimental studies on the behavior of nanoconfined
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fluids,"> " the information on these systems is still incomplete.
Molecular simulation methods, on the other hand, have proven to be
powerful techniques for addressing fundamental questions on the
structure and dynamics of nanoconfined fluids from a molecular
level. In this regard, atomistic molecular dynamics (MD) or Monte
Carlo (MC) simulations have been applied to study the behavior of
simple atomic fluids confined in nanometric pores.”>~** Although
simulations of this kind have been extended to simulate more
complex confined systems,'®""**3* in the case of confined poly-
mers the applicability of atomistic simulations is limited to short
chains. Owing to the slow dynamics of polymers in the confinement
and the limitations in computer power, atomistic MD simulations of
realistic long-chain polymers in confinement is unfeasible. Similarly,
because of the constrained local moves in MC simulations, a huge
number of successful moves are necessary to obtain a movement of
the order of a repeat unit in the chain. Moreover, in studying polymer
systems, one is confronted with a variety of time and length scales.
The range of length scales varies from about 0.1 nm, which is a typical
bond length, to, for example, the radius of gyration of polymers,
which is around 10 nm. The time scales also span from about <1 fs,
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the period of vibration of chemical bonds, to typical relaxation times
of polymers (around a few seconds). Therefore, simulation of
polymers in contact with surfaces is especially difficult because of
the fact that their structure and dynamics is governed by such a wide
spectrum of time and length scales.

The practical limitation of atomistic simulation methods in
simulating such systems as polymers in confined geometries
stems from handling a large number of particles and using hard
atomistic potentials, which limits the largest time steps that can
be used to perform a stable simulation. In practice, one can
construct models with less computational effort by integrating
out the fast motions in confined polymers or averaging over their
steep potentials. One way to do this is through the concept of
coarse-grained (CG) models, in which some of the microscopic
degrees of freedom are eliminated.” Instead of hard atomistic
potentials, CG models are often described by so-called potentials
of mean force, which are constructed from the atomistic poten-
tials by averaging the molecular field over the rapidly fluctuating
short time scale motions.*®

So far, a number of CG techniques have been develope
in which simulations on different length scales are combined
in order to get a better understanding of the system as a whole.
In principle, CG models should guarantee that the chain
conformations in a simulation sample represent the corre-
sponding conformations generated by atomistic simulations.
Lumping a group of atoms into a bead, the potential of mean
force for interaction of beads is obtainable from the distribu-
tion functions, calculated from simulations on a more detailed
level. The connection between such distributions and the
associated potentials of mean force is made by the Boltzmann
relation:>

d)33739

U(l) = —kTInP(C) (1)

where U is the potential of mean force along the coordinate §
and P is the distribution of coordinate {. Practically one
applies eq 1 to different distributions such as bond lengths,
angles, torsions, and radial distribution functions (RDFs).
Potentials obtained from eq 1 are used as initial estimates to
generate the corresponding distributions in CG simulations.
This procedure, the so-called iterative Boltzmann inversion,>*
continues until the distributions obtained from CG simulation
match closely the reference distributions from atomistic simula-
tion. This 3procedure has been employed to devise polymer
potentials.>* > However, to capture, with CG models, polymers
in contact with surfaces is more challenging compared to bulk
polymers. This is due to the fact that the structure of polymers in
contact with surfaces depends on the intermolecular interactions
and on the geometry of the surface and is very sensitive to the
detailed chemical structure of the confined molecules and the
confining surfaces. Therefore, there is only a limited number of
reports in the literature on CG simulation of confined fluids.
These include the derivation of CG potentials to simulate
wetting of a simple Lennard-Jones (LJ) liquid droplet on solid
surfaces by Wu et al.** and the development of a transferable CG
potential by Sanghi and Aluru*" to study the structure of L] fluid
at supercritical temperatures confined in silicon slits. Other
reports on the CG models of more complex systems beside the
surfaces include the work by Abrams et al.** on the construction
of a dual-resolution CG model for simulation of bisphenol-
A—polycarbonate in contact with a (111) nickel surface, and
the work by Huang et al.** on the CG computer simulation of

poly(3-hexylthiophene) and fullerene mixtures. In none of these
studies has the surface structure been taken into account; in the
former study the interaction of polymer with the nickel surface is
approximated by a one-dimensional 10—4 repulsive potential,
and in the latter one the fullerene molecule is assumed as a sphere
of constant surface density.

In this work we aim to develop a CG model of polyamide-6,6
(PA-6,6) confined between graphene surfaces. Very recently, we
have performed detailed atomistic simulations of equilibrium and
transport properties of PA-6,6 oligomer (trimers) confined
between graphene surfaces.'”"" A distinct feature of the atomistic
MD simulation method used there’ is that it guarantees the
existence of equilibrium between the fluid in confinement and
the bulk fluid and therefore mimics the SFA experiments.'>"* It is
the purpose of this work to develop an equivalent CG model of
this system to be able to simulate longer chains of confined PA-
6,6, in equilibrium with bulk polymer, over longer time scales
than achievable in atomistic simulations.

B METHOD

In the CG models usually a number of atoms are grouped
together to form beads, which are connected by effective bonds
and a soft effective potential acts between nonbonded beads. It is
known that a physical system can be described by nth and lower
order distributions provided that there are n-body interactions
in the system.44 But, in practice, determination of nth order
distributions with n > 2 is a huge task, and hence, the calculations
are limited to distributions depending on a single relative coordi-
nate. Accordingly, the potential energy function is expressed as
contributions along single relative coordinates, which includes
potential energies along bonds, angles, and torsions as well as
contributions from nonbonded pairwise additive interactions, i.e.

U= Ubond(l) + Uangle(e) + Utorsion(qo) + Unonbond(r) (2)

In eq 2, each contribution in U depends either on a distance, land r,
or on an angle, 6 and @, between the interacting species. The
corresponding distribution function P is, therefore, assumed to
factorize into single-coordinate distribution functions as

P = Pbond(l)ngle(Q)Ptorsion(go)g(r) (3)

where g(r) indicates the RDF.

One can invert the probability distributions, calculated from
the detailed atomistic simulation data, to obtain the effective
intra- and intermolecular potentials among the beads. This is
done through the iterative Boltzmann inversion method, > >*
which iteratively matches the distribution of different degrees of
freedom in the CG model to their corresponding atomistic
distributions, called target distributions, as follows:

P;(&)
Ptarget(g)

where U, (&) and U({) indicate the effective potential energies
at the (i + 1)th and ith iterations, respectively, P(r) is the
calculated distribution function at the ith iteration, Pegec(C) is
the target distribution function, and a; is a damping constant,
changing between zero and one, depending on the scattering of
CG probability distributions around the target distributions. The
initial guess of the potential energy, Uy({), is calculated using the
direct Boltzmann inversion formula, eq 1. The same procedure is

Ui+ 1(8) = Ui(8) + aiksT In (4)
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Figure 1. Representation of mapping between atomistic and CG models of (a) PA-6,6 and (b) graphene surfaces. The ellipses/circles indicate the
adopted CG beads in this work, and the bead types are indicated by Greek letters. The filled markers in panel b represent the location of the centers of
beads in graphene surface. For the location of centers of beads in CG model of PA-6,6 see the text.

followed for all structural distributions (bond distances, bond
angles, torsions, and RDFs) extracted from the atomistic refer-
ence simulation.

The effective pair potentials obtained using this procedure
reproduce well the structural properties; however, the pressure
calculated from the virial theorem using such effective pair
potentials is usually higher than the corresponding pressure obtained
in atomistic simulations. To match the pressure, a linear correction to
the effective nonbonded interactions is added as follows:

rc

AUpspona(r) = b(1 —1) 5)

where 7 is the cutoff distance and b is a constant. This procedure is
employed in this work to build CG models of PA-6,6 and graphene
surfaces. Such CG models enable us to simulate nanoconfined
polymers over length and time scales, which cannot be achieved in
atomistic simulations.

B SIMULATION DETAILS

In this work, atomistic reference simulations were performed
for the polymer in the confined region at a constant number of
confined PA-6,6 oligomers, N, constant surface area, A, constant
temperature, T, and constant parallel (to the surfaces) compo-
nent of the pressure, pj, which we call the NApT ensemble
simulation hereafter. The details of the NApT ensemble simula-
tion method can be found elsewhere;” here we just give a brief
explanation of the method. In this method the temperature is
kept fixed using a Berendsen thermostat,” and the parallel
component of pressure, py, is kept constant by scaling the z-
coordinates of all particles according to the method described in
ref 9. The parallel component of pressure is defined as’

XX +
= sz By
= LZmiviz + L[Z Z(Xi"Fx j+Y5F, )
3Ah 2ARTT G5 Sy Sy
+ZZ(Xi5'Fx,is +Yis'Fy, is)] (6>

where p,. and p,, are the x- and y-components of pressure tensor,
respectively, m is the atomic mass, A is the surface area, h is the
intersurface separation (the distance between the planes of
carbon atoms in the graphene surfaces), subscripts i and j show
the atoms in the confined region, subscript s stands for the surface
atoms, X and Y are the relative distances between particles in the
¥ and y directions, respectively, and F, and F, are their corre-
sponding forces. The results generated using this method, such as
the oscillatory behavior of the perpendicular component of
pressure as a function of intersurface distance, density profiles,
and stepwise variation of the number of confined particles with
surface separation, are validated against the grand canonical
ensemble simulation results of L] fluid confined between fecc
surfaces.”” The method has also been validated against the
simulation results of Choudhury and Pettitt,*’ in which the
authors included bulk water molecules in the simulation box to
guarantee the existence of equilibrium between the bulk and
confined water molecules. Although in the present method we do
not calculate the chemical potential as a proof of equilibration
between bulk fluid and the fluid in confinement, it is believed
that by keeping fixed the temperature and the parallel pressure
the equilibrium between the confined region and a bulk reservoir
is achieved. This is concluded from the known fact from SFA
experiments' " that the external field created by the configura-
tion of confined surfaces varies extremely slowly from the center
of confined region to the bulk. Since the variation in parallel
component of pressure from the bulk fluid to the confined region
depends on the gradient of fluid—surface interactions parallel to
the surfaces, p has essentially been regarded as the same as the
bulk pressure in previous reports in the literature.”>*%°

Employing this method, atomistic MD simulations were
performed for ethyl- and butyl-terminated PA-6,6 trimers, whose
chemical structure is shown in Figure 1. The atomistic force field
parameters for PA-6,6 as well as for the confining surfaces,
graphene surfaces, are reported in our former publication.'® The
parameters for unlike interactions were determined using Lor-
entz—Berthelot mixing rules.*” The polymer molecules were
treated dynamically while the surface atoms were static. Periodic
boundary conditions were applied in the x and y directions. The
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Table 1. Description of Atomistic Systems Simulated in This
Work*®

system no. of chains N, N A (nm?) (h) (nm)
Ay 80 4032 17 344 105.62 1.11
A, 95 4032 19084 105.62 1.35
Aj 89 3108 16 540 81.41 1.49
Ay 85 2508 14876 65.69 1.73
Ag 95 2508 16036 56.69 1.89
Ag 106 1972 16240 51.65 2.54
A, 107 1144 14700 29.97 4.22

“N,, N, A, and (h) are the number of carbon atoms per each graphene
surface, the total number of atoms, surface area, and the average surface
separation, respectively.

temperature was kept constant at 400 K, and the py was fixed at
101.3 kPa (the bulk pressure) by changing the intersurface distance,
h, dynamically. The temperature and pressure coupling constants
were 0.2 and 5.0 ps, respectively. A total number of seven confined
systems were simulated in the NApT ensemble. The details of
simulated systems are shown in Table 1. All MD simulations were
carried out using our simulation package, YASP.**’ The bond
lengths were kept fixed using the SHAKE algorithm,***" and non-
bonded interactions were applied fully between atoms interacting
through torsion terms (1—4 interactions). All nonbonded interac-
tions were truncated at 0.95 nm with a reaction field correction for
the Coulombic interactions.”’ The effective dielectric constant was
taken to be 5.5.>**> An atomic Verlet neighbor list was used, which
was updated every 15 time steps, and the neighbors were included if
they were closer than 1.0 nm. The time step for the leapfrog
integration scheme” was 2.0 fs. Equilibrating PA-6,6 samples for a
period of 10 ns, a large number of independent configurations were
recorded in a trajectory file, in order to extract the target distribu-
tions, required for constructing the CG force field.

As described in the former section, in the CG models several
atoms are grouped together to form beads. Here, our previous
mapping procedure for PA-6,6 is employed.*® This mapping,
indicated in Figure 1, is shown>® to lead to a transferable CG
force field for bulk PA-6,6. In Figure 1a, the PA-6,6 trimers were
modeled as four CG sites: (1) the center-of-mass of terminal
ethylene groups (bead I), (2) the carbonyl carbon atom in the
amide plus its connected methylene group (bead II), (3) the
center-of-mass of ethylene groups (bead I1I), and (4) the central
carbon atom of propylene groups (bead IV). As is indicated in
Figure 1a, in this mapping scheme, the terminal ethylene groups
are treated differently because of the difference in their dynamics
compared to inner ethylene groups. Our mapping scheme for
graphene surfaces is grouping together eight carbon atoms into a
bead (bead V), as indicated in Figure 1b.

In this work, all CG simulations were carried out using the
IBISCO code.”* The temperature was kept constant using a
Berendsen thermostat® with a temperature coupling of 0.5 ps.
The bonded as well as nonbonded contributions to the CG
potentials were obtained by iteratively Boltzmann inverting their
corresponding distributions, resulting from atomistic simula-
tions. The resulting CG potentials are given in the following
section. The nonbonded interactions were truncated at 0.95 nm
with a neighbor list cutoff of 1.05 nm, and the neighbor list was
updated every 10 time steps. The time step for leapfrog integra-
tion scheme® was 5 fs. Similar to the atomistic simulations,
the CG polymer molecules were treated dynamically, but the

confining surfaces were kept static. Periodic boundary conditions
were applied in the x and y directions. The simulation results are
shown in the following section.

B DEVELOPMENT OF CG FORCE FIELD

Adopting the mapping scheme, shown in Figure 1, the CG
procedure consists of constructing effective potentials, governing
the motion of their representative beads. This procedure is
performed in such a way as to make the static properties of the
CG model coincide with those of the atomistic model. As stated
before, this is done by iteratively Boltzmann inverting the target
distributions, obtained from detailed atomistic simulations, dur-
ing which the different contributions to the potential energy are
modified until their corresponding probability distributions
match the target ones.

It is known that the properties of nanoconfined systems
depend on the degree of confinement (pore size). On the other
hand, the procedure outlined above for the construction of CG
potentials leads to state-dependent (nontransferable) potentials.
However, choosing a suitable number of atoms per each CG bead
and retaining more chemical details in the CG model result in a
more transferable CG potential.*® The mapping scheme, devel-
oped in our previous work, for PA-6,6 is shown to lead to a
transferable CG potential. Therefore, we believe that with adop-
ting a suitable mapping scheme for graphene, to retain more
structural details of the atomistic surface, we can construct CG
potentials applicable to a wide range of intersurface separations.
To check this, of the seven confined atomistically simulated
systems (see Table 1) we have chosen the one with intermediate
surface separation, A, for the sake of force field optimization.
This atomistic system consists of 89 PA-6,6 trimers confined
between graphene monolayers with an average surface separation
(h) of 1.73 nm. The system composed of 16 540 atoms (10 324 in
the polymer molecules plus 6216 in the surfaces) is converted to
a total of 2202 CG interaction sites, in which 1424 sites belong to
the confined polymer and 778 ones make up the confining
surfaces. This makes the CG simulation much faster than the
atomistic one and allows us to simulate much longer PA-6,6
chains confined between the surfaces. According to the mapping
scheme of Figure 1, there are five types of distributions for bond
lengths, six for bond angles, and 14 for nonbonded interactions
(the nonbonded interactions between surface atoms were not
taken into account). No torsional potentials for beads separated
by three bonds along the backbone were taken into account.

To iteratively match all these distributions, we considered a
preferential order, in which the sharper distributions are opti-
mized first. This is due to the fact that sharper distributions are
subject to smaller fluctuations and are relatively unaffected by
other interactions.

The stiffest interactions in the system correspond to the
potential energies of interaction between closely spaced beads
(bond lengths and bond angles). Therefore, to build up the
bonded part of the potential, we start from bond-length and
bond-angle distributions extracted from the atomistic simula-
tions and normalized by the Jacobian between internal and
Cartesian coordinates.”* Shown in Figure 2 are the target distri-
butions of bond lengths and bond angles, derived from atomistic
simulations. As is seen from the results in Figure 2, the distribu-
tions of bond lengths are relatively sharp, and it is probable that a
direct Boltzmann inversion of such distributions generates CG
potentials leading to CG distributions matching closely to the
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Figure 2. Comparison of the bond length probability distributions for
system Aj, calculated from NApT ensemble atomistic (solid curves) and
CG (dashed curves) simulations at 101.3 kPa and 400 K. The bond types
are indicated in the figure.

target ones. Since the target distributions for bonds and angles
are sharply peaked around their average values and fall off to zero
quickly, the corresponding Boltzmann inverted potentials are
stiff and vary abruptly in the vicinity of the zero points in their
corresponding distributions. In order to have a continuously
varying potential in such end regions, the target distributions for
bonds and angles are fitted with a suitable sum of Gaussians, i.e.

A =)
Siamon) | 20}

n

(7)

Pbond,angle(g) =

where A, is the area, 0 indicates the standard deviation, 7 is the
number of Gaussians, and brackets indicate the average. The
resulting Gaussian distributions are directly inverted to get the
starting potential, which is then subjected to further refinement
by iterative Boltzmann inversion, employing eq 4. The calculated
CG bond length distributions for system Aj; are compared in
Figure 2 with the corresponding target distributions.

The atomistically generated bond-angle distributions, for
system A, are shown in Figure 3. A comparison of Figures 2
and 3 shows that the distributions of bond angles are more
complex than those of bond lengths. This is due to the fact that
the angular degrees of freedom in the CG model play the role of
torsional degrees of freedom in the atomistic model. In other
words, the CG angles are determined by different torsional states
of the atomistic backbone. Taking into account the importance of
the torsional motions in determining the chain’s conformation in
atomistic simulation, especially in the confined polymers, we
need a perfect matching of the CG angular distributions to the
corresponding atomistic ones. Here, the same procedure used to
obtain the bond-length potentials is used to obtain the bond-
angle potentials.

Having matched the distributions of bond lengths and bond
angles in the CG model to their corresponding atomistic
distributions, we used the same procedure to match the distribu-
tions of nonbonded degrees of freedom. In Figure 4 the RDFs for
different types of interactions are shown, which were obtained
from detailed atomistic simulations. We have optimized the
nonbonded potentials with the iterative Boltzmann procedure.
After about 30 iteration cycles (see eq 4), a close coincidence
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Figure 3. Same as Figure 2 for the distribution of bond angles.

between the RDFs generated using our CG model and the
corresponding target ones was achieved (see Figure 4). During
the optimization process a ramp correction to the effective non-
bonded potentials, according to eq S, is added to fix the parallel
component of the pressure to 101.3 kPa.

B FORCE FIELD TRANSFERABILITY

The force fields employed in molecular simulation methods
should be able to accurately describe the behavior of the system
at different thermodynamic states. However, the structure-based
coarse-graining approach and the optimization procedure out-
lined above explicitly involve temperature. This makes it capable
of keeping the identity of the underlying chemistry but relates it
to the state point at which the coarse-graining was done. This
means that the CG potentials are generally not transferable
to different thermodynamic states. However, in our previous
work®® we have shown that the transferability depends on the
number of real atoms per CG bead and that the temperature
range of the CG force field varies depending on the chemical
details retained in the CG model. It was shown®® that the
mapping scheme shown in Figure 1a for PA-6,6 leads to a force
field which was usable over a temperature range of 300—550 K.
In this work, in order to check the transferability of our CG
model force field, we have performed reference atomistic simula-
tions at different thermodynamic states.

First we have checked the effect of varying the surface separ-
ations on the transferability of the force field, developed for
system Aj, as explained above. It is worth considering that in
nanoconfined systems this is a crucial test for the transferability of
the force field, as many physical properties of the system show
oscillatory behavior with changing the pore width.” '" For the
systems tabulated in Table 1, the distribution of number density
of all beads, as a function of the distance with respect to the
confining graphene surfaces, constructed from atomistic simula-
tions, is shown in Figure S. To calculate the density profiles, the
distance between the surfaces, A, is divided into a number of thin
slabs and the number density for each slab is time averaged. The
same force field, developed for system Aj, is employed to
perform CG simulations of systems tabulated in Table 1 in the
NApT ensemble. The calculated density profiles, extracted from
the results of CG simulations, are compared with the atomisti-
cally generated ones in Figure S. The results in Figure 5 show that
a correct layering effect is predicted in the CG model, employing
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Figure 5. Number density profiles for all beads in PA-6,6 oligomers calculated from atomistic (curves) and CG (markers) simulations at T = 400 K and
pi = 101.3 kPa. The CG results are obtained employing the force field optimized for system As.

this force field. The results of both atomistic and CG simulations
show that at small intersurface separations, around 1.0 nm, one
well-formed layer is observed in the vicinity of each surface.

Increasing the surface separation, to about 4.0 nm, the density
profiles show distinct peaks up to a distance of 2.0 nm away from
the surfaces, and the intermediate region of the box shows bulklike

3122

dx.doi.org/10.1021/ma102320v |Macromolecules 2011, 44, 3117-3128



Macromolecules

atomistic, 300 K

0034 e CG, 300K At L
****** atomistic, 550 K : .

Pbond

0.02

0.28 0.30 0.32 0.34 0.36 0.38 0.40 0.42
/ (nm)

Figure 6. Distributions of bond IV—1IV for system Ag at 300 and S50 K. The
CG results are obtained using the force field optimized for system A; at 400 K.
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behavior. Of course, as is seen from the results in Figure 5, a perfect
match between the CG and atomistic profiles in the z-direction has
not been achieved; the CG peaks in Figure S are wider, and hence
have lower intensity, than the corresponding atomistic ones.

A comparison of our calculated CG and atomistic bead density
profiles in Figure S reveals that even for system A;, which the CG
potential is adjusted for, the calculated density profile remains
within the same degree of agreement with the corresponding
atomistic one, as those of the other systems. This means that
constructing the CG potentials for other systems, one would
obtain nearly the same results. Not being able to obtain a perfect
match between the CG and atomistic density profiles is partly
due to the anisotropy of the system in the z-direction, which does
not allow the complete specification of the system in terms of a
force field, derived from RDFs. A part of such a deviation
between CG and atomistic number density profiles can also be
attributed to the artifact of employing soft nonbonded potentials
in the CG model, compared to hard atomistic ones, which allowed
the beads to perform longer range oscillations about their positions
of minima in the potential energy. Taking into account the correct
predicted layering behavior (the number of well-formed layers, the
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Figure 8. Same as Figure 6 for RDF between bead types I and V.

position of maxima in peaks, and the relative amplitude of the peaks,
shown in Figure 5) of the nanoconfined PA-6,6 with changing the
surface separations, the force field transferability is achieved to a
good degree.

As another check for the transferability of the CG force field,
atomistic simulations are performed in the NApT ensemble, but
at temperatures far above and below the temperature at which the
original force field is optimized (400 K). To generate the lower
temperature configurations from higher temperature ones, a
stepwise cooling procedure is used. The CG force field transfer-
ability is checked by comparing the distributions for typical bond
lengths, angles, and RDFs at two different temperatures (300 and
550 K) for system A4 in Figures 6—8. As is seen from the
comparison of results in Figures 6—8, a very good match is seen
between atomistically derived distributions and the CG ones.
The results of both atomistic and CG simulations in Figures 6—8
show that the distributions of bond lengths, bond angles, and
RDFs become wider with increasing the temperature, indicating
the increase in the number of populated conformational states
with increasing the temperature. A comparison of atomistic and
CG results in Figures 5—8 shows that this force field can be
employed to simulate the nanoconfined PA-6,6 over a wide range
of temperatures and intersurface distances.

B SIMULATIONS OF LONGER CHAINS

Because of the substantial speed-up, the CG models are able to
capture much longer time and length scales compared to atom-
istic simulations. In order to further test the performance of the
CG force field, developed in this work for PA-6,6 trimers, the
force field is used to simulate long chains of PA-6,6, consisting of
100 repeat units. It is worth mentioning that the density of an
atomistic sample of bulk oligomers, studied in this work to
develop the CG force field, is about 3.0% less than that of the
corresponding 20-mer sample, previously simulated in this
group,>” and the high-molecular-weight experimental samples.*®
Such a deviation in the density of the PA-6,6 trimers and the
corresponding high-molecular-weight po?fmer is caused by chain
ends, which carry an excess free volume.*® According to Williams
and Flory,*” the conformation of a chain can be completely deter-
mined in terms of a Markov model of torsional state probabilities.
As the trimers of PA-6,6 contain sufficient information to
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Table 2. Description of CG Systems Simulated in This Work”

system no. of polymer beads total no. of beads (h) (nm)

C, 2508 4419 0.79
C, 5010 6924 1.89
Cs 7518 9429 2.76
Cy 10020 11934 391
Cs 12525 14439 4.78
Cs 15030 16 944 5.86
C, (bulk) 15030

“In all systems polymer chains are confined between graphene surfaces
consisting of 1914 beads, with a surface area of 200.54 nm>.

describe all internal degrees of freedom of long polymer chains
and their density locates within a few percent of experimental
data,>> one can construct a CG potential of long chains by
analyzing the target distributions of much shorter-length chains.
To prepare long chains, we sampled a number of repeat unit
conformations and joined them one by one by randomly rotating
the adding repeat unit to the parent chain. All rotations leading to
the overlap between newly added and already existing beads were
rejected. Following this procedure, long chains of PA-6,6, con-
taining 100 repeat units were generated. The graphene surfaces
were generated according to the mapping scheme indicated in
Figure 1. A number of such chains were initially placed in a
simulation box, which was extended in the z-direction. It was
then subjected to NApT simulations. To be able to study the
effect of surface separation on the properties of confined long-
chain polymers, a number of systems with various number of
polymer chains, all confined between surfaces of constant surface
area, were generated. Since we need to compare the properties
of confined polymer with the bulk, a bulk sample of PA-6,6
composed of 30 chains was also simulated (using the force
field developed for system Aj3). The details of the CG systems
simulated are listed in Table 2. Here, all CG simulations of
confined long chains of PA-6,6 were performed in the NApT
ensemble at a temperature of 400 K and at a constant parallel
pressure component of 101.3 kPa. In all cases CG simulations
were performed over a period of 15 ns for equilibration and 20 ns
for data collection. The calculated den51ty of our CG bulk sample
of 100-mer PA-6,6 at 400 K is 990 kg m™~, Wthh is about 5.7%
less than the density of atomistic 20-mer sample®" and our previous
CG model®® of PA-6,6 at the same temperature (1060 kg m™>).
Optimizing a CG force field for the bulk sample of PA-6, 6 trimers
(the results are not shown here) gives a value of 1043 kgm ™~ * for the
density of a CG bulk sample of 100-mers at 400 K, which is 1.6% less
than what would be obtainable based on CG force field optimization
for an atomistic 20-mer sample (1060 kg m >).%® In other words,
part of the disagreement between the presently calculated dens1ty of
CG long chains (990 kg m~>) and the previously calculated ones*®
is due to developing CG force fields for very short chains (3-mers).
However, the calculated results on the density of our bulk sample of
PA-6,6 100-mers show that the force field, optimized for nanocon-
fined PA-6,6, is not fully transferable to the infinite surface separa-
tions (bulk). In Figure 9 we show the calculated number density
profiles for long chains of PA-6,6. The results in Figure 9 show that
confining surfaces organize the polymer into layered structures
parallel to the surfaces. The number of peaks and their shapes
depend on the distance between the surfaces. This is in complete
agreement with the results of SFA experiments'>'> on realistic
polymers and with the result of atomistic simulations on short

polymer chains.'®""?5% In the following section we describe a
number of structural and dynamical properties, calculated from CG
simulations, of confined long chains of PA-6,6 between graphene
surfaces.

Bl CHAIN CONFORMATIONS

The change in chain conformations of the 100-monomer
chains as a function of distance between the confining surfaces
can be analyzed by calculating the orientation of end-to-end
vectors with respect to the surface normal. If r; and r,, denote the
position vectors of the first and last beads in the chain, the
normalized end-to-end vector is defined as R = (r; — r,)/|r; — 1.
Upon migration of chain end beads to the surface, a correlation can
be seen between the z-axis and the chain end-to-end vectors. In
order to estimate the orientation of the molecules with respect to
the surfaces, it is convenient to define an orientational distribution
function in terms of the second Legendre polynomial, expressed as

p2(e) = 5 BRw) = 1) (s

where p,(z) is the second Legendre polynomial and u, is the unit
vector, normal to the graphene surfaces. The values of p,(z) are 1,
0, and —0.5 in the case of parallel, random, and perpendicular
orientations of end-to-end vectors with respect to the surface
normal, respectively.

We placed the midpint of the end-to-end vector along the z-
direction, (r; + r,)/2, into a number of bins in the z-direction to
calculate the orientation of end-to-end vectors relative to the
surface normal. The results in Figure 10 show that the chain end-
to-end vectors in the vicinity of surfaces orient perpendicular
with respect to the surface normal. The results in Figure 10
further indicate that with increasing the distance between the
surfaces the chain end-to-end vectors adopt a random orientation
with respect to the surface normal. While in system C, the end-
to-end vectors adopt a preferentially perpendicular orientation
with respect to surface normal, even in the central region of the
box, in system C, with a larger intersurface separation, the middle
region of the box shows a much more degree of randomness
compared to systems with smaller intersurface separations. This
means that with increasing the distance between the surfaces the
central region of the box tends to show the bulklike behavior
(random orientation of end-to-end vectors). The chain confor-
mations have further been analyzed by calculating the radii of
gyration. The normalized parallel (to the surfaces) component of
mean-square radius of gyration, (Rgu) is defined as

D S T
<%04< - > )
\ Z l'cm,j)z

j=1i

HM:

where 1" is the number of chains, n is the number of beads per
chain, r., ;is the center-of-mass position of the jth chain, and r; is
the position vector of the ith bead in the jth chain. The normal-
ized parallel component of radius of gyration as a function of the
z-component of center-of-mass position is plotted in Figure 11.
The results show that for center-of-mass positions near the
graphene surfaces (Ré,||> is close to unity, which is an indication
of conformations which are compressed along the z-direction
and are elongated along the x- and y-directions. As one moves
away from the confining surface, the parallel component of the
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Figure 9. Number density profiles for all beads (solid curves) and end beads (dashed curves) in PA-6,6 100-mers confined between graphene surfaces.
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Figure 10. Orientation distribution function for end-to-end vectors of
PA-6,6 100-mers, confined between graphene surfaces.

square radius of gyration decreases and gets close to the expected
value for bulk sample (0.67) in the middle region of the box for
system Ce.

The results in Figures 10 and 11 show that due to geometrical
restrictions in the confined region, the chains adopt a flattened
conformation near the surfaces, and therefore, the chain end
groups migrate close to the surfaces. At distances about 2 nm
with respect to the confining surfaces the flattening of oligomers
disappears (see Figures 10 and 11), and conformations become
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Figure 11. Normalized parallel component of radius of gyration of PA-
6,6 100-mers, confined between graphene surfaces.

representative of a bulk system. This distance indicates the length
scale over which the oligomer conformations show a transition
to bulk polymer. The results are in agreement with the previ-
ously reported results on the atomistic simulation of confined
polymers, 105960

To verify the effect of nanoconfinement on the migration of
chain end groups to the vicinity of surfaces, we have shown the
number density profiles for chain end groups in Figure 9. To be
able to compare the number density profiles for chain end groups
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Figure 12. Autocorrelation function for the end-to-end vectors of PA-
6,6 100-mers, confined between graphene surfaces and that of bulk

polymer.

to the corresponding quantity for all beads in the chains, we have
multiplied the former quantity by a ratio of 501/2 (the number of
all beads to end beads in a 100-mer chain). Comparison of the
results for the number density profiles of end beads with those of
all beads (see Figure 9) shows that there is a higher tendency for
end beads to locate closer to the surfaces.

B REORIENTATION CORRELATION FUNCTION

,11

The results of our previous publications'®'" on the dynamics
of PA-6,6 oligomers show that the chain dynamics in confined
geometries is very slow. It is shown, for example, that the end-to-
end vector in PA-6,6 trimers cannot relax on the time scale of
atomistic simulations. To characterize the efficiency of the present
CG approach in the global relaxation of the 100-monomer chains of
PA-6,6 confined between surfaces, the time autocorrelation func-
tions for the end-to-end vectors are calculated. The end-to-end
vector autocorrelation function is expressed as

_ (R(5)-R(0))
(R(0)*)

The results for (C(t)) are shown in Figure 12 for all confined syst-
ems as well as for the bulk sample. A comparison of the fast
decaying relaxation curves in Figure 12 with the slow decaying
atomistic ones (for PA-6,6 trimers), reported in ref 10, show that
the present CG model is much more efficient than the atomistic
model in relaxing the end-to-end vectors. For example, we have
shown'® that in the atomistic simulation of PA-6,6 trimers confined
between graphene surfaces, with an average intersurface distance of
1.8 nm, the end-to-end autocorrelation function decays to around
0.85 after 10 ns, while the relaxation curve for a CG model of PA-6,6
100-mers with relatively the same intersurface distance (C,) decays
to around 0.1 durin% the same time. Similar to the results of
atomistic simulations,'® the CG results in Figure 12 show that the
end-to-end vectors in confined polymers relax much slower than in
bulk polymer.

Fitting the relaxation curves in Figure 12 with the so-called
Kohlrausch—Williams—Watts (KWW) stretched exponential
function and integrating,61 one can obtain the relaxation times,

() (10)

1T 1T -1+ 7 T & T 71 1T

0.14 4

</> (nm)

Figure 13. Dependence of the relaxation times for the end-to-end
vectors on the pore size. The dashed line indicates the relaxation time of

bulk polymer.

7, for end-to-end correlations. The calculated relaxation times are
plotted against the surface separation in Figure 13. The values of
stretching exponents are close together and locate between 0.4
and 0.43. It is seen that the relaxation times increase dramatically
with decreasing intersurface distance. This is in complete agree-
ment with the results of our earlier study'® of the atomistic model
simulation of nonoconfined PA-6,6, in which we observed that
the relaxation times increases with decreasing the pore size.
Similar conclusions have been reported by Borodin et al.*> on the
simulation of poly(ethylene oxide) near TiO, surfaces. Our
results further indicate that the relaxation time of confined pol-
ymer depends on the degree of organization of polymer parallel
to the surfaces. In other words, well-formed layers with sharper
density profile have a higher relaxation time than those of diffuse
layers.

Bl CONCLUSIONS

A CG methodology has been introduced to simulate PA-6,6 in
contact with graphene surfaces. Mapping a group of atoms onto a
substantially smaller number of beads for both polymer and
confining surfaces, we have developed a method which explicitly
takes into account the detailed structure of confining surfaces as
well as the confined polymer. The CG simulation is based on our
new approach of simulating confined fluids in the NApT ensemble.”
This means that the confined polymer remains in equilibrium with
the bulk polymer and the parallel component of pressure is set to
the bulk pressure by scaling the z-coordinates of all beads and,
simultaneously, changing the distance between the confining sur-
faces. The CG force field has been obtained using the iterative
Boltzmann inversion method,*® in which the distribution functions
for different degrees of freedoms are matched to the corresponding
atomistic distributions in an iterative way. The CG force field is
shown to be transferable and applicable to simulate the confined
polymer systems over a wide range of temperatures and intersurface
distances. Getting benefit of the substantial reduction in system size,
around one interaction site in the CG model per eight interaction
sites in the atomistic model, and employing soft nonbonded pote-
ntials, the CG model enables us to simulate nanoconfined PA-6,6
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over amuch longer length and time scales achievable in the atomistic
simulations. In this regard, it is shown that long chains of PA-6,6
form layered structures at the confining surfaces. Analysis of chain
conformations in contact with surfaces shows that the chains adopt a
flattened conformation, parallel to the surfaces. Upon increasing the
distance between the confining surfaces, the chain ends in the
intermediate region of the box show random orientations. While the
results of our previous atomistic simulation study'® show that the
end-to-end vector autocorrelation function decays very slowly in
PA-6,6 trimers, the results of this study show that the developed CG
model is able to relax the end-to-end vectors of long chains in
extremely confined geometries in a few tens of nanoseconds. The
relaxation times for end-to-end vectors depend on the pore size and

on the layering of confined polymer.
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