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Dual-resolution coarse-grained simulation of the bisphenoA-polycarbonaténickel interface
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We present a dual-resolution coarse-graining scheme for efficient molecular dynamics simulations of
bisphenolA-polycarbonate (BRA-PC) liquids in contact with #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 rangeet 8 A) and strongly dependent on thg-C, orientation of the ring. The
structure of BPA-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 BPA-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-tBedEientation 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 A from the wall is greatly sensitive to the orientational dependence of the
phenoxy adsorption.
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[. INTRODUCTION then appropriately short length and time scdlgls
Our focus in recent years has been to develop a method

Polymer simulations have recently often been used tdor coarse-graining melts of bisphen&tpolycarbonate
study systematically coarse-grained molecular modelsf..  (BP-A-PC) [5-9] (Fig. 1). BP-A-PC not only provides a
Coarse-graining aims to guarantee that the chain conformahallenging test case for this type of modeling, it is also by
tions in a simulation sample represent true equilibrium confar the most utilized and intensively studied variety of poly-
formations of the specific polymer considered. In principle,carbonate, thanks to its many valuable material properties,
direct atomistic simulations of polymers could fulfill this re- such as high impact strength, ductility, glass transition, and
quirement if the interatomic potential energy functions aremelting temperature$10]. For example, interesting ques-
reliable. In practice, however, this requirement is impossibldions regarding the mechanisms of glassy S#C ductility
to fulfill in atomistic simulations owing to limitations in have inspired many experimenfdll-16, simulation[17—
computer power and characteristically long relaxation times21], and combined experimental-simulatip22,23 studies.
for macromolecules. The global conformational relaxationSuch questions remain essentially unresolved, and certainly
takes(many) orders of magnitude more time than any local must involve both details of intermolecular packing and in-
move. A central feature of coarse-graining is that the modelgramolecular conformations. Another interesting question is
retain only as much unique and relevant information aghe origin of BPA-PC’s unusually small entanglement mo-
needed about the specific polyr®@munder investigation, us- lecular weightM, between six and seven of chemical repeat
ing significantly fewer degrees of freedofne., particles  units [24]. Coarse-grained simulations can potentially fill a
than required for full atomistic detail. This also means thatgap that now exists between traditional atomistic simulation
the characteristic time step in a simulation increases signifiand experiments, by addressing longer length and time
cantly. The coarsened degrees of freedom must be corscales, allowing one to test hypotheses regarding intermo-
strained within ensembles of configurations which represenfecular and intramolecular interplay in packing and entangle-
an appropriate average over the microscopic atomic-scal@ent that are otherwise more difficult to approach.
potential energy surface for the fully resolved system. Once For the purposes of this article, we are particularly inter-
an equilibrated sample at the coarse-grained level is gener-
ated using an appropriate simulation technique which
samples these ensembles, atomic details can be inverse

mapped to study atomic-scale properties and processes on @\(/ﬁ\ ©‘ @ Oj\ ©‘ 2
| 0 0 0
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University, Philadelphia, PA 19104. Electronic address: FIG. 1. Schematic representation of the structure of bisphenol-
cfabrams@drexel.edu A-polycarbonate. The relevant comonomeric groups are labeled.
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ested in understanding the adhesion behavior ofABPC
liquids next to ideal metal surfaces. Metal surfaces are par-
ticularly relevant for industrial processing of polycarbonate,
and indeed many other synthetic polymers. The interplay be-
tween specific local adsorption of organic chain segments
and the much larger scale chain conformations is difficult to
capture with traditionally simple molecular and atomic-scale
models. Steps toward understanding this interplay, at least
for systems of small single chains and structureless metal
surfaces, have been taken. The influence of specific binding
on aluminum on the conformational statistics of small oligo-
mers of polymethyl methacrylate has been investigated
[25—-27. We recently reported the development of a multi-
scale technique that handles both specific adsorption and glo- FIG. 2. Atomistic structure of a representative chain-end con-
bal conformation of longer chains at the interface of a densdéguration of BPA-PC, illustrating the dual-resolution scheme. The
melt (the most relevant state for most kinds of polymer pro_s_rnaII black circles are mapping points in t_he scheme, and the Igrge
cessing and a metal surfacg8]. This technique involved circles repre_sent _the excludt_ed volume diameters of those points.
appropriate coupling of information from detailed initio "€ G-Cy orientation vectob is shown. Lower-case |etters denote
calculations of small molecule—surface interactions intgt02/Seé-grained bead designationsr” is phenylene, ‘" is the

coarse-grained molecular dynamics simulations of liquids ofe'Minal carbonate, f” is the terminal phenoxy, andit’ is the
. terminal isopropylidene. Capital letters denote atom type designa-
comparatively much larger macromolecules. Here, w

present a more complete account and the first set of refines > (see text

ments in the specificity of that model. The major refinementmust exclude volume such that the molecule fills space and
is the incorporation of an orientational dependence for théhas a “shape” as close as possible to the given polymer
adsorption strength of chain-terminating phenoxy groups. Asnolecule.
will be discussed, incorporating this dependence is key in The foundation of the dual-resolution model is our “4:1”
predicting the interface structure and requires at a minimungoarse-graining scheni®], which replaces each repeat unit
some atomistic resolution. We have therefore constructedof BP-A-PC by four beads. The beads loosely correspond to
what we term a “dual-resolution” coarse-grained model of each of the four basic units of the repeat unit: an isopropy-
the BPA-PC molecule, in which all parts of the chaiez-  lidene group, a carbonate group, and two linking phenylenes.
cept for the endsare represented by coarse-grained beadsor convenience, we label these bead typesfor isopro-
Only the carbonate groups at the ends are resolved atomisfsylidene, “c” for carbonate, and p” for phenylene. This
cally. To the best of our knowledge, this is the first suchallows us to represent the ends of the chains using the same
attempt at using a model with simultaneous coarse grainegypes of coarse-grained beads, as depicted in Fig. 2.
and atomistic resolution for molecular simulations of poly-  Intramolecular constraining potentials are used to ensure
mers. that the conformations which the chains sample reflect the
Our paper is presented as follows. We first discuss th@roper statistics given the atomic-scale potential energy sur-
details of the dual-resolution BR-PC molecular model. We face. As the details behind this aspect of our technique were
then discuss the simulation methods, including both the Cardiscussed previously], we present only a brief discussion
Parrinello density functional theoryDFT) and coarse- here. These constraints take the form of bond angle poten-
grained simulations. Results of simulations of shorttials. For each carbonate-isopropylidene-carbofiatei-c” )
BP-A-PC chains confined in a slit pore formed by two ideal and isopropylidene-carbonate-isopropylidé¢hiec-i”) triple
nickel surfaces are then presented and discussed. Finally, thgng a chain backbone, a potenti#(6) is used, which is a
consequences of the results for the bulk surface coupling d8oltzmann inversion of the corresponding probability den-
the melt will be discussed. sity distribution for this type of angle. These probability dis-
tributions are defined by the respective coarse-grained map-
ping points on the chain’s atomic structure and were
Il. THE DUAL-RESOLUTION COARSE-GRAINED MODEL generated via Metropolis Monte Carlo sampling of the con-
OF BPA-PC formations of a single atomistic chain in vacuum. Figure 3
shows these distributions for the caselef570 K, a typical
processing temperature for parity conservation. For the re-
Shown in Fig. 1 is the chemical structure of a BFRPC  mainder of the discussion in the present paper, we use energy
molecule composed afi repeat units. The general idea of units of kT with T=570 K. Note that these types of triples
coarse graining is to represent such a specific polymer mohre not formed by immediate neighbors along the backbone,
ecule as a bead-spring chain, usually not explicitly accountbecause eachc pair is bridged by a phenyleri&p” ) bead.
ing for internal structures of the repeat unit, such as phenyNote also that the mapping point of a phenylene bead never
rings and dangling methyl groups. The role of the beads igxactly corresponds to the center of a phenylene ring in the
two fold: first, they must, as a group, reflect the proper consame way as the ispropylidene and carbonate mapping points
formational statistics of the given polymer, and second, theyxorrespond to subgroup centers in the atomic structure. This

A. The single-resolution 4:1 model
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FIG. 3. Probability distributions for the coarse-grained bondmental data using an equation-of-state analy28. This
angles: ‘i-c-i” (solid), “ c-i-c” (long dash, “ c-i;-Oy” (short dash yields a total volume fraction in the liquid of about 0.5.

Values foro;=4.49, 5.19, 4.67 A, respectively, for carbon-
is because mapping a point to the exact center of each phate, isopropylidene, and phenylene beads chosen as the
nylene group introduces torsional degrees of freedom in thenit of energy, which we set &T for our NVT molecular
coarse-grained configurations, which are correlated to thdynamics simulations, discussed in Sec. Ill.
bond angle degrees of freedom. To avoid this rather compli-
cated situation, we “decouple” the phenylene mapping )
points from the centers of their respective atomic groups and B. The dual-resolution model
enforce 180° bond angles. As discussed elsewhere, this ad- The impetus for developing the dual-resolution model
equately accounts for the excluded volume of the phenylenesame directly from the Car-Parrinello simulations of phenol
in a dense melt of BR-PC[9]. interacting with nickel, where we observed a strong depen-

Backbone bond angles at the phenylene béaelsi-p-c  dence of the energy of interaction and interatomic forces on
bond anglep are enforced at 180° by a simple harmonicthe angle of the ¢C, vector relative to the surface normal.
potential with a spring constant of 0% (degy’. This con-  Including this dependence in a coarse-grained simulation is
stant reflects the combined effect of all four-body improperfundamentally impossible unless the level of resolution at the
dihedrals used in atomistic simulations of moleculesy., chain ends is increased. In the dual-resolution scheme, de
bisphenolA) containing 1,4-phenylene moieti¢®1,29,30  picted in Fig. 2, the terminal carbonate 0O,-Oy-)
Because phenylene beads which are immediate neighbors goups are resolved atomistically. This results in the neces-
either side of the same isopropylidene bead can weakly ovesity to account for more intramolecular interactions than in
lap, the excluded volume interaction for these intramoleculathe single-resolution case discussed above. Apart from these
phenylene-phenylene pairs is turned off. This choice has @ew interactiongdiscussed beloyy all aspects of the dual-
small effect on the resulting bond angle distributions aroundesolution model are identical to those of the single-
the isopropylidenes, a discussion of which appeared elsgesolution modelpresented aboye
where [9]. Distances between neighboring beads are en-
forced with harmonic spring potentialsee Eq.(2) below]. 1. Specific surface interactions from Car-Parrinello DFT
Bonds between carbonates and phenylenes are enforced at calculations
3.56 A with a standard deviation of 0.04 A, while bonds
between isopropylidenes and phenylenes are enforced Y
2.93 A with the same standard deviation.

All beads interact with each other via a spherical exclude
volume potential, with the form of a truncated and shifted
repulsive 12-6 Lennard-Jones pair potential with length pa
rametero;; =3 (o + 0;):

Ab initio DFT calculations, due to the accurate description
electronic properties, allow a realistic study of the inter-
ction of molecules with metal surfaces. However, the large
omputational effort required confines this approach to the
study of small systems. Keeping in mind this limitation, we
developed a multiscale approach to simulate/BPC on a
Ni(111) surface[8], where the chemical unit of BR-PC

o \12 (g6 q was divided into comonomeric molecules small enough to

de J) - (J) + =1, T <21’6(rij study the interaction with the surface. The results from these

Upy(rij) = i Fij 4 calculations guided the development of the coarse-grained
0, rij 221’60” . model. Specifically, we consider four molecules analogous to

(1) the comonomeric subunits of BR-PC (Fig. 4): carbonic
acid (i), propane ii), benzeneifi), and phenol iv) rep-
Bead sizesr; specified by first calculating the gyration radii resenting, respectively, carbonate, isopropylidene, and phe-
among atomic positions in each group, and then scaling thesg/lene(the last twg and study the interaction of each with a
radii such that the volume of the repeat unit, accounting fomNi(111) surface. We found that propane and carbonic acid
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see the surface as a uniform hard wall. At an average dis-
tance of 3.2 A, they experience significative repulsion,
which strongly increases in magnitude below this distance.
Hence, these molecules sample such distances at only van-
ishingly small probabilities.

Benzene and phenol experience strong adsorption ener-
gyies, respectively, 1.05 eV~21kT) and 0.91 eV at a
center-of-mass distance'2 A from the surface and in a
horizontal orientation over the bridge site. Since the carbon-
ate and isopropylidene show strong repulsion for distances
shorter than 3.2 Ainternal phenylene is sterically forbidden
by its neighbors to approach the surface to its ideal adsorp-
tion distance. Further studies of the interaction of benzene
and phenol with the surface at larger distances show that the
adsorption is short ranged and decays below 0.03 eV at a
distance beyond 3 A. Therefore, anternal phenylene
comonomer has only a weak interaction with the surface.

The case is different for the chain-terminating phenoxy
groups. Because the, &, torsional barrier is less tharkT
[30], a terminal carbonate can orient such that virturally no
steric hindrance to the horizontal approach of the phenoxy

gﬁgir?-rgrl]]gst(;g;irsbug?gﬁ GIXI,[S(;S,{'th:Sr'fI; 'S I|I'<:eily g_laé,{;?/ﬁ in the unit cell of simulation. The axis divides the carbon ring into
gly 9. two symmetrical parts. The rotation is performed by pinning down

ously, we incorporated the above information into a coarse;, - :
7! the hydrogen H (for the initial geometryand rotating the molecule
grained model of BRX-PC melts next to a Ni11) wall [8]. ydrogen H( g y g

- It ; ) outward around the axis parallel to theaxis passing through H
There we showed that the situation is dramatically different

when the chain ends are preferentially attracted to the wall
with respect to the case of an inert wall. In the dual-
resolution model discussed here, we move from the ide
(optimal) flat adsorption to a more realistic description of the
adsorption process by considering the interaction energy as
function of the angled formed by the carbon ring of the

FIG. 5. Top view of the phenol molecule and surface top layer

airection, as depicted in Fig. 2. We have chosen to keep the
xcluded volume representation of the resolved carbonates
e same as all other carbonates; that is, the volume is carried

by a sphere centered on the carbonate carbon, and only the

célientations are resolved atomistically. The oxygens in the

) . carbonate do not interact via any nonbonded interaction with
phenol with the surfacés.ee Figs. 5 and)6The dependence any other atoms or beads in the system. Their only role is

of phenol-nickel interaction energy on the phenol Orientationdetermining the intramolecular structure of the chain ends

is shown in Fig. 7, while details of the calculation are re- i, o ficient detail to properly account for surface interac-

ported in the Appepdix. Eigure ’ ShOV.VS th_at the ir)t.eracti(_)r}ions. The bond angles and lengths in the resolved carbonates
energy of phenol with a nickel surface is quite sensitive to its

orientation. The goal of the dual-resolution model is to in_are enforced with simple harmonic potentials:

corporate this sensitivity into the model of a liquid of entire 1

BP—A-RC molecules interacting with nlc_kel. _ . Upond i) = 5 kij (T _r%)z, )
It is important to note that the potential energies predicted 2

in these calculations do not account for dispersion forces.

Thus, we have not attempted to model dispersive attractions 4

between phenoxys and surface atoms in the coarse-grained

model, as will be discussed in the following subsection.

However, we do have confidence in the calculation’s ability

to account for the short-ranged behavior, including the strong C 0
sensitivities to distance and orientation. Because the energy Hl,
scales of this short-ranged behavior is mdely, we must d X

therefore treat these sensitivities in any reasonably accurate
molecular model of BRA-PC interacting with nickel. The
short-ranged nature of the potential is the essential behavi
that we captured and implemented in the classical coars
grained potential used in this work.

r FIG. 6. Lateral view of the phenol molecule and surface top
?ayer in the unit cell of simulation. When the rotation is performed
?—il is fixed at a distancd=2.0 A from the top layer of the surface,
which is the equilibrium distance between the molecule and the
surface, the molecule is then rotated in #®plane of an angle.
During the geometry optimization thecoordinates of the carbons

The bond between the outer of the two bridging oxygensare fixed, while all the other degrees of freedom are allowed to
(Op) and the center of the phenoxy bead defines the€€C  relax; this allow us to have the carbon ring at a fixed angle with
orientation of the phenoxy group, relative to some externatespect to the surface and to avoid transversal rotations.

2. Implementation
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0.1 T T T T T T T T tainty that would require a distribution-function description
of the bond angle is due to the internal carbonate. Hence, for
the c-i;-O, bond angle, we use a Boltzmann-inverted poten-
tial from a probability distribution that samples tlei-O,
bond angle af=570 K, in the same manner as thd-c
andi-c-i distributions were created. This distribution is also
given in Fig. 3.

The remaining components of the dual-resolution model
deal with bead-wall interactions. We imagine a simulation
system representing a slit pore of width with the walls
normal to thez direction, and periodic boundary conditions
in x andy. The “left” wall originates atz=27,, and the
“right” wall at z=Zg, where Z, <Zg. Furthermore, de-
pending on the type of bead, the walls are represented either
by a one-dimensional repulsive potential, or as an array of
sites in a hexagondll11) arrangement, with lattice spacing
ao.

1 2 : L L 2 L 2 2 All internal beads interact with the walls via a one-

0 10 20 3 40 50 60 70 8 90  gimensional 10-4 repulsive potential:

0O (degrees)

Energy (eV)

U 2)=Uq04(Zz—Z))+Ug4(Zr—2), (5)
FIG. 7. Phenol-nickel interaction energy as a function of phenol W'rep( ) 04 - 104(Zr2)
orientation angled, as defined in Fig. 6. 2/ oy 10 Tw 4 3
2776\,\,0\%, —(—) —(— + =, z<oy
1 Uipa(2)= 5\ z z 5
Uang|e(9ijk):§kijk(9ijk—9ﬂk)- ©) 0, z=0,.
(6)

The two C-Q bonds haver’=1.33 A andk=2.6kT/A%.  The value ofc,, for each type of bead was taken froa

The C-Q bond hag°=1.16 A andk=2.6kT/A%. Angles at initio calculations, as discussed elsewhg8k These calcu-

the Q, have §=121.44° anck=0.054T/ded, the Q-C-O, lations demonstrated that isopropylidene and carbonate sub-

angle has9=108° and k=0.054&T/de¢, and the two units are repelled from nickel for all relevant distances. Al-

O.-C-0, angles haved=126° andk=0.054&T/ded [29]. though isolated benzene and phenol will strongly adsorb on
The two torsionsp (one for each C-Qbond are subject nickel, the geometry of the repeat unit sterically hinders ad-

to potentials taken from standard molecular mechanics simwsorption of internal phenylenes. Hence, we choose the

lations of BPA-PC[29]: (ew,o) Of both isopropylidenes and carbonates such that
each bead experiencedT of repulsive energy at a distance
1 of 0.90,. A short test calculation showed that internal phe-

Utorsio ¢) = 5 Ka[ 1= oSNy (= o) ] nylenes will not approach the surface close enough to attrac-

tively interact; hence, attractive surface interactions of inter-
nal phenylenes are not included.

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

1
skl l-cosny(¢=do)l, (4

where k;=3.XT, n;=2, k,=0.84&T, n,=2, and ¢,
=180°. _

Additional components of the intramolecular description Uir si%i UstelFis) @
of the dual-resolution model account for the “interface” be- ) . ) )
tween the atomistic terminal carbonates and the coarsévhere indexj runs over the arrays ofl1l) sites (with a
grained remainder of the chain. Here, we make use of th8li-Ni nearest neighbor distance of 2.51 A) on both walls,
notation illustrated in Fig. 2, in which coarse-grained beadsnd
are denoted by lower-case letters, and atoms by upper-case
letters. The atomistic carbonate groups are connected to the UsieTij - 01)
rest of the chains by bonds between the bridging oxygens oij 12 aij 6
(Op) and the neighboringnternal phenylene bead and phe- 4 (r—) _(T

ij ij

_|_ -
noxy chain end. These two bonds are treated with a harmonic 4

—e(6;), Trij<fo

potential identical in form to Eq(2), with k=2.6kT/A? and =<1 Fe—rij

r®=2.76 A. Furthermore, the-i;-c, bond angle potential is >€(0) COE{ ™ fc—fo) -1} Fo<Tij=Tec
not applied in exactly the same manner as all other internal 0 Po=p

c-i-c bond angles. Because we have exact knowledge of the ’ = e
location of the terminal carbonate’s carbon, the only uncer- (8)
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FIG. 8. lllustration of the orientation dependent surface interac- "
tion for terminal phenoxy groups in the dual-resolution modeb
the inverse sine of the angle defined by theG; orientation(vec- 6 L . .
tor b) and the surface normal. 1 35 4
wherer,=2"%0;; , andr . is a desired cutoffe; describes the
orientation of the phenoxy ring, as described previously. In
specific terms§; measures the orientation of the bond be- 0

tween the outer Qof the terminal carbonate and the center
of the ith terminal phenoxyb;, (i.e., the G-C, orientation

relative to the surface normal as depicted in Fig. 8:

|
—
T

",

-~
S

N

b-h -2t [— '
0,= arcsmT, 9 g o =)
o3} /- / % ;
Note thatn=2z for the left wall, andn=—2z for the right %.
wall. e(6;) is an empirical function that describes the orien- =} -
tational dependence of the well depth of the attractive inter- 2
action:
-5 [ , g
I{ Sir 6, ) P
e(6)=exp —a———|. (10 -6 - e
1-sirf6, 0 10 20 30 40 SO 60 70 80 90

For the simulations discussed here, we usgd 2.0 A, r, ; (deg)

=2.7 A, €=6.T, and «=10.0. 'Representative plots of kG 9. (a) Surface site interactiob i for increasing values of
Usire(ij . 6;) and e(6;) are shown in Fig. 9. It can be seen grientation angles; (6,=0°, 10°, and 60° shownwith strength

from Fig. 9b) that the absolute value of the well depth parametern=10.0 and(b) orientation dependent well dept(é;)
strongly decreases with increasing orientational afgleat  for various values of strength parameter

an orientation of 45° for the decay parameter 10, there is

essentially no attraction to the surface. This potential was henoxv fing to anoroach a horizontal orientation. Thus. the
chosen to closely resemble the situation as given byathe P y ring pp : '

initio calculations. The interaction has to be short ranged anpotential gsed in the coarse—graiped simlulations should allow
take the angular constraints properly into account. The lattel?” @ Maximumphenoxy-surface interaction energy of about
is needed in order to reproduce the effect of the adsorptionck T+ AS will be discussed later in this paper, this maximum
onto the chain conformation near the surface. The adsorptioRdSOrption energy is not achieved on average by phenoxy
energy on the coarse-grained level was chosen significantghain ends in a melt of chains next to a nickel surface.
lower than given by theb initio calculations (&T instead As alluded to above, we do not explicitly consider the
of about 2&T). The reason for this is that, given the spacingtransverse orientation of the terminal phenoxy groups. The
of the surface atoms, phenoxy beads interact with an averadgnsverse orientation is defined by a vedtqrerpendicular

of three surface atoms simultaneously. The total interactiof? the G-C, direction(which we callb) lying in the plane of

of a phenoxy with surface is the sum of all phenoxy-surfaceghe ring. Bothb andt must be perpendicular tin order for
atom interactions, and the parameters define a singlthe phenoxy ring to be parallel to the surface plane. As men-
phenoxy-surface atom interaction. Therefore, the strength dfoned already, recent atomistic molecular dynantigtd)

the single phenoxy-surface atom interaction must be roughlgimulationg21,29,3Q assume that the torsions which govern
one-third of the predicted value. Moreover, we assume thahe orientation of the vectot, (the torsions of the PC;
~1-2kT of energy is used to overcome the roughlgTL bond have barriers of aboutkIl at our temperature of in-
rotational energy barrier around thg-O, bond to allow the terest. This kT penalty that is potentially paid during this
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reorientation is hardly significant compared to thOkT ~ used to integrate the particle equations of motion using a
gain by adsorbing the phenolic chain end, meaning that weonstant time step of 0.006 A Langevin-type thermostat
expect transverse reorientation of the phenolic chain end taith friction I'=0.5 7~ ! was used to keep the temperature

happen “instantaneously.” However, the orientation alongconstant at 1.031]. Reduced Lennard-Jones units were used
the chain direction must respond to both the attraction of thgnroughout, where the length conversion factér is

surface and the connectivity of the chain. Therefore, it is of4 41 A/o.

much greater importance that the-C, direction is properly Liquid samples were generated by first specifying number
accounted for. of chains and number of repeat units per chain, and the sys-
tem density. Chains were then randomly placed in a box and
grown according to the bond length and bond angle probabil-
ity constraints; for details, see Rg6]. A 5000-step “push-

Coarse-grained samples off” integration is then performed to remove bead-bead over-

Molecular dynamics simulation was performed using thelaps [32]. During this stage, all particles interact via a

model above in order to examine the structure of theradially shifted Weeks-Chandler-Anderson repulsive particle-
BP-A-PC—Ni interface. The velocity-Verlet algorithm was particle pair potential,

IIl. MOLECULAR DYNAMICS
SIMULATION DESCRIPTION

6
O-ij +E

12
o) ) -
rij+21/60'ijb(t) rij+21/60'ijb(t) 4
0, [rij+2Y%0;;b(t)]=2Y80;; ,

[rij +21/6O'ijb(t)]<21/60'ij

Urs(rij): (13)

where aij:%(oiJroj) and e=1kT. The radial shift term region was established, we observed that the wall-to-wall
b(t) decays linearly from unity to zero over the duration of separation was about 110 A. During this warm ap, par-

the push-off stage: ticles interact with the wall as if it were featureless. At this
point, the full MD simulation is begun, in which the phenoxy

ti—t end particles interact with the individual sites on the walls

b(t)= t—t; via the previously described orientation dependent potential.

Here, t; and t; are the initial and final time values of the
push-off stage, respectively. IV. RESULTS AND DISCUSSION
The sample consisted of 240 chains of ten repeat units
each. This corresponds to 49 beads per chain in dual-
resolution scheme. The system density was fixed at 1.05 Before discussing the results from the simulation in the
glcc, corresponding to the experimental system density &glit pore, we present a brief discussion of results from a bulk
570 K. The box dimensionsx(y,z) were 98.0, 95.8, and run, for purposes of comparison. In Fig. 10, we present the
110.8 A, respectively. The dimensionssrandy are set to mean-squared displacements, g,, andg; for the funda-
accomodate a(111) hexagonal lattice constructed from
orthohexagonalrectangular unit cells with a nearest neigh-

A. Dynamics

4

bor distance of 2.51 A. These dimensions correspond to 36 - 1
cells in thex direction, and 22 iry, with two sites per cell, <
for a total of 1584 sites per wall. s 10

After the push-off phase, a second simulation phase is %
performed to “turn on” the walls. Here, the periodicity of L;{ ,
the simulation box is turned off, leaving the beads with ab- g 10 T
solute, “unfolded” z positions. The wall potentials are then E st
applied such that the origing, and Zi in Eq. (5), were g 10!
placed one bead diameter beyond the two beads having ex- & ‘ g -
tremal z positions; in other words, the wall origins were - §§ .

placed as close to each other as possible, while containing all 10"101 1(‘)2 1(')3 10
beads in the system. The walls are then incrementally T .

.l ime t (units of T)
brought closer together over about 5000 steps. The criteria
for stopping the wall movement is that the bulk density far FIG. 10. Bulk mean-squared displacements fom
from the walls matches the bulk density from the fully peri- =10 BPA-PC, computed via MD simulation of the fundamental
odic simulation cell. After the desired density in the bulk 4:1 coarse-grained modéto end resolution
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FIG. 11. Phenoxy-surface interaction energy versus time. The
dashed line indicates the achieved equilibrium value. FIG. 13. Bead depth profileumber density versus distance
from surface of coarse-grained beads over the entire width of the
slit pore. Mirror image symmetry about the center line is enforced.
For this plot, each chain endarbonate plus terminating phengxy
is counted as a single particle. Shown are the profiles for internal
%%nenylenes ), carbonatesd), and ispropylidenesi].

mental 4:1 model chaingwith no end resolutionfrom a
bulk simulation of 80 chains of ten repeat units eaghis
the mean-square displacement of the inner five monomers
each chaing, is the mean-squared displacement of these
monomers relative to the chain’s center of mass, ggds ) ) _ )
the mean-squared displacement of the chain centers of mag¥ A from either wall, and Region Il is the middle 25 A.
From the point at whicty, and gs cross, which indicates 'I_'hese mean-squared_ dlsplgcemen_ts were qomputed over the
roughly the average time required for a chain to diffuse afmal 100007 of the simulation, during that time no change
distance equal to its own radius of gyration, we infer ann the surface energy could be observed. Of course, these
equilibration time of roughly 6008 d|spIaC(_aments_, near the. wall are the result of a rathe( large
Turning now to the confined system, the first result wefluctuations, since the displacement of the bonded chains are

consider is the total energy of the phenoxy-wall interactiond"uch smaller than those of the nonbonded chains. However,
vs time, shown in Fig. 11. We observe that the time to equili-2S will be shown b?IOW’ most chain in the “surface region
brate this energy, roughly 70 080is more than ten times have at least one link to the surface. As a consequence, we
longer than the characteristic relaxation time of obser\(e f_rpm these two sets of mean-square d|splacements
=10 BPA-PC from our previous calculations. This slow re- that significant S'OW.'”Q down oceurs next in the region
laxation has its origin in a large slowing down of monomer€arer the'walls'. This is not surprising, b'ecause. chaln'enQS
motion next to the surface, mainly due to the site-specificfa‘r_e ess_entlally fixed on the s_qrface, causing entire Chaln_s n
nature of the surface interaction. This is demonstrated by!'S '€gion to become immobilized. Overth|§ shart time win-
Fig. 12, in which we show the mean-square displacengnts dow, however, we do not observe a saturatiomf

for monomers in two different regions. Region | is less than
B. Structure

From bulk simulations, we know that the root-mean-
squared radius of gyration af=ten repeat unit chains of our
fundamental 4:1 BRA-PC is about 20.5 A. This length
scale figures prominently in nearly all aspects of the liquid
structure next to the walls. We first consider the number den-
sity of beads as a function of distance from the watls,
| Figure 13 shows these profiles for the internal phenylene,
g carbonate, and isopropylidene beads, as well as the profile
aee for chain endgcarbonate plus phenoxyeach counted as a
. singleparticle. We see an unusually large amount of structure
. in these profiles, with significant layering in the density out

I = Near wall to a depth of about ongR%)Y2 Interestingly, the alternating
) . O-Buk s nature of the chain sequence is revealed in the alternating
102 10° 10° 10° layering of isopropylidenes and carbonates out to this dis-
tance: where ispropylidene density is high, carbonate density
is low, and vice versa, with peaks in the linking phenylene

FIG. 12. Mean-squared displacementsin the confined sys- density at depths where the carbonate and isopropylidene
tem, segregated by position of the origin of each particle: zone | ifdensities are equal. Also, chain ends are strongly localized at
2,<<40 A, zone Il otherwise. the surface, as expected. Unexpected, however, is the obser-

—
<
w

Mean-squared displacement, g; (AZ)
SN

._.
=

=

oi—l

Time t (units of T)
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FIG. 14. Bead depth profiles near the surface, resolved to show FIG- 15. Chain center-of-mass depth profiles, showing division
components of the chain ends. For this plot, all internal beads ar#to Populations of chains which adsorb both ends on a surface, one
lumped into a single curve. The dashed line shows the expecte@nd on the surface, and no ends on the surface.
bulk number density. Shown are the profiles for terminating phe-
noxys (o), terminating carbonate carbd@), terminating carbon-  the end-attractive surface, together with the constraints of
ate bridging oxygens (£, terminating carbonate lone oxygen dense packing in the liquid, gives rise to this unique struc-
(Oy), and the lumped profile for internal beads. ture, which we did not find reported elsewhere.

Finally, we assess the consequences of the above structure
ely the internal structure of the chains, measured by the lab-
frame components of the gyration tensQBSyaa) where

aae{xx,yy,zz. (RZ ) as a function of distance from the

g,aa

vation of a zone strongly depleted in end groups whic
reaches a full 2R2)™? into the liquid. Clearly, equilibrium

conformations characteristic of bulk BRPC are not re- . N .
. ; " . walls is shown in Fig. 16. Again, we see strong effects on the
sponsible for this compositional behavior.

1/2 i

In Fig. 14, we show a close up of the density profile nearstruclture u%t?. aéjepbth of gbox(li:é) : C|0n5|der|n% the I
the surface, resolving the individual atoms in the terminaltWO 'ayers defined above, in the layer closest to the wal,
carbonate groups. Here, the angular dependence of phenoﬁ:'a'ns’. are S|gn|'f|ca'ntly compressed in thdwechon.'Thls
nickel interaction energy causes a strong correlation betwe ehaworf Car:j ar;tse '?_ an¥ dt?]nse pl?lymer s;;\sten;)s in the ab_—
the location of terminal phenoxy centers and bridging OXy_senc_e ot en lat_rac '0? bo de sur acE, ?3; 3as Tﬁ_en ?een n
gens. The intensity of the phenoxy peak indicates that, df'€VIoUS Simulations of bead-spring ¢ a[8d, 33. nis et
equilibrium, 290 out of 480 ends are adsorbed, with an aviect is mainly due to the orientation of the erag"ig tensor
erage energy of T each[33]. We see that, on average, the "€&f 2thl/ez surface. However, in the regiofRy) “<z
maximum adsorption energy is not achieved, demonstrating-2(Rg)"*» We see that chains are strongly deformed, dis-
a competition between entropies of chain configurations an8laying significant elongation in thedirection. The magni-
packing, and surface attraction. tude of this stretching can be appreciated by noting that the

We now consider the likelihood of end adsorption as amaximum value of thez component of the mean-squared
function of distance from the surface. In Fig. 15, we show

tinct layers: in the layer nearest to the surface, any chain with
a center of mass in this layer has both ends adsorbed on the
surface. This layer extends about q@f’z into the liquid. 0T
The next layer out, again about oﬁég)l 2in width, contains

a large majority of chains with a single-end adsorbed. Be-
yond XR3)'2 there exist only very few chains with a
single-end adsorbed. To study such effects quantitatively FIG. 16. Depth profiles of chain lab-frame gyration radius com-
longer chains are needed. Of course, no chain exists in a stgsénents(R? ,,,). Plotted against the right-harydaxis is the center-
with each end adsorbed to opposite walls. The existence aff-mass number density profile.

100 |

e
o

the center-of-mass density profileow(z) divided into two 00— —— 12
major categories: those chains with both ends adsorbed and 450 | A Yy e =
those chains with only one end adsorbed. Also the total den- 400 | ,f'\ 2 LI
sity of chain centers of mass is giveithe profile for chains 350 | * { ps.s.-'.,' &
with no ends adsorbed are not shown expliditiyhese pro- o { ‘; i 1 03_,:}
files shown in Figs. 13 and 15, reveal the nature of two °§ 300 1 } 4 ]\ g
depletion scenarios, which are closely interconnected. First, 53 Bor f 1067
there is a large zone of depletion of chain ends, as discussed e 200 f il g
before, as a consequence of thisou(z) displays two dis- 150 | ‘i 1044
] g

0 . . . . . 0
0 10 20 30 40 50 60
Distance from surface, z (A)
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tistics of the chains. From a large MD simulation of short
BP-A-PC chains of ten repeat units in a slit-pore geometry
formed by(111) nickel walls, we observe strong effects on

the liquid structure due to this adsorption.

Many interesting questions about the behavior of

BP-A-PC, in particular, and polymers, in general, next to
metal surfaces arise from this work. We are faced by the
special situation that only the chain ends strongly bind to the
surface. This is due to the fact that the inner phenylene rings
are excluded from binding to the surface due to steric effects.
It would be very interesting to consider similar questions for
other synthetic and biological macromolecules, and whether
such effects can be utilized to facilitate certain properties
and/or functions, e.g., specific adhesion, binding, and recog-
nition. This will be an important aspect of future studies.
Also important for future work is experimental observation
FIG. 17. Cartoon of the average chain conformations near thé)f chain-end adsorptlo_n,_whlch so far has not been reported.
surface. Since the chains are relatively short and only the chain ends _Another related FOp'C_ is the depepdency of th_e glas_s tran-
adsorb, there is no entanglement network, which would otherwis§1tiON temperature in thitsupportedi films. There is a fairly
enhance the bulk adhesion to the surface. Black lines represef'9€ current literature on the problem of lowering, and in
chains with both chain ends stuck to the surface, dark gray line§OMe cases, raising the glass transition temperature com-
represent chains with only one chain end stuck to the surface an@ared to bulk samplegSee, e.g., Refl36]). In the latter
the other in the bulk, and light gray lines represent chains in thetase, one expects a crucial dependence on the specific sup-
bulk. port surface polymer interactions.

Of current primary importance is to understand how
radius of gyration profile(RSyz)(z) is greater than strongly this behavior scalgs with f:hain length. In experi-
3<Rs21 .10 These are the chains that have adsorbed a singl@e”,t' one typically deals with polydlsperse samples. For en-
end on the surface, but are restricted from adsorbing thgopiC reasons, the shorter chains prefer to aggregate near the

other end due to dense packing of the doubly adsorbe urface compared to the longer chains. Thus, we expect that

chains near the wall. This exclusion effect acts to localize'© _pres?nltt Sﬁh.emle qu?lltatlvely I ISB app“g:g% 0
chain centers of mass in this region. Possible similarities ipXpermental-iechnical sampes as well. becaus -

the conformations of these chains to polymer brushes will b olecules are relatively stiff, it is also of interest to consider
of interest in the case of longer polymers whether such a two-layer structure would arise in systems of

The simulation results provide us with a clearer picture of More flexible chains with preferred end adsorption.
how the molecules arrange at the interface, which we depict

in Fig. 17. This arrangement is characterized by the localiz- ACKNOWLEDGMENTS
ing of chain centers of mass in two distinct layerss ) ,
<<R§>1’2 (layer 1) and(Rg)1’2<z<2<R§>1’2 (layer 1) rela- We are grateful to M. Parrinello for helpful suggestions

tive to the surface. Chains near the surface are compresseddfd for providing us thepmp code, and to F. Miler-Plathe
and A. Alavi for helpful comments and suggestions. This

the direction normal to the surface, while chains in layer I
are strongly stretched in this direction. This results from awork was supported by the B.MBF’ under Grant No. 03 N
015, and the Bayer Corporation.

competition between energetic end adsorption and entropfé
packing in the dense liquid. For the present short chains,
though the chain ends adsdddmosy irreversibly, we expect APPENDIX

that this leads only to a rather weak adhesion to the bulk _ _ _ _

polymer matrix, because chains with both ends stuck are not In this appendix, we report technical details of thk
likely to be significantly entangled with the bulk chains. initio calculations for determining the angular-dependent po-

Simulations of longer chains are in progress to examine thiéential between phenol and the Ni surface. An extended de-
effect. scription of the calculations done for carbonic acid, propane,

benzene and phenol will be presented in a forthcoming pub-
V. CONCLUSIONS AND OUTLOOK Ii(_:ation [37]._ We use ther:_PMD C(_)de[38] in the FEMD ver-
sion of Alavi[39,40. In this version, the electron density and
We have presented a dual-resolution coarse-grainethe Hellman-Feynmann forces are computed self-
model of bisphenoA-polycarbonate, which allows molecu- consistently using a subspace diagonalization of the high
lar simulation of dense liquids next to nickel surfaces. Thetemperature matrix. The subspace is expanded in a plane-
essential feature of this model is that the ends of the polymewave basis set with a cut off of 60 Ripoint sampling of
chains adsorb strongly to the surface, when the ends at@e electronic states in the Brillouin zone of the supercell is
aligned horizontally. The model accounts for this effect,implemented, and a partial occupation of states at the Fermi
while simultaneously accounting for the configurational stadevel can be handled.
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The system consists of a phenol molecule and @)  from the surface of about 2.0 A; this corresponds to an ad-
surface. The latter is represented by four close-packed layegyprption energy of 0.91 eV. In order to calculate the interac-
of Ni(111) (lattice parametelb,=3.543 A) with the two bot-  tjon energy as a function of the anglebetween the carbon
tom layers fixed and the top two allowed to relax. We use &jng of the phenol and the surface, we performed BFGS ge-

(3%3) lateral supercell of hexagonal symmetry and employometry optimization for several initial geometries corre-
a 3X3X1 k-point mesh. The cell dimension in the direction

of the vacuum between the phenol molecule and the botto
layer of the image slab of L11), i.e., in the configuration
where the phenol is perpendicular to the surface, is abo

7 A. This is more than the thickness of the Ni film consid- ;> 2 . )
ered. For carbon and oxygen, a Troullier-Martins pseudopop"mIng the hydrogen H1, diametrically opposed to the oxy-

tential[41] is used, while a local pseudopotential is used ford€": at & distance of 2.0 A, corresponding to the equilibrium
hydrogen[42], and the pseudopotential developed by Lee isdistance(see Figs. 5 and)6This means that in order to keep
used for nickel[43]. We use the Perdew-Burke-Ernzerhof ¢ fixed and to avoid transverse rotations during aeinitio
[44] generalized gradient approximation. This technical setgeometry optimization, we simply need to keep fixed the
ting was tested by calculating nickel bulk properties, surfacéind z coordinates of the carbons; all the other degrees of
properties, and phenol geometrical properties and checkinieedom can be allowed to relégee Fig. 6. We should also
the agreement with previous work and experimgrts 44|. say that, in general, faa a given angle rotations in theyz

We found that the most energetically favorable configuraplane around thg axis leads to a weaker attraction due to the
tion is the one with the carbon ring of the phenol lying par-strong repulsion of the hydrogens, which allowed us to ne-
allel to the surface over the bridge site at an average distanagect, in first approximation, transverse rotations.

rBptimal flat configuration th& axis bisects the carbon ring in
ut¥v0 symmetrical parts in th&y plane passing through the
oxygen. The rotation is then performed in tke plane by

[1] J. Baschnagel, K. Binder, P. Doruker, A.A. Gusev, O. Hahn, K.[19] S.F. Tsai, |.K. Lan, and C.L. Chen, Comput. Theor. Polym. Sci.

Kremer, W.L. Mattice, F. Mler-Plathe, M. Murat, W. Paul, S. 8, 283(1998.
Santos, U.W. Suter, and V. Tries, Adv. Polym. St&2 41 [20] J.T. Bendler, Comput. Theor. Polym. S8j.83 (1998.
(2000. [21] P. Ballone, B. Montanari, R.O. Jones, and O. Hahn, J. Phys.
[2] W. Paul, K. Binder, K. Kremer, and D.W. Heermann, Macro- Chem. A103 5387(1999.
molecules24, 6332(1991). [22] P. Robyr, Z. Gan, and U.W. Suter, Macromolecutds 6199
[3] K. Kremer and F. Miler-Plathe, MRS Bull.26, 205 (2001). (1998.
[4] F. Muller-Plathe, ChemPhysChe8#, 2335(2002. [23] M. Utz, P. Robyr, and U.W. Suter, Macromolecul&3 6808
[5] W. Tschg, K. Kremer, O. Hahn, J. Batoulis, and T. iger, (2000.
Acta Polym.49, 75 (1998. [24] L.J. Fetters, D.J. Lohse, S.T. Milner, and W.W. Graessley,
[6] W. Tschm, K. Kremer, J. Batoulis, T. Bger, and O. Hahn, Macromolecule$82, 6847 (1999.
Acta Polym.49, 61 (1998. [25] J.S. Shaffer, A.K. Chakraborty, M. Tirrell, H.T. Davis, and J.L.
[7] O. Hahn, L. Delle Site, and K. Kremer, Macromol. Theory Martins, J. Chem. Phy$€5, 8616(1991).
Simul. 10, 288 (2001). [26] A.K. Chakraborty, J.S. Shaffer, and P.M. Adriani, Macromol-
[8] L. Delle Site, C.F. Abrams, A. Alavi, and K. Kremer, Phys. ecules24, 5226(199J).
Rev. Lett.89, 156103(2002. [27] J.S. Shaffer and A.K. Chakraborty, Macromolecu&s 1120
[9] C.F. Abrams and K. Kremer, Macromolecul@§ 260 (2003. (1993.
[10] L. Morbitzer and U. Grigo, Angew. Makromol. Cherh62, 87 [28] I.C. Sanchez and J. Cho, Polyn&8, 2929(1995.
(1988. [29] H. Meyer, O. Hahn, and F. Mier-Plathe, J. Phys. Chem. B
[11] A.F. Yee and S.A. Smith, Macromoleculéd, 54 (1981). 103 10 591(1999.
[12] D. Schaefer, M. Hansen, B. Bhich, and H.W. Spiess, J. Non- [30] O. Hahn, D.A. Mooney, F. Miler-Plathe, and K. Kremer, J.
Cryst. Solids131-133 777 (199J. Chem. Phys111, 6061(1999.
[13] G. Floudas, J.S. Higgins, G. Meier, F. Kremer, and E.W. Fis-[31] K. Kremer and G.S. Grest, J. Chem. Ph98, 5057(1990.
cher, Macromolecule26, 1676(1993. [32] C.F. Abrams and K. Kremer, J. Chem. Phy&5, 2776(2001).
[14] F. Weigand and H.W. Spiess, Macromolecul28, 6361 [33] Note that the optimal adsorption site in the coarse-grained de-
(1995. scription of the surface corresponds to the center of the equi-
[15] R. Wimberger-Friedl and H.F.M. Schoo, Macromolecu®8s lateral triangle, whose vertices are three interacting sites of the
8871(1996. surface. Note also that the the coarse-grained surface only re-
[16] L. Li and A.F. Yee, Macromolecule35, 425(2002. flects the basic geometrical properties of the real surface, but
[17] J.H. Shih and C.L. Chen, Macromolecu28 4509(1995. they are not identical.
[18] C.F. Fan, C. Tahir, and W. Shi, Macromol. Theory Sin§,I83 [34] I. Bitsanis and G. Hadziioannou, J. Chem. Ph98, 3827
(1997. (1990.

021807-11



ABRAMS, DELLE SITE, AND KREMER PHYSICAL REVIEW E67, 021807 (2003

[35] D.Y. Yoon, M. Vacatello, and G.D. Smith, iMonte Carlo and  [40] A. Alavi, in Monte Carlo and Molecular Dynamics of Con-

Molecular Dynamics Simulations in Polymer Scignedited densed Matter Systemedited by K. Binder and G. Gallavotti
by K. Binder (Oxford University Press, Oxford, 1985 (Italian Physical Society, Bologna, 199&hap. 25, p. 649.
[36] S. Herminghaus, K. Jacobs, and R. Seemann, Eur. Phy$,J. E[41] N. Troullier and J.L. Martins, Phys. Rev. 83, 1993(1991).
531(2002. [42] F. Gygi, Phys. Rev. BI8, 11 692(1993.
[37] L. Delle Site, A. Alavi, and C. F. Abram&inpublishegl [43] M.H. Lee, Ph.D. thesis, Cambridge University, 1995.

[38] J. Hutter, A. Alavi, T. Deutsch, M. Bernasconi, S. Goedecker,[44] J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L#&tt.
D. Marx, M. Tuckerman, and M. Parrinello, Computer Code 3865(1996.
cpMD Version 3.4.1(Max-Planck-Institut fu Festkoperfors-  [45] G. Kresse and J. Hafner, Surf. S469, 287 (2000.

chung and IBM Zurich Research Laboratory, 19299 [46] Benedito JoseCosta Cabral, Rén&il Bakker Fonseca, and
[39] A. Alavi, J. Kohanoff, M. Parrinello, and D. Frenkel, Phys. JoseArtur Martinho Simas, Chem. Phys. Lett258 436
Rev. Lett.73, 2599(1994. (1996.

021807-12



