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Abstract

The thermedynamic, conformational and orientational properties of polymer mells gratled on &
solid subsirate were obtained from a novel Moente Carlo (MC) simulation of coarse-grained meoda! of
potyethylene (PE). The interface between a non-interacting hard surface and a bulk PE melt, with all chains
of which are grafied on the plane, has been studied. Different PE melis, of mean molecular length trom (.
and Cyp, have been investigated, at grafting densitics ranging from 0.92 o 1.85 nm %, Profiles of monorme
density and free end density, bond orientation, and average monomer position along a chain were studied.
Cuantitative measured in the simulations are derived from the analytical self-consistent fietd (3CFY theory
and compared with the simulation data. The conformational and orientational properties can be quite
accuratzly described by the theory, with some discrepancies observed nzar the wall and at the il of the
profile. Additional resulis concerning thermodynamic and surface energy of the brush are also presented.

I. introduction

Considerable research efforts has recently gone into the study of the nanostructure
and physical properties of polymers end-grafted onto a solid surface. These systems arc
known as polymer brushes for sufficiently high polymer densities. The properiies of
brush depends on the density aud the type of polymer molecules. Interfaces between
pelvmers and sclids piay a key role in many industrial applications as adhesives, colioiia
stabilizers, and lubricants."™ OF great importance is the practice of improving the fraciuee
strength of interfaces through the use of a few grafted chains.! Establishing quaniitative
relations between chemical constitution and macroscopic properties of such sysicros and
predicting their structure and mechanical properties is highly desirable, because this can
tremendously  facilitate the rational design of multiphase sysiems containing
nacromolecular chains. )

Grafied polymer layers have been stedied both experimentally and theorctically
Analytical SeH-Consistent Field {(5CF) theory gives detailed solution of ihe equilibrium
structural properties while experiments usually can only provide more global informaiion
like thickness, concentration and the force profile between two interaciing brushes. The
most interesting analyiical theory of grafted polymer brushes has been developed by
Milner ef al.,>® These theories are particularly attractive because they lead to closed-form
expressions for the profiles of segment density w(z), monomer potential {/{z), density of
free ends e(2), and brush height 2. They also sugpest universal laws for tne dependeyoe of
these quantities on chain length &, grafting density «, and distance from the suriace 2 or
monorner position ¢ along the chain.

Detailed information like the polymer chain trajectory, fluctuation ete. can
conveniently be obtained in a computer simulation and compared with the SCF theory.
Unfortunately, little simulation work has been performed for chains with chemically
realistic architectures. In this work, a novel computer simulation technique capable of
probing the siructure of the interface between the solid substrate and grafied polymer
mielts at a prescribed gralting density is developed. This sirpulation allows us to obiain



detailed information about the conformational, structural, and thermodynamic properties
near the solid substrate, while avoiding many of the assumptions invoked in the
mesoscopic, SCF models, in analytical brush theories and past simulations of bead-spring
or ideal chains.”!!

L. Model and Simulation

The simulation employs the bridging technique that ailows the interconversion
between a fully atomistic representation of a structure in continuous space and a coarse-
grained version of the same structure in the discrete space of a high coordination {attice. .
This method has been recently employed to study the surface properties of various
svstems such as polymer nanofilm'™ ™, nanofiber’™"" and nanoparticle.’® The coarse-
prained representation retains every second carbon atom on a laitice with 10 4 7 sHes i
shell 7. We study monodisperse grafied polymers, each chain containing N ethylene units,
with 20 < N <490, The solid substrate was tocated af 2 = 0 and z = M, where M > N, Heuds
wetre not allowed to move from z = § 1o -1, The total number of available surfacs sites is
40x40 (surface area = 86,6 nm’). We choose periodic boundary conditions in the x and y
directions, while the two boundary in z direction are freated as hard impenetrable walls.
The grafting density (o) is from 0.92 to 1.85 nm™. To model the PE chain, Rotational
lsomeric State (RIS) formalism is used to model the short-range inframolecular
interactions. The original RIS model for PE developed by Abe ef of." is modified for the
coarse-grained  model. Longe-range intra- and intermolecular interaction among
nonbonded units are incorporated into the stmudations asing the Lennard-Jones potential
for ethylene units with e/k = 185 K and ¢ = 0.44 nm.” The second virial coeificient
expression is utilized to assign an average interaction energy for each neighboring shell
around a lattice site.”’ The system temperature is set to 450 K. Single bead and pivot
moves on the lattice are accepted according 1o the MetroGpolis MC algorithm.™ Analysis
is obtained as an ensemble average of the subsequent 107 Mente Carlo Step (MUS) aller
equilibration, A snapshot is taken every 10,000 MCS during this period for anuiysis of
the static properties.

Fesults and Discussions

A, Local meli density

Figure 1 presents the z variation of the density p of the Cgo PE melt siraulated, ol
chains of which are grafted on a hard substrate, as a function of o. For the grafling
densities studied, p(z) exhibits two zones of reduced density corresponding o two
boundaries: the substrate/melt and the melt/vacuum interfaces. In comntrast, the density
practically remains constant in the bulk region independent of o. The reduced p(z) values
near the solid are mainly entropic origin caused by the presence of the boundary that
limits the number of available conformation assumed by each grafted chain. The variabie
lattice mode! calculations™?* also showed the development of a reduced-density vone of
width close to 0.6 nm, very similarly to the result in Fig. 1. The sigmoidal shape and the
width of the profile at the upper boundary in Fig. 1 is typical of a melt/vacuurn interface.
The identification of the two zones where the melt density attains reduced values relative
to the bulk demonstrates its power i elucidating some of the silent features underiying
the structural and thermodynamic properties of grafted polymeric systems. These resulis



are in contrast to the usual practice in analytical or numerical theorclical modets of
grafted melts which, in their majority, invoke the assumption of a constant density
everywhere in the interfacial region.

B, Conformational properties

Information about the conformational properties can be extracted by studying the
average chain conformational path defined as the average height <z()> of backbone
atom i above the grafting surface. Fig. 2 shows the reduced mean height {s) detined
through £(s) = <z(i)>/ <z{1)> as a function of scaled coordinate 5 = /. g Cis) is an
increasing function of atom ranking position s which means that, on the average, grafied
chains develop upward without any back folding. According to anaiytia:;z] hrush
theories,”® this graph should lead to a universal curve, independent of o. All curves are
scent to superimpose reasonably well with the SCF result, {(s) = sin{sn/2), and 51
approximatety on a single curve implying <z> is a function of /N only. Despite thel
similarity, two universal curves preseni slightly guantitative differences especially for
small N and . These can he attributed to: (dj analytical theory is based on the most
probable trajectory, i.e., the trajectory that minimize the free energy of the brush; the rest
of the conformational paths are neg!ccted. In contrast, in the present simulations, the
mean path is calculated as an ensemble average over all conformational path realized by
il chains, (b) the molecular model in the simulations is much more detailed than that on
which the theory is formulated.

¥

. Distribution of monomers

Fig. 3 shows the probability distribution of monomers along a chain fﬂ}‘ Cpo o

- 1.39 nm™. Inferestingly, the end monomers can be anywhere in the brush. Thus there

isa bybtemaﬂc deviation from the SCF theory which predicts no end bead dt z == (. The
SCF also suggests a scaling plot of g, (z)asin(in /2N ) versus z/(hsin(in/ 2.?&-’)}, Within
the statistical accaracy of the sivwulation resulls, the curves obtained coincide, suggesing
the existence of a masier curve. However, the functional form of the master curve
predicted is somewhat differcnt than that of the curve derived by analytical theories. The
comparison is poor for the region to the left of the maximum in the distributions whie:h
are rather L()HCdVL in opposite to the SCI results. However, previous lattice Monte Carlo
simuiations™ " obtained distributions which were comvex for small z/sin(4%), T hf“ may

due to finite stretching of monomers as been shown by SCF theory. For larger vatues of 2.
N 3
the distribution dwag more slowly than SCF prediciion in agreement with other MI '
and MC simulations.”"”

1. Orientation

The profites of the first-rank order parameter (from carbon atorm /7 1w i+2)
(P {cos ())> =< ¢0s @ > are caleviated as a function of V and o where 0 is the angle formed

between a chord veetor and z axas. The positive order parameter was found oven at the
outer edges of the grafted layer which demonstrate that, on average, the grafied chains



develop outwards exactly as was inferred by the continuous increase of the function

(P {eesd )
e

<z(i)> for large . From the SCF theory, the profiles of the function A4, = - should

exhibits a universal behavior, independent of N and oas 4, = (,os( ) The data show a

rough collapse except for monomers near the wall. This is expected since SCF theory
does not take into account for the short range order effects near the wall. The MC data
indicate the brusn is less stretched but the streiching is quite unifcrm over the entire
brush,

E. Thermodynamics

The interaction energy of polvmer brushes can be calculated directly from on-
latiice energetics. Fig. 4 shows the profiles of short-range intramolecular (from the RIS
model) and long-range intermolecular (discretized Lennard-Jones potential for PE on
Znnd lattice) and the total energics as a function of z. The short-range energy drops,
while the fong-range energy increases at the interfacial region, the overall resuli being a
slight increase in the total energy. Compared to the free surface region, intramolecular
interaction decreases more for the beads closed to grafting swrface as polymer chains
adopt more frans conformation. The deviation from the bulk values starts at ¢a. 3 nm
from the free surface which is broader than that from the grafied surface {ca. 1 nim).

The potential energy part of the surface energy, v, can also be estimated using the
Cquati(m' v o (Bpgen - <EBap™) fares. Here, By and --/§7,3;)‘> denote the averape potential
energies of the polymer brum ani bull, rz,%pﬁcisveh he surface energy of this brush is
21.5 erg/em’. The simulated” and expﬁrsmpmd} alues of thin film are 22.2 and 234
erg/em” respectively.

Conclusions

A methodology is presented for the study of grafted polymer meits thrmg,l he
coarse-grained PE model using lattice MC simulations. Equilibration of the melt
configurations was made possible with the very efficient MC algorithm. PE mell systerns
consisting of grafted chains as long as Cgo were studied in a broad range of grafling
densities. For melts consisting of only grafied chains, our simulation data verified many
universal laws suggested by the analytical brush theories. However, the exact functional
dependencies of certain descriptors of the brush conformational and siructural
characteristics on chain length and grafting density seem to be different from those
derived analytically.
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List of Figures

Figure 1 (a) Density profile as a function of the distance from the grafting plane of Cgq

P'E melt all chains of which are grafied on a hard substrate, at & = 0.92, 1.39 and 1 85

am, In all simuiations, 7= 450 K.

Figure 2 The normalized mean height (s} ploited as a funciion of the normalized bead
coordinate s along chain contour, of the fully grafted Cgo PE melt at o = 0.92, 1.39 and
1.85 nm'z, and of Cyg, Cep and Cgp at o = 1.85 nm™>. The solid line corresponds to the
prediction of the Milner ef af. theory.

Figure 3 The scaled distribution probability for ith monomer of the fully grafted Cyy PR
melt ai o = 1.85 nm™. The points correspond to /N = 0.2 (m), 0.4 (), 0.6 {(x). 0.8 (A}
and 1.0 (A).

Figure 4 The average short-range, long-range and total energy of the system (normalized
by number of beads and volume in each bin) as a function of distance from the gralting
substrate of the fully grafted Cgy PE melt at o = 1.85 nm™.
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