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Dual-resolution coarse-grained simulation of the bisphenol-A-polycarbonateÕnickel interface

Cameron F. Abrams,* Luigi Delle Site, and Kurt Kremer
Max-Planck-Institut fu¨r Polymerforschung, Ackermannweg 10, 55128 Mainz, Germany

~Received 19 September 2002; published 27 February 2003!

We present a dual-resolution coarse-graining scheme for efficient molecular dynamics simulations of
bisphenol-A-polycarbonate (BP-A-PC) liquids in contact with a~111! nickel surface. The essential feature of
this model is the strong adsorption of phenoxy chain ends, and the absence of adsorption by other parts of the
chains. Details of how phenoxy chain ends interact with the nickel surface were extracted from Car-Parrinello
molecular dynamics calculations of adsorption of phenol on nickel. These calculations show that phenol
adsorption on nickel is short ranged (,3 Å) and strongly dependent on the C1-C4 orientation of the ring. The
structure of BP-A-PC prevents internal phenylene groups from interacting with the surface, due to steric
hindrances from the noninteracting isopropylidenes. These dependencies are incorporated in the coarse-grained
model of the BP-A-PC chain by resolving chain-terminating carbonate groups with atomistic detail, while the
rest of the chain is represented by coarsened ‘‘beads.’’ This allows specification of the C1-C4 orientation of the
terminal phenoxy groups, while overall allowing for system equilibration with reasonable computer time. We
simulate liquids of up to 240 chains of ten chemical repeat units, confined in a slit pore formed by two frozen
~111! planes of atoms with the lattice spacing of nickel. We find that the strong adsorption of chain ends has a
large effect on the liquid structure through a distance of more than two bulk radii of gyration from the surface.
These effects are explained by a competition among single- and double-end adsorption, and dense packing. The
structure of the interface less than 10 Å from the wall is greatly sensitive to the orientational dependence of the
phenoxy adsorption.

DOI: 10.1103/PhysRevE.67.021807 PACS number~s!: 36.20.Ey, 68.08.De
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I. INTRODUCTION

Polymer simulations have recently often been used
study systematically coarse-grained molecular models@1–4#.
Coarse-graining aims to guarantee that the chain confor
tions in a simulation sample represent true equilibrium c
formations of the specific polymer considered. In princip
direct atomistic simulations of polymers could fulfill this re
quirement if the interatomic potential energy functions a
reliable. In practice, however, this requirement is impossi
to fulfill in atomistic simulations owing to limitations in
computer power and characteristically long relaxation tim
for macromolecules. The global conformational relaxat
takes~many! orders of magnitude more time than any loc
move. A central feature of coarse-graining is that the mod
retain only as much unique and relevant information
needed about the specific polymer~s! under investigation, us
ing significantly fewer degrees of freedom~i.e., particles!
than required for full atomistic detail. This also means th
the characteristic time step in a simulation increases sig
cantly. The coarsened degrees of freedom must be
strained within ensembles of configurations which repres
an appropriate average over the microscopic atomic-s
potential energy surface for the fully resolved system. O
an equilibrated sample at the coarse-grained level is ge
ated using an appropriate simulation technique wh
samples these ensembles, atomic details can be inv
mapped to study atomic-scale properties and processe
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then appropriately short length and time scales@5#.
Our focus in recent years has been to develop a met

for coarse-graining melts of bisphenol-A-polycarbonate
(BP-A-PC) @5–9# ~Fig. 1!. BP-A-PC not only provides a
challenging test case for this type of modeling, it is also
far the most utilized and intensively studied variety of po
carbonate, thanks to its many valuable material propert
such as high impact strength, ductility, glass transition, a
melting temperatures@10#. For example, interesting ques
tions regarding the mechanisms of glassy BP-A-PC ductility
have inspired many experimental@11–16#, simulation@17–
21#, and combined experimental-simulation@22,23# studies.
Such questions remain essentially unresolved, and certa
must involve both details of intermolecular packing and
tramolecular conformations. Another interesting question
the origin of BP-A-PC’s unusually small entanglement m
lecular weightMe between six and seven of chemical repe
units @24#. Coarse-grained simulations can potentially fill
gap that now exists between traditional atomistic simulat
and experiments, by addressing longer length and t
scales, allowing one to test hypotheses regarding inter
lecular and intramolecular interplay in packing and entang
ment that are otherwise more difficult to approach.

For the purposes of this article, we are particularly int

el
: FIG. 1. Schematic representation of the structure of bisphe
A-polycarbonate. The relevant comonomeric groups are labele
©2003 The American Physical Society07-1
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ested in understanding the adhesion behavior of BP-A-PC
liquids next to ideal metal surfaces. Metal surfaces are
ticularly relevant for industrial processing of polycarbona
and indeed many other synthetic polymers. The interplay
tween specific local adsorption of organic chain segme
and the much larger scale chain conformations is difficul
capture with traditionally simple molecular and atomic-sc
models. Steps toward understanding this interplay, at l
for systems of small single chains and structureless m
surfaces, have been taken. The influence of specific bin
on aluminum on the conformational statistics of small olig
mers of poly~methyl methacrylate! has been investigate
@25–27#. We recently reported the development of a mu
scale technique that handles both specific adsorption and
bal conformation of longer chains at the interface of a de
melt ~the most relevant state for most kinds of polymer p
cessing! and a metal surface@8#. This technique involved
appropriate coupling of information from detailedab initio
calculations of small molecule–surface interactions i
coarse-grained molecular dynamics simulations of liquids
comparatively much larger macromolecules. Here,
present a more complete account and the first set of re
ments in the specificity of that model. The major refinem
is the incorporation of an orientational dependence for
adsorption strength of chain-terminating phenoxy groups.
will be discussed, incorporating this dependence is key
predicting the interface structure and requires at a minim
some atomistic resolution. We have therefore construc
what we term a ‘‘dual-resolution’’ coarse-grained model
the BP-A-PC molecule, in which all parts of the chainsex-
cept for the endsare represented by coarse-grained bea
Only the carbonate groups at the ends are resolved atom
cally. To the best of our knowledge, this is the first su
attempt at using a model with simultaneous coarse gra
and atomistic resolution for molecular simulations of po
mers.

Our paper is presented as follows. We first discuss
details of the dual-resolution BP-A-PC molecular model. We
then discuss the simulation methods, including both the C
Parrinello density functional theory~DFT! and coarse-
grained simulations. Results of simulations of sh
BP-A-PC chains confined in a slit pore formed by two ide
nickel surfaces are then presented and discussed. Finally
consequences of the results for the bulk surface couplin
the melt will be discussed.

II. THE DUAL-RESOLUTION COARSE-GRAINED MODEL
OF BPA-PC

A. The single-resolution 4:1 model

Shown in Fig. 1 is the chemical structure of a BP-A-PC
molecule composed ofn repeat units. The general idea
coarse graining is to represent such a specific polymer m
ecule as a bead-spring chain, usually not explicitly accou
ing for internal structures of the repeat unit, such as phe
rings and dangling methyl groups. The role of the bead
two fold: first, they must, as a group, reflect the proper c
formational statistics of the given polymer, and second, t
02180
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must exclude volume such that the molecule fills space
has a ‘‘shape’’ as close as possible to the given polym
molecule.

The foundation of the dual-resolution model is our ‘‘4:1
coarse-graining scheme@9#, which replaces each repeat un
of BP-A-PC by four beads. The beads loosely correspond
each of the four basic units of the repeat unit: an isopro
lidene group, a carbonate group, and two linking phenylen
For convenience, we label these bead types ‘‘i ’’ for isopro-
pylidene, ‘‘c’’ for carbonate, and ‘‘p’’ for phenylene. This
allows us to represent the ends of the chains using the s
types of coarse-grained beads, as depicted in Fig. 2.

Intramolecular constraining potentials are used to ens
that the conformations which the chains sample reflect
proper statistics given the atomic-scale potential energy
face. As the details behind this aspect of our technique w
discussed previously@6#, we present only a brief discussio
here. These constraints take the form of bond angle po
tials. For each carbonate-isopropylidene-carbonate~‘‘ c-i -c’’ !
and isopropylidene-carbonate-isopropylidene~‘‘ i -c-i ’’ ! triple
along a chain backbone, a potentialU(u) is used, which is a
Boltzmann inversion of the corresponding probability de
sity distribution for this type of angle. These probability di
tributions are defined by the respective coarse-grained m
ping points on the chain’s atomic structure and we
generated via Metropolis Monte Carlo sampling of the co
formations of a single atomistic chain in vacuum. Figure
shows these distributions for the case ofT5570 K, a typical
processing temperature for parity conservation. For the
mainder of the discussion in the present paper, we use en
units of kT with T5570 K. Note that these types of triple
are not formed by immediate neighbors along the backbo
because eachi -c pair is bridged by a phenylene~‘‘ p’’ ! bead.
Note also that the mapping point of a phenylene bead ne
exactly corresponds to the center of a phenylene ring in
same way as the ispropylidene and carbonate mapping p
correspond to subgroup centers in the atomic structure. T

FIG. 2. Atomistic structure of a representative chain-end c
figuration of BP-A-PC, illustrating the dual-resolution scheme. T
small black circles are mapping points in the scheme, and the l
circles represent the excluded volume diameters of those po
The C4-C1 orientation vectorb is shown. Lower-case letters deno
coarse-grained bead designations: ‘‘p’’ is phenylene, ‘‘ct’’ is the
terminal carbonate, ‘‘pt’’ is the terminal phenoxy, and ‘‘i t’’ is the
terminal isopropylidene. Capital letters denote atom type desig
tions ~see text!.
7-2
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DUAL-RESOLUTION COARSE-GRAINED SIMULATION . . . PHYSICAL REVIEW E67, 021807 ~2003!
is because mapping a point to the exact center of each
nylene group introduces torsional degrees of freedom in
coarse-grained configurations, which are correlated to
bond angle degrees of freedom. To avoid this rather com
cated situation, we ‘‘decouple’’ the phenylene mappi
points from the centers of their respective atomic groups
enforce 180° bond angles. As discussed elsewhere, this
equately accounts for the excluded volume of the phenyle
in a dense melt of BP-A-PC @9#.

Backbone bond angles at the phenylene beads~i.e., i -p-c
bond angles! are enforced at 180° by a simple harmon
potential with a spring constant of 0.05kT/(deg)2. This con-
stant reflects the combined effect of all four-body improp
dihedrals used in atomistic simulations of molecules~e.g.,
bisphenolA) containing 1,4-phenylene moieties@21,29,30#
Because phenylene beads which are immediate neighbo
either side of the same isopropylidene bead can weakly o
lap, the excluded volume interaction for these intramolecu
phenylene-phenylene pairs is turned off. This choice ha
small effect on the resulting bond angle distributions arou
the isopropylidenes, a discussion of which appeared e
where @9#. Distances between neighboring beads are
forced with harmonic spring potentials@see Eq.~2! below#.
Bonds between carbonates and phenylenes are enforc
3.56 Å with a standard deviation of 0.04 Å, while bon
between isopropylidenes and phenylenes are enforce
2.93 Å with the same standard deviation.

All beads interact with each other via a spherical exclud
volume potential, with the form of a truncated and shift
repulsive 12-6 Lennard-Jones pair potential with length
rameters i j 5

1
2 (s i1s j ):

ULJ~r i j !5H 4eF S s i j

r i j
D 12

2S s i j

r i j
D 6

1
1

4G , r i j ,21/6s i j

0, r i j >21/6s i j .
~1!

Bead sizess i specified by first calculating the gyration rad
among atomic positions in each group, and then scaling th
radii such that the volume of the repeat unit, accounting

FIG. 3. Probability distributions for the coarse-grained bo
angles: ‘‘i -c-i ’’ ~solid!, ‘‘ c-i -c’’ ~long dash!, ‘‘ c-i t-Ob’’ ~short dash!.
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the overlaps of adjacent beads, is equal to the van der W
volume per repeat unit of BP-A-PC computed from experi
mental data using an equation-of-state analysis@28#. This
yields a total volume fraction in the liquid of about 0.
Values fors i54.49, 5.19, 4.67 Å, respectively, for carbon
ate, isopropylidene, and phenylene beads.e is chosen as the
unit of energy, which we set atkT for our NVT molecular
dynamics simulations, discussed in Sec. III.

B. The dual-resolution model

The impetus for developing the dual-resolution mod
came directly from the Car-Parrinello simulations of phen
interacting with nickel, where we observed a strong dep
dence of the energy of interaction and interatomic forces
the angle of the C1-C4 vector relative to the surface norma
Including this dependence in a coarse-grained simulatio
fundamentally impossible unless the level of resolution at
chain ends is increased. In the dual-resolution scheme,
picted in Fig. 2, the terminal carbonate (-Ob-COc-Ob-)
groups are resolved atomistically. This results in the nec
sity to account for more intramolecular interactions than
the single-resolution case discussed above. Apart from th
new interactions~discussed below!, all aspects of the dual
resolution model are identical to those of the sing
resolution model~presented above!.

1. Specific surface interactions from Car-Parrinello DFT
calculations

Ab initio DFT calculations, due to the accurate descripti
of electronic properties, allow a realistic study of the inte
action of molecules with metal surfaces. However, the la
computational effort required confines this approach to
study of small systems. Keeping in mind this limitation, w
developed a multiscale approach to simulate BP-A-PC on a
Ni~111! surface@8#, where the chemical unit of BP-A-PC
was divided into comonomeric molecules small enough
study the interaction with the surface. The results from th
calculations guided the development of the coarse-grai
model. Specifically, we consider four molecules analogou
the comonomeric subunits of BP-A-PC ~Fig. 4!: carbonic
acid (i ), propane (i i ), benzene (i i i ), and phenol (iv) rep-
resenting, respectively, carbonate, isopropylidene, and p
nylene~the last two! and study the interaction of each with
Ni~111! surface. We found that propane and carbonic a

FIG. 4. ~a! Chemical structure of the repeat unit BP-A-PC. ~b!
Analogous molecules used in theab initio studies:~i! carbonic acid,
( i i ) propane, (i i i ) benzene, and (iv) phenol.
7-3
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ABRAMS, DELLE SITE, AND KREMER PHYSICAL REVIEW E67, 021807 ~2003!
see the surface as a uniform hard wall. At an average
tance of 3.2 Å, they experience significative repulsio
which strongly increases in magnitude below this distan
Hence, these molecules sample such distances at only
ishingly small probabilities.

Benzene and phenol experience strong adsorption e
gyies, respectively, 1.05 eV ('21kT) and 0.91 eV at a
center-of-mass distance'2 Å from the surface and in a
horizontal orientation over the bridge site. Since the carb
ate and isopropylidene show strong repulsion for distan
shorter than 3.2 Å,internal phenylene is sterically forbidde
by its neighbors to approach the surface to its ideal ads
tion distance. Further studies of the interaction of benz
and phenol with the surface at larger distances show tha
adsorption is short ranged and decays below 0.03 eV
distance beyond 3 Å. Therefore, aninternal phenylene
comonomer has only a weak interaction with the surface

The case is different for the chain-terminating pheno
groups. Because the C4-Ob torsional barrier is less than 1kT
@30#, a terminal carbonate can orient such that virturally
steric hindrance to the horizontal approach of the phen
end group to the surface exists. Thus, it is likely thatonly the
chain-ends adsorb strongly to the surface~see Fig. 2!. Previ-
ously, we incorporated the above information into a coar
grained model of BP-A-PC melts next to a Ni~111! wall @8#.
There we showed that the situation is dramatically differ
when the chain ends are preferentially attracted to the w
with respect to the case of an inert wall. In the du
resolution model discussed here, we move from the id
~optimal! flat adsorption to a more realistic description of t
adsorption process by considering the interaction energy
function of the angleu formed by the carbon ring of the
phenol with the surface~see Figs. 5 and 6!. The dependence
of phenol-nickel interaction energy on the phenol orientat
is shown in Fig. 7, while details of the calculation are r
ported in the Appendix. Figure 7 shows that the interact
energy of phenol with a nickel surface is quite sensitive to
orientation. The goal of the dual-resolution model is to
corporate this sensitivity into the model of a liquid of enti
BP-A-PC molecules interacting with nickel.

It is important to note that the potential energies predic
in these calculations do not account for dispersion forc
Thus, we have not attempted to model dispersive attract
between phenoxys and surface atoms in the coarse-gra
model, as will be discussed in the following subsectio
However, we do have confidence in the calculation’s abi
to account for the short-ranged behavior, including the str
sensitivities to distance and orientation. Because the en
scales of this short-ranged behavior is manykT, we must
therefore treat these sensitivities in any reasonably accu
molecular model of BP-A-PC interacting with nickel. The
short-ranged nature of the potential is the essential beha
that we captured and implemented in the classical coa
grained potential used in this work.

2. Implementation

The bond between the outer of the two bridging oxyge
(Ob) and the center of the phenoxy bead defines the C1-C4
orientation of the phenoxy group, relative to some exter
02180
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direction, as depicted in Fig. 2. We have chosen to keep
excluded volume representation of the resolved carbon
the same as all other carbonates; that is, the volume is ca
by a sphere centered on the carbonate carbon, and only
orientations are resolved atomistically. The oxygens in
carbonate do not interact via any nonbonded interaction w
any other atoms or beads in the system. Their only role
determining the intramolecular structure of the chain en
with sufficient detail to properly account for surface intera
tions. The bond angles and lengths in the resolved carbon
are enforced with simple harmonic potentials:

Ubond~r i j !5
1

2
ki j ~r i j 2r i j

0 !2, ~2!

FIG. 5. Top view of the phenol molecule and surface top la
in the unit cell of simulation. Thex axis divides the carbon ring into
two symmetrical parts. The rotation is performed by pinning do
the hydrogen H1 ~for the initial geometry! and rotating the molecule
outward around the axis parallel to they axis passing through H1.

FIG. 6. Lateral view of the phenol molecule and surface t
layer in the unit cell of simulation. When the rotation is perform
H1 is fixed at a distanced52.0 Å from the top layer of the surface
which is the equilibrium distance between the molecule and
surface, the molecule is then rotated in thexz plane of an angleu.
During the geometry optimization thez coordinates of the carbon
are fixed, while all the other degrees of freedom are allowed
relax; this allow us to have the carbon ring at a fixed angle w
respect to the surface and to avoid transversal rotations.
7-4
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DUAL-RESOLUTION COARSE-GRAINED SIMULATION . . . PHYSICAL REVIEW E67, 021807 ~2003!
Uangle~u i jk !5
1

2
ki jk~u i jk2u i jk

0 !. ~3!

The two C-Ob bonds haver 051.33 Å andk52.6kT/Å2.
The C-Oc bond hasr 051.16 Å andk52.6kT/Å2. Angles at
the Ob haveu5121.44° andk50.054kT/deg2, the Ob-C-Ob
angle hasu5108° and k50.054kT/deg2, and the two
Oc-C-Ob angles haveu5126° andk50.054kT/deg2 @29#.

The two torsionsf ~one for each C-Ob bond! are subject
to potentials taken from standard molecular mechanics si
lations of BP-A-PC @29#:

U torsion~f!5
1

2
k1@12cosn1~f2f0!#

1
1

2
k2@12cosn2~f2f0!#, ~4!

where k153.2kT, n152, k250.84kT, n252, and f0
5180°.

Additional components of the intramolecular descripti
of the dual-resolution model account for the ‘‘interface’’ b
tween the atomistic terminal carbonates and the coa
grained remainder of the chain. Here, we make use of
notation illustrated in Fig. 2, in which coarse-grained bea
are denoted by lower-case letters, and atoms by upper-
letters. The atomistic carbonate groups are connected to
rest of the chains by bonds between the bridging oxyg
(Ob) and the neighboringinternal phenylene bead and phe
noxy chain end. These two bonds are treated with a harm
potential identical in form to Eq.~2!, with k52.6kT/Å2 and
r 052.76 Å. Furthermore, thec-i t-ct bond angle potential is
not applied in exactly the same manner as all other inte
c-i -c bond angles. Because we have exact knowledge of
location of the terminal carbonate’s carbon, the only unc

FIG. 7. Phenol-nickel interaction energy as a function of phe
orientation angleu, as defined in Fig. 6.
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tainty that would require a distribution-function descriptio
of the bond angle is due to the internal carbonate. Hence
the c-i t-Ob bond angle, we use a Boltzmann-inverted pote
tial from a probability distribution that samples thec-i t-Ob
bond angle atT5570 K, in the same manner as thec-i -c
and i -c-i distributions were created. This distribution is al
given in Fig. 3.

The remaining components of the dual-resolution mo
deal with bead-wall interactions. We imagine a simulati
system representing a slit pore of widthL, with the walls
normal to thez direction, and periodic boundary condition
in x and y. The ‘‘left’’ wall originates at z5ZL , and the
‘‘right’’ wall at z5ZR , where ZL,ZR . Furthermore, de-
pending on the type of bead, the walls are represented e
by a one-dimensional repulsive potential, or as an array
sites in a hexagonal~111! arrangement, with lattice spacin
a0.

All internal beads interact with the walls via a on
dimensional 10-4 repulsive potential:

Uw,rep~z!5U10-4~z2ZL!1U10-4~ZR2z!, ~5!

U10-4~z!5H 2pewsw
2 F2

5 S sw

z D 10

2S sw

z D 4

1
3

5G , z,sw

0, z>sw .

~6!

The value ofsw for each type of bead was taken fromab
initio calculations, as discussed elsewhere@8#. These calcu-
lations demonstrated that isopropylidene and carbonate
units are repelled from nickel for all relevant distances. A
though isolated benzene and phenol will strongly adsorb
nickel, the geometry of the repeat unit sterically hinders
sorption of internal phenylenes. Hence, we choose t
(ew ,sw) of both isopropylidenes and carbonates such t
each bead experienced 1kT of repulsive energy at a distanc
of 0.9sw . A short test calculation showed that internal ph
nylenes will not approach the surface close enough to att
tively interact; hence, attractive surface interactions of int
nal phenylenes are not included.

For eachterminal phenoxy groupi, the following surface
interaction potential is applied:

Ui ,or5(
sitej

Usite~r i j !, ~7!

where indexj runs over the arrays of~111! sites ~with a
Ni-Ni nearest neighbor distance of 2.51 Å) on both wal
and

Usite~r i j ,u i !

55
4F S s i j

r i j
D 12

2S s i j

r i j
D 6

1
1

4G2e~u i !, r i j ,r 0

1

2
e~u i !FcosS p

r c2r i j

r c2r 0
D21G , r 0,r i j <r c

0, r i j >r c ,

~8!

l

7-5
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ABRAMS, DELLE SITE, AND KREMER PHYSICAL REVIEW E67, 021807 ~2003!
wherer 0521/6s i j , andr c is a desired cutoff.u i describes the
orientation of the phenoxy ring, as described previously.
specific terms,u i measures the orientation of the bond b
tween the outer Ob of the terminal carbonate and the cen
of the i th terminal phenoxy,bi , ~i.e., the C1-C4 orientation!
relative to the surface normaln̂, as depicted in Fig. 8:

u i5arcsin
bi•n̂

bi
, ~9!

Note that n̂5 ẑ for the left wall, andn̂52 ẑ for the right
wall. e(u i) is an empirical function that describes the orie
tational dependence of the well depth of the attractive in
action:

e~u i !5expS 2a
sin2u i

12sin2u i
D . ~10!

For the simulations discussed here, we usedr 052.0 Å, r c
52.7 Å, e056.0kT, and a510.0. Representative plots o
Usite(r i j ,u i) and e(u i) are shown in Fig. 9. It can be see
from Fig. 9~b! that the absolute value of the well dep
strongly decreases with increasing orientational angleu i ; at
an orientation of 45° for the decay parametera510, there is
essentially no attraction to the surface. This potential w
chosen to closely resemble the situation as given by theab
initio calculations. The interaction has to be short ranged
take the angular constraints properly into account. The la
is needed in order to reproduce the effect of the adsorp
onto the chain conformation near the surface. The adsorp
energy on the coarse-grained level was chosen significa
lower than given by theab initio calculations (6kT instead
of about 20kT). The reason for this is that, given the spaci
of the surface atoms, phenoxy beads interact with an ave
of three surface atoms simultaneously. The total interac
of a phenoxy with surface is the sum of all phenoxy-surfa
atom interactions, and the parameters define a sin
phenoxy-surface atom interaction. Therefore, the strengt
the single phenoxy-surface atom interaction must be roug
one-third of the predicted value. Moreover, we assume
'1 –2kT of energy is used to overcome the roughly 1kT
rotational energy barrier around the C4-Ot bond to allow the

FIG. 8. Illustration of the orientation dependent surface inter
tion for terminal phenoxy groups in the dual-resolution model.u is
the inverse sine of the angle defined by the C1-C4 orientation~vec-

tor b) and the surface normaln̂.
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phenoxy ring to approach a horizontal orientation. Thus,
potential used in the coarse-grained simulations should a
for a maximumphenoxy-surface interaction energy of abo
18kT. As will be discussed later in this paper, this maximu
adsorption energy is not achieved on average by phen
chain ends in a melt of chains next to a nickel surface.

As alluded to above, we do not explicitly consider th
transverse orientation of the terminal phenoxy groups. T
transverse orientation is defined by a vectort perpendicular
to the C1-C4 direction~which we callb) lying in the plane of
the ring. Bothb andt must be perpendicular ton̂ in order for
the phenoxy ring to be parallel to the surface plane. As m
tioned already, recent atomistic molecular dynamics~MD!
simulations@21,29,30# assume that the torsions which gove
the orientation of the vectort, ~the torsions of the Ob-C1
bond! have barriers of about 1kT at our temperature of in-
terest. This 1kT penalty that is potentially paid during thi

-

FIG. 9. ~a! Surface site interactionUsite for increasing values of
orientation angleu i (u i50°, 10°, and 60° shown! with strength
parametera510.0 and~b! orientation dependent well depthe(u i)
for various values of strength parametera.
7-6
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reorientation is hardly significant compared to the;20kT
gain by adsorbing the phenolic chain end, meaning that
expect transverse reorientation of the phenolic chain en
happen ‘‘instantaneously.’’ However, the orientation alo
the chain direction must respond to both the attraction of
surface and the connectivity of the chain. Therefore, it is
much greater importance that the C1-C4 direction is properly
accounted for.

III. MOLECULAR DYNAMICS
SIMULATION DESCRIPTION

Coarse-grained samples

Molecular dynamics simulation was performed using
model above in order to examine the structure of
BP-A-PC–Ni interface. The velocity-Verlet algorithm wa
of

e

ni
ua
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used to integrate the particle equations of motion usin
constant time step of 0.005t. A Langevin-type thermosta
with friction G50.5 t21 was used to keep the temperatu
constant at 1.0@31#. Reduced Lennard-Jones units were us
throughout, where the length conversion factorS is
4.41 Å/s.

Liquid samples were generated by first specifying num
of chains and number of repeat units per chain, and the
tem density. Chains were then randomly placed in a box
grown according to the bond length and bond angle proba
ity constraints; for details, see Ref.@6#. A 5000-step ‘‘push-
off’’ integration is then performed to remove bead-bead ov
laps @32#. During this stage, all particles interact via
radially shifted Weeks-Chandler-Anderson repulsive partic
particle pair potential,
U rs~r i j !5H 4eF S s i j

r i j 121/6s i j b~ t !
D 12

2S s i j

r i j 121/6s i j b~ t !
D 6

1
1

4G , @r i j 121/6s i j b~ t !#,21/6s i j

0, @r i j 121/6s i j b~ t !#>21/6s i j ,

~11!
all

is
y
lls
tial.

he
ulk
the

al
where s i j 5
1
2 (s i1s j ) and e51kT. The radial shift term

b(t) decays linearly from unity to zero over the duration
the push-off stage:

b~ t !5
t f2t

t f2t i
.

Here, t i and t f are the initial and final time values of th
push-off stage, respectively.

The sample consisted of 240 chains of ten repeat u
each. This corresponds to 49 beads per chain in d
resolution scheme. The system density was fixed at 1
g/cc, corresponding to the experimental system densit
570 K. The box dimensions (x,y,z) were 98.0, 95.8, and
110.8 Å, respectively. The dimensions inx and y are set to
accomodate a~111! hexagonal lattice constructed from
orthohexagonal~rectangular! unit cells with a nearest neigh
bor distance of 2.51 Å. These dimensions correspond to
cells in thex direction, and 22 iny, with two sites per cell,
for a total of 1584 sites per wall.

After the push-off phase, a second simulation phase
performed to ‘‘turn on’’ the walls. Here, thez periodicity of
the simulation box is turned off, leaving the beads with a
solute, ‘‘unfolded’’ z positions. The wall potentials are the
applied such that the origins,ZL and ZR in Eq. ~5!, were
placed one bead diameter beyond the two beads having
tremal z positions; in other words, the wall origins wer
placed as close to each other as possible, while containin
beads in the system. The walls are then increment
brought closer together over about 5000 steps. The crit
for stopping the wall movement is that the bulk density
from the walls matches the bulk density from the fully pe
odic simulation cell. After the desired density in the bu
ts
l-
5

at

6

is

-

x-

all
ly
ia
r

region was established, we observed that the wall-to-w
separation was about 110 Å. During this warm up,all par-
ticles interact with the wall as if it were featureless. At th
point, the full MD simulation is begun, in which the phenox
end particles interact with the individual sites on the wa
via the previously described orientation dependent poten

IV. RESULTS AND DISCUSSION

A. Dynamics

Before discussing the results from the simulation in t
slit pore, we present a brief discussion of results from a b
run, for purposes of comparison. In Fig. 10, we present
mean-squared displacementsg1 , g2, and g3 for the funda-

FIG. 10. Bulk mean-squared displacements forn
510 BP-A-PC, computed via MD simulation of the fundament
4:1 coarse-grained model~no end resolution!.
7-7
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ABRAMS, DELLE SITE, AND KREMER PHYSICAL REVIEW E67, 021807 ~2003!
mental 4:1 model chains~with no end resolution! from a
bulk simulation of 80 chains of ten repeat units each.g1 is
the mean-square displacement of the inner five monome
each chain,g2 is the mean-squared displacement of the
monomers relative to the chain’s center of mass, andg3 is
the mean-squared displacement of the chain centers of m
From the point at whichg2 and g3 cross, which indicates
roughly the average time required for a chain to diffuse
distance equal to its own radius of gyration, we infer
equilibration time of roughly 6000t.

Turning now to the confined system, the first result
consider is the total energy of the phenoxy-wall interactio
vs time, shown in Fig. 11. We observe that the time to equ
brate this energy, roughly 70 000t, is more than ten times
longer than the characteristic relaxation time ofn
510 BP-A-PC from our previous calculations. This slow r
laxation has its origin in a large slowing down of monom
motion next to the surface, mainly due to the site-spec
nature of the surface interaction. This is demonstrated
Fig. 12, in which we show the mean-square displacementg1
for monomers in two different regions. Region I is less th

FIG. 11. Phenoxy-surface interaction energy versus time.
dashed line indicates the achieved equilibrium value.

FIG. 12. Mean-squared displacementsg1 in the confined sys-
tem, segregated by position of the origin of each particle: zone
z0,40 Å, zone II otherwise.
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40 Å from either wall, and Region II is the middle 25 Å
These mean-squared displacements were computed ove
final 10 000t of the simulation, during that time no chang
in the surface energy could be observed. Of course, th
displacements near the wall are the result of a rather la
fluctuations, since the displacement of the bonded chains
much smaller than those of the nonbonded chains. Howe
as will be shown below, most chain in the ‘‘surface regio
have at least one link to the surface. As a consequence
observe from these two sets of mean-square displacem
that significant slowing down occurs next in the regi
nearer the walls. This is not surprising, because chain e
are essentially fixed on the surface, causing entire chain
this region to become immobilized. Over this short time w
dow, however, we do not observe a saturation ofg1.

B. Structure

From bulk simulations, we know that the root-mea
squared radius of gyration ofn5ten repeat unit chains of ou
fundamental 4:1 BP-A-PC is about 20.5 Å. This length
scale figures prominently in nearly all aspects of the liqu
structure next to the walls. We first consider the number d
sity of beads as a function of distance from the walls,z.
Figure 13 shows these profiles for the internal phenyle
carbonate, and isopropylidene beads, as well as the pr
for chain ends~carbonate plus phenoxy!, each counted as a
singleparticle. We see an unusually large amount of struct
in these profiles, with significant layering in the density o
to a depth of about onêRg

2&1/2. Interestingly, the alternating
nature of the chain sequence is revealed in the alterna
layering of isopropylidenes and carbonates out to this d
tance: where ispropylidene density is high, carbonate den
is low, and vice versa, with peaks in the linking phenyle
density at depths where the carbonate and isopropylid
densities are equal. Also, chain ends are strongly localize
the surface, as expected. Unexpected, however, is the o

e

if

FIG. 13. Bead depth profiles~number density versus distanc
from surface! of coarse-grained beads over the entire width of
slit pore. Mirror image symmetry about the center line is enforc
For this plot, each chain end~carbonate plus terminating phenoxy!
is counted as a single particle. Shown are the profiles for inte
phenylenes (p), carbonates (c), and ispropylidenes (i ).
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DUAL-RESOLUTION COARSE-GRAINED SIMULATION . . . PHYSICAL REVIEW E67, 021807 ~2003!
vation of a zone strongly depleted in end groups wh
reaches a full 2̂Rg

2&1/2 into the liquid. Clearly, equilibrium
conformations characteristic of bulk BP-A-PC are not re-
sponsible for this compositional behavior.

In Fig. 14, we show a close up of the density profile ne
the surface, resolving the individual atoms in the termi
carbonate groups. Here, the angular dependence of phen
nickel interaction energy causes a strong correlation betw
the location of terminal phenoxy centers and bridging o
gens. The intensity of the phenoxy peak indicates that
equilibrium, 290 out of 480 ends are adsorbed, with an
erage energy of 12kT each@33#. We see that, on average, th
maximum adsorption energy is not achieved, demonstra
a competition between entropies of chain configurations
packing, and surface attraction.

We now consider the likelihood of end adsorption as
function of distance from the surface. In Fig. 15, we sh
the center-of-mass density profilerCOM(z) divided into two
major categories: those chains with both ends adsorbed
those chains with only one end adsorbed. Also the total d
sity of chain centers of mass is given.~The profile for chains
with no ends adsorbed are not shown explicitly.! These pro-
files shown in Figs. 13 and 15, reveal the nature of t
depletion scenarios, which are closely interconnected. F
there is a large zone of depletion of chain ends, as discu
before, as a consequence of thisrCOM(z) displays two dis-
tinct layers: in the layer nearest to the surface, any chain w
a center of mass in this layer has both ends adsorbed on
surface. This layer extends about one^Rg

2&1/2 into the liquid.
The next layer out, again about one^Rg

2&1/2 in width, contains
a large majority of chains with a single-end adsorbed. B
yond 2̂ Rg

2&1/2, there exist only very few chains with
single-end adsorbed. To study such effects quantitativ
longer chains are needed. Of course, no chain exists in a
with each end adsorbed to opposite walls. The existenc

FIG. 14. Bead depth profiles near the surface, resolved to s
components of the chain ends. For this plot, all internal beads
lumped into a single curve. The dashed line shows the expe
bulk number density. Shown are the profiles for terminating p
noxys (pt), terminating carbonate carbon~C!, terminating carbon-
ate bridging oxygens (Ob), terminating carbonate lone oxyge
(Oc), and the lumped profile for internal beads.
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the end-attractive surface, together with the constraints
dense packing in the liquid, gives rise to this unique str
ture, which we did not find reported elsewhere.

Finally, we assess the consequences of the above stru
on the internal structure of the chains, measured by the
frame components of the gyration tensors^Rg,aa

2 & where
aaP$xx,yy,zz%. ^Rg,aa

2 & as a function of distance from th
walls is shown in Fig. 16. Again, we see strong effects on
structure up to a depth of about 2^Rg

2&1/2. Considering the
two layers defined above, in the layer closest to the w
chains are significantly compressed in thez direction. This
behavior can arise in any dense polymer systems in the
sence of end attraction to the surface, as has been se
previous simulations of bead-spring chains@34,35#. This ef-
fect is mainly due to the orientation of the gyration tens
near the surface. However, in the region̂Rg

2&1/2,z
,2^Rg

2&1/2, we see that chains are strongly deformed, d
playing significant elongation in thez direction. The magni-
tude of this stretching can be appreciated by noting that
maximum value of thez component of the mean-square

w
re
ed
-

FIG. 15. Chain center-of-mass depth profiles, showing divis
into populations of chains which adsorb both ends on a surface,
end on the surface, and no ends on the surface.

FIG. 16. Depth profiles of chain lab-frame gyration radius co
ponentŝ Rg,aa

2 &. Plotted against the right-handy axis is the center-
of-mass number density profile.
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ABRAMS, DELLE SITE, AND KREMER PHYSICAL REVIEW E67, 021807 ~2003!
radius of gyration profile ^Rg,zz
2 &(z) is greater than

3^Rg,bulk
2 &. These are the chains that have adsorbed a si

end on the surface, but are restricted from adsorbing
other end due to dense packing of the doubly adsor
chains near the wall. This exclusion effect acts to local
chain centers of mass in this region. Possible similarities
the conformations of these chains to polymer brushes wil
of interest in the case of longer polymers.

The simulation results provide us with a clearer picture
how the molecules arrange at the interface, which we de
in Fig. 17. This arrangement is characterized by the loca
ing of chain centers of mass in two distinct layers, 0,z
,^Rg

2&1/2 ~layer I! and ^Rg
2&1/2,z,2^Rg

2&1/2 ~layer II! rela-
tive to the surface. Chains near the surface are compress
the direction normal to the surface, while chains in layer
are strongly stretched in this direction. This results from
competition between energetic end adsorption and entr
packing in the dense liquid. For the present short cha
though the chain ends adsorb~almost! irreversibly, we expect
that this leads only to a rather weak adhesion to the b
polymer matrix, because chains with both ends stuck are
likely to be significantly entangled with the bulk chain
Simulations of longer chains are in progress to examine
effect.

V. CONCLUSIONS AND OUTLOOK

We have presented a dual-resolution coarse-gra
model of bisphenol-A-polycarbonate, which allows molecu
lar simulation of dense liquids next to nickel surfaces. T
essential feature of this model is that the ends of the poly
chains adsorb strongly to the surface, when the ends
aligned horizontally. The model accounts for this effe
while simultaneously accounting for the configurational s

FIG. 17. Cartoon of the average chain conformations near
surface. Since the chains are relatively short and only the chain
adsorb, there is no entanglement network, which would otherw
enhance the bulk adhesion to the surface. Black lines repre
chains with both chain ends stuck to the surface, dark gray l
represent chains with only one chain end stuck to the surface
the other in the bulk, and light gray lines represent chains in
bulk.
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tistics of the chains. From a large MD simulation of sho
BP-A-PC chains of ten repeat units in a slit-pore geome
formed by~111! nickel walls, we observe strong effects o
the liquid structure due to this adsorption.

Many interesting questions about the behavior
BP-A-PC, in particular, and polymers, in general, next
metal surfaces arise from this work. We are faced by
special situation that only the chain ends strongly bind to
surface. This is due to the fact that the inner phenylene ri
are excluded from binding to the surface due to steric effe
It would be very interesting to consider similar questions
other synthetic and biological macromolecules, and whet
such effects can be utilized to facilitate certain propert
and/or functions, e.g., specific adhesion, binding, and rec
nition. This will be an important aspect of future studie
Also important for future work is experimental observatio
of chain-end adsorption, which so far has not been repor

Another related topic is the dependency of the glass tr
sition temperature in thin~supported! films. There is a fairly
large current literature on the problem of lowering, and
some cases, raising the glass transition temperature c
pared to bulk samples.~See, e.g., Ref.@36#!. In the latter
case, one expects a crucial dependence on the specific
port surface polymer interactions.

Of current primary importance is to understand ho
strongly this behavior scales with chain length. In expe
ment, one typically deals with polydisperse samples. For
tropic reasons, the shorter chains prefer to aggregate nea
surface compared to the longer chains. Thus, we expect
the present scheme qualitatively is applicable
experimental-technical samples as well. Because BP-A-PC
molecules are relatively stiff, it is also of interest to consid
whether such a two-layer structure would arise in system
more flexible chains with preferred end adsorption.
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APPENDIX

In this appendix, we report technical details of theab
initio calculations for determining the angular-dependent
tential between phenol and the Ni surface. An extended
scription of the calculations done for carbonic acid, propa
benzene and phenol will be presented in a forthcoming p
lication @37#. We use theCPMD code@38# in the FEMD ver-
sion of Alavi @39,40#. In this version, the electron density an
the Hellman-Feynmann forces are computed s
consistently using a subspace diagonalization of the h
temperature matrix. The subspace is expanded in a pl
wave basis set with a cut off of 60 Ry.k-point sampling of
the electronic states in the Brillouin zone of the supercel
implemented, and a partial occupation of states at the Fe
level can be handled.
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DUAL-RESOLUTION COARSE-GRAINED SIMULATION . . . PHYSICAL REVIEW E67, 021807 ~2003!
The system consists of a phenol molecule and a Ni~111!
surface. The latter is represented by four close-packed la
of Ni~111! ~lattice parameterb053.543 Å) with the two bot-
tom layers fixed and the top two allowed to relax. We us
(333) lateral supercell of hexagonal symmetry and emp
a 33331 k-point mesh. The cell dimension in the directio
normal to the surface is 20 Å so that the minimum thickn
of the vacuum between the phenol molecule and the bot
layer of the image slab of Ni~111!, i.e., in the configuration
where the phenol is perpendicular to the surface, is ab
7 Å. This is more than the thickness of the Ni film consi
ered. For carbon and oxygen, a Troullier-Martins pseudo
tential @41# is used, while a local pseudopotential is used
hydrogen@42#, and the pseudopotential developed by Lee
used for nickel@43#. We use the Perdew-Burke-Ernzerh
@44# generalized gradient approximation. This technical s
ting was tested by calculating nickel bulk properties, surfa
properties, and phenol geometrical properties and chec
the agreement with previous work and experiments@45,46#.

We found that the most energetically favorable configu
tion is the one with the carbon ring of the phenol lying pa
allel to the surface over the bridge site at an average dista
K
.
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from the surface of about 2.0 Å; this corresponds to an
sorption energy of 0.91 eV. In order to calculate the inter
tion energy as a function of the angleu between the carbon
ring of the phenol and the surface, we performed BFGS
ometry optimization for several initial geometries corr
sponding to different values ofu, which is kept fixed during
the relaxation process. We set the system in a way that in
optimal flat configuration thex axis bisects the carbon ring i
two symmetrical parts in thexy plane passing through th
oxygen. The rotation is then performed in thexz plane by
pinning the hydrogen H1, diametrically opposed to the ox
gen, at a distance of 2.0 Å, corresponding to the equilibri
distance,~see Figs. 5 and 6!. This means that in order to kee
u fixed and to avoid transverse rotations during theab initio
geometry optimization, we simply need to keep fixed thex
and z coordinates of the carbons; all the other degrees
freedom can be allowed to relax~see Fig. 6!. We should also
say that, in general, for a a given angleu rotations in theyz
plane around thex axis leads to a weaker attraction due to t
strong repulsion of the hydrogens, which allowed us to
glect, in first approximation, transverse rotations.
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