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The interactions of hydrocarbon clusters representing polyethylene with Al, Cu and Zn are studied using
an ab initio atomic cluster model. Relativistic effective core potentials and full point-group symmetry were
employed. A single polyethylene chain is taken to be represented by two hydrocarbon clusters, one cluster is
comprised of 3 carbon and 8 hydrogen atoms, the other hydrocarbon cluster is comprised of 5 carbon and 12
hydrogen atoms. The nature of the interactions are investigated by computing potential energy surfaces,
electron populations and orbital energies of systems of interest. It is found that the interaction of hydro-
carbon cluster with Al is stronger than that with Cu and Zn. This study suggests the feasibility of carrying-out
relativistic effective core potential calculation to numerically characterize the comparative adhesion proper-
ties of polymers with different types of metal surfaces. © 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

The extensive use of polymeric materials in various
diverse industries has generated increased interest
in the study of polymers and especially the poly-
mer-metal interface. Since polymers have many
desirable material characteristics, such as low
dielectric constants and ease of processing, they are
well suited for microelectronic and packaging
applications.!? For example, in the microelectronic
industry the polymers are often used in multi-
layered device systems as a dielectric material to
form multilayer metallization structures. The
interfaces in such devices have to be designed with
certain functional characteristics, i.e., particularly
favorable adhesion and chemical properties. In
order to better design such interfaces it is necessary
to understand the basic properties of the metal-
polymer interactions.

An understanding of the polymer—metal interac-
tion is also important for the rheology of polymers.
The no-slip boundary condition assumption of
continuum mechanics is violated by various rheo-
logically complex fluids including non- Newtonian
homopolymers, gels and suspensions, when certain
critical conditions are exceeded in various flows.313
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Recent studies have revealed strong slip of the
polymer or polymeric suspensions at the wall over
a broad range of shear stresses in both capillary
and parallel disk torsional flows.!!"!3> The role
played by the nature of the boundary surface on
the breakdown of polymer adhesion at the solid
wall has been examined in series of experiments
with linear low density polyethylenes.!*!5 These
investigations showed that the lack of adhesion at
the polymer—metal interface is a primary cause for
wall-slip effects. However, under identical flow
conditions no-slip condition for ambient (with
oxide overlayers) aluminum and wall slip for
ambient copper dies were observed.'® This beha-
vior was related to the greater wettability (smaller
static contact angles) and greater work of adhesion
values of polyethylene on ambient aluminum sur-
faces in comparison to ambient copper surfaces.
To be able to develop a complete microscopic
understanding of the polymer—metal surface inter-
actions, quantum mechanical investigations are
necessary. In spite of the long-standing interest in
studying properties of the bulk polymers!”-!8 basic
studies on polymer-metal systems using quantum
mechanics have been rather limited. In the past few
years a number of ab initio Hartree-Fock self con-
sistent field (SCF) investigations of the polymer—
metal interfaces have been reported.!®?2 The
interaction of polyimide with different metal atoms
has been studied and the results of these calcula-
tions have been used in the interpretation of X-ray
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photoemission  spectroscopy experiments.?3-27

Also, to study polymer—particle and polymer—sur-
face interactions, cluster model calculations for the
interaction of polyoxymethylene fragments with
ammonium perchlorate and with aluminum (100)
surfaces have been performed.?®

The computational power of supercomputers,
and the use of ab initio pseudo-potentials that
include relativistic effects and molecular point
group symmetry have made rigorous ab initio cal-
culations on very large systems possible.?>-3? Ab-
initio Hartree-Fock SCF calculations for clusters
containing up to 135 beryllium atoms have been
performed in investigations of the nature of the
change in properties in going from molecular clus-
ters to the bulk solid.?® These studies, representing
some of the largest such clusters investigated using
ab initio quantum chemical methods to date indi-
cate that it is possible to successfully simulate bulk
systems using large clusters of atoms.

The present study aims to study the polymer-
metal interactions using ab initio quantum
mechanical procedures. The interactions depend
largely on intrinsic properties of the metal, such as
the valence electron structure. Aluminum, copper
and zinc are the metal atoms selected to demon-
strate that polymer—metal interactions can indeed
be numerically characterized employing the ab-
initio relativistic core potential approach to com-
pare adhesive properties of various metals with
polymers. Such techniques in the future can be
expanded to ambient i.e. oxidized metal surfaces to
facilitate a direct comparison between experiments
and theory.

Computational procedures

Since the cluster systems of interest are large, the
complexity of computation was reduced through
the use of pseudopotentials in the form of effective
core potentials that include relativistic effects
(REP) to eliminate the atomic core electrons from
explicit treatment in the electronic structure calcu-
lations.3334 The REP is a one-clectron radially-
local operator which replaces the two-electron
operators corresponding to the repulsion between
inner-shell electrons and between core and valence
electrons in a many-electron system.

Contracted Gaussian-type functions (GTF) were
employed to describe the valence electrons of the
clusters. Basic sets comprised of 4 s-type, 4 p-type
and 6 d-type GTFs for carbon and aluminum were
optimized and contracted as (2s 2p 1 d).3° For
copper and zinc 4 s-type, 4 p-type and 5 d-type
GTFs were optimized and contracted as (2s 1p
2d).36

The number of atoms in the hydrocarbon clus-
ters representing polyethylene was chosen to be as
large as possible in order to adequately represent
the extended bulk systems while, at the same time,
remaining computationally tractable. Two hydro-
carbon clusters were studied, H;C(CH,)CH; and
H;C(CH,);CH3, to investigate how the cluster size
affects the nature of interaction between the poly-
mer and the metal. Initially, the bulk geometry of
polyethylene was used3’” and then a limited geo-
metry optimization was performed. Metallic sur-
faces can be represented by small metal clusters or
even single metal atoms.38 ,

In the present study ab-initio restricted closed-
shell and open-shell Hartree-Fock theory®® together
with REP s were employed for the polyethylene—
metal systems. The calculations were carried out on
Cray Y-MP supercomputers at the Pittsburgh
Supercomputing Center and the Ohio Super-
computer Center. The calculations were performed
in two stages: First, the multicenter integrals
involving symmetry-adapted linear combinations
of contracted GTFs and the appropriate terms in
the Hamiltonian were evaluated for a given cluster
geometry. Second, these integrals were used to cal-
culate restricted Hartree-Fock (RHF) wave func-
tions and energies.

The clusters were treated using their full C,,
point group symmetry, which significantly reduced
the number of two-electron integrals processed in
the calculations.*® As shown in Figure 1, the metal
atoms were chosen to lie along the molecular axis
of symmetry. The distances between the hydro-
carbon cluster and the metal atoms were optimized
and total energies were calculated.

Mulliken population analysis was used to deduce
the nature of the interactions.*! In addition, the

Metal

Figure 1 Metal-hydrocarbon cluster
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analysis of the virtual orbitals yielded information
related to the band structure of the clusters. All of
the highest occupied molecular orbitals (HOMO)
and lowest unoccupied orbitals (LUMO) were
analyzed to determine the band width of the clus-
ters.*?

RESULTS AND DISCUSSION

Hydrocarbon fragments

The calculated ground state energies of the hydro-
carbon fragments which represent linear polyethy-
lene i.e. H;C(CH,)CH; and H3;C(CH,);CHj3 are
given in Table 1. Population analyses of the ground
states are shown in Tables 2 and 3. As expected for
such a covalent bonded system, there is a small net
positive charge on the hydrogen atoms and a slight
net negative charge on the carbon atoms.

The orbital energies of these hydrocarbon frag-
ments are listed in Tables 4 and 5. Using HOMOs
and LUMOs the band gap values (defined as the
energy difference between the HOMO and the
LUMO) were calculated for these fragments. For
the H3C(CH,)CH; the band gap is 21.2 eV and
that for H;C(CH,);CHj; is 14.3 eV.

Table 1 Ground state energies of H;C(CH;)CH; and H;C(CH);CH;

Fragment Energy (hartrees)
H;C(CH,;)CH; -20.931946
H3;C(CH,);CH; —33.847412

Table 2 Population analysis for H;C(CH,)CHj (electrons/atom)

Atom? Gross s Gross p Total
Ca(1) 1.28 2.49 3.77
Cx2 0.65 2.65 3.30
He@y(2) 1.07 0.00 1.07
Hp)(2) 1.03 0.00 1.03
Hy(4) 1.04 0.00 1.04

“Number of symmetry-equivalent atoms shown in parentheses

Table 3 Population analysis for H3C(CH,);CHj, (electrons/atom)

Atom?* Gross s Gross p Total
Ce1) 1.31 2.46 3.7
Co(2) 1.31 242 3.73
Co(2) 1.27 2.84 4.10
He)(2) 1.09 0.00 1.09
Ho2) 0.98 0.00 0.98
He@) 1.08 0.00 1.08
Hay(4) 1.02 0.00 1.02

“Number of symmetry-equivalent atoms shown in parentheses

Table 4 Orbital energies for H;C(CH,)CHj; at the equilibrium geo-
metry (hartrees)

Symmetry HOMO LUMO
2] —0.447 0.339
2 —0.579 0.533
b —0.515 0.498

b2 —0.506 0.379

Hydrocarbon aluminum interaction

After modeling the polyethylene by the two
hydrocarbon clusters, the hydrocarbon metal
interaction was investigated using both of the
hydrocarbon fragments. First, the hydrocarbon-Al
interaction was studied moving the Al atom along
the molecular symmetry axis. Figure 2 shows the
potential energy for the interaction between Al and
CH3(CH,);CHs. Tables 6 and 7 give the total
valence energies of the molecules as a function of
the distance of Al-from the polyethylene frag-
ments. Energy minima were found at 8.8 bohrs for
the CH3(CH,)CH;-Al and 8.7 bohrs for the
CH;(CH,);CH;3-Al. The calculated binding ener-
gies are 0.045 and 0.046 eV for H;C(CH,)CH; and
H;C(CH;);CHs3, respectively. These results show
that there is no significant effect of cluster size on
the binding energy.

Population analyses for these systems are shown
in Tables 8 and 9. As can be seen, the weak inter-
action betweéh ‘Al and polyethylene fragments
affects mainly the electron population of the
hydrocarbon fragments but does not indicate che-
mical bonding. Only a small amount of charge
transfers from the Al atom to the clusters.

Table § Orbital energies for H;C(CH,);CH;3 at the equilibrium
geometry (hartrees)

Symmetry HOMO LUMO
2] -0.363 0.178
22 —0.535 0.528
b] -0.510 0.479
b2 —0.358 0.234
-35.704 —
-35.708 —
-35.712 —
)
e
L -35.716
<
w
-35.720 —|
-35.724 —
a8 T T | |
6.0 8.0 10.0 120 14.0
R(bohr)

Figure 2 Potential energy curve for the AFCH;3(CH,);CHj interaction
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Hydrocarbon copper interaction results - indicate -~ that interaction between
A second system studied is the hydrocarbon—-Cu H;C(CH;),CH3 and Cu is even weaker than that
interaction. Tables 10 and 11 show the calculated between H3;C(CH,),CH; and Al. Although the
total valence energies of H;C(CH,)CH>-Cu and

H3C(CH,)3(CH3)-Cu system. These are plotted in ~ Table 10 Total energies of the HyC(CH;)CHy-Cu system

Figure 3. The interaction of Cu with the hydro- R (bohrs) Energy (hartrees)
carbon fragments results in weak interaction ener- 8.0 —71.106802
gies of 0.024 and 0.025 eV, respectively. These 9.0 —71.120968
10.0 —71.121362
. 11.0 —71.121461
Table 6 Total energies of H;C(CH,)CH; Al 12.0 ~71.121483
13.0 —71.121488
R (bohrs) Energy (hartrecs) 140 ~71.121490
40 —22.551620 142 —71.121490
50 -22.713211 14.5 —71.121490
6.0 —22,779271 14.7 —71.121490
7.0 -22.803119 14.8 -71.121490
1.5 —22.807703 14.9 —71.121491
8.0 —22.809816 150 —71.121491 .
8.5 —22.810544 17.0 —71.121492
8.6 ~22.810590
8.7 —22.810614
gg :gg}g&l’g Table 11 Total energies of the H;C(CH;);CH;-Cu system
9.0 —-22.810582 R (bohrs) Energy (hartrees)
10.0 : —22.810031
8.0 —84.035250
920 —~84.036442
L ) . 10.0 ' —84.036815
Table 7 Total energies of the H;W I 11.0 84036921
Enetily rﬁ’(hi'xi&ea‘ resd) 12.0 —84.036950
R (bohrs) ) 13.0 —84.036957
40 v =35.475472 13.5 —84.036957
5.0 —35.637530 13.8 —84.036958
6.0 —35.700030 13.9 ~84.036958
7.0 —35.720185 140 —84.036958
7.5 ‘ —35.723855 14.1 —84.036958
8.0 ~35.725522 14.2 —84.036958
85 —35.726083 14.3 —84.036957
8.6 —35.726116 14.6 —84.036957
8.7 —35.726129 15.0 —84.036956
8.8 —35.726127 16.0 —84.036955
8.9 —35.726111
9.0 —35.726084
9.5 —35.725849
10.0 —35.725555
-84.0368 —
Table 8 Population analysis for H;C(CH,)CH;-plus Al (electrons/
atom) -84.0368 —
Atom* Gross s Gross p Gross d Total
Al 1.99 0.98 0.00 297 _
Ca (1) 1.27 2.48 0.00 3.75 . e
Cw ) 1.29 2.66 0.00 3.95 —
Hu () 1.06 0.00 0.00 1.06
Hg,) ) 1.03 0.00 0.00 1.03 é -84.0369 —|
Hy (4) 1.04 0.00 0.00 1.04 £

“Number of symmetry-equivalent atoms shown in parentheses

-84.0369 —
Table 9 Population analysis for H;C(CH,);CH; plus Al (electrons/
atom)
-84.0369 —
Atom? Gross s Gross p Gross d Total
Al 1.99 0.98 0.00 297 J
Cw (1) 131 2.45 0.00 3.76 -84.0369
Coy @ 1.31 244 0.00 375
Co (2 1.27 2.84 0.00 4.11
He @) 1.09 0.00 0.00 1.09
Hey ) 0.99 0.00 0.00 0.99 84.0370 | T | | |
Hg (4 1.08 0.00 0.00 1.08 10 n 12 13 14 15
He) (4) 1.03 0.00 0.00 1.03 R(bohr)
“Number of symmetry-equivalent atoms shown in parentheses Figure 3 Potential energy curve for the Cu—CH3(CH,);CHj interaction
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presented analysis cannot be directly extended to
cover oxidized metal surfaces it is interesting to
note that smaller contact angle and greater work of
adhesion values of polyethylene melt on ambient
aluminum surfaces were observed in comparison to
ambient copper.'®

Population analysis for the hydrocarbon—-Cu
systems shows that no charge transfers from Cu to
polyethylene fragments and as shown in Tables 12
and /3 and the unpaired electron of copper
remains in its is orbital. Furthermore the interac-
tion between Cu and hydrocarbon fragments does
not change the electron population of hydrocarbon
fragments.

Hydrocarbon zinc interaction

Finally, the hydrocarbon-Zn interaction was
investigated using the cluster model. The calculated
total valence energies as a function of the distance
of separation of the polyethylene fragments from
the Zn atom are listed in Tables 14 and 15 and are
shown in Figure 4. The interaction energies for
these systems were 0.00019 and 0.0002 eV, respec-

Table 12 Population analysis for the H;C(CH2)CHj; plus Cu system
(electrons/atom)

Atom? Gross s Gross p Gross d Total
Cu 1.00 0.00 10.00 11.00
Cey (1) 1.27 2.49 0.00 3.76
Co 2 1.29 2.65 0.00 3.94
Hp (2) 1.07 0.00 0.00 1.07
Hgy (2) 1.03 0.00 0.00 1.03
Hyg 4) 1.04 0.00 0.00 1.04

“Number of symmetry-equivalent atoms shown in parentheses

Table 13 Population analysis for the H3C(CH,);CHj plus Cu system
(electrons/atom)

Atom? Gross s Gross p Gross d Total
Cu 1.00 0.00 10.00 11.00
Ca (1) 1.31 2.46 0.00 3.77
Con 131 242 0.00 3.73
Co 2 1.27 284 0.00 4.11
H ) 1.09 0.00 0.00 1.09
Hg,) (2) 0.98 0.00 0.00 0.98
Hg 4) 1.08 0.00 0.00 1.08
Hg) 4) 1.02 ' 0.00 0.00 1.02

“Number of symmetry-equivalent atoms shown in parentheses

Table 14 Total energies of the H;C(CH,;)CH;-Zn system
R (bohrs)

Energy (hartrees)

8.5 —83.433756
9.0 —83.434136
9.5 —83.434290
10.0 —83.434342
10.5 —83.434348
10.7 —83.434353
10.9 —83.434352
11.0 —83.434351
11.5 —83.434351

12.0 —83.434351

tively. These results show that the weakest interac-
tion for the systems studied is that of the
hydrocarbon with Zn. As seen in Tables 16 and 17
no charge transfer occurs from Zn to the clusters.
Unlike aluminum, the electron populations of the
hydrocarbon fragments are not at all affected by
their interactions with zinc. This is clear evidence
of a very weak interaction between Zn and the
hydrocarbon.

Overall, the reported relative behavior of hydro-
carbons with different metal atoms can be
explained on the basis of the comparisons of the
ground state electron configurations of the metals.
Both the sizes and the energies of the atomic orbi-
tals of the metals influence the metal-hydrocarbon
interactions. For example, the ground state of zinc
(3d'® 4s?) behaves like a closed shell at long
range.*® This suggests that zinc should be inert to
polyethylene as indeed observed here. On the other
hand, for copper the ground state is 3d!%4s! and
this state should be more chemically active than
zinc.

Table 15 Total energies of the H;C(CH,);CHj3-Zn system
R (bohrs)

Energy (hartrees)

8.0 —96.96871

9.0 —96.971535
10.0 —96.972284
11.0 —96.972437
11.8 ~96.972455
120 —96.972455
12.2 ~96.972455
12.2 —96.972455
12.5 -96.972455
13.0 —96.972454
14.0 —-96.972452
15.0 : ~96.972452

Table 16 Population analysis for the Hy;C(CH,)CH; plus and Zn
system (electrons/atom) :

Atom” Gross s Gross p Gross d Total
Zn 199 ~ 0.00 10.00 12.00
Ca (D) 1.31 2.46 0.00 .77
Cw (2 1.31 242 0.00 373
Co (2 1.27 2.84 0.00 4.11
Hg ) 1.09 0.00 0.00 1.09
He, (2) 0.98 0.00 0.00 0.98
H, (4) 1.08 0.00 0.00 1.08
Hg @ 1.02 0.00 0.00 1.02

“Number of symmeiry-eqnivalent atoms shown in parentheses

Table 17 Population analysis for the H;C(CH,);CHj3 plus and Zn
system (electrons/atom)

Atom* Gross s Gross p Gross d Total
Zn 20 0.00 10.00 12.00
Cay () 1.31 2.46 0.00 7
Cwy (2 1.31 242 0.00 3713
Co (2) 1.27 2.84 0.00 4.11
He,) (2 1.09 0.00 0.00 1.09
Hg) () 0.98 0.00 0.00 0.98
Hg @) 1.08 0.00 0.00 1.08
Hg @ 1.02 0.00 0.00 1.02

“Number of symmetry-equivalent atoms shown in parentheses
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-83.4338 —

-83.4339 —

-83.4340 —

E(hartree)

-83.4341 —

-83.4342 —

] | | |
8.0 9.0 10.0 1.0 120

R(bohr)

Figure 4 Potential energy curve for the Zn-CH;(CH,);CH3 interaction

CONCLUSIONS

Polymer-metal interactions have been studied
using ab initio cluster models. Metals combined
with two hydrocarbon clusters representing linear
polyethylene involving different number of atoms
give similar results. This indicates that using clus-
ters to investigate the polymer-metal interactions
can be a valuable technique.

All of the calculations show that, no bonding
occurs between the three metals and the two
hydrocarbon clusters. The calculations also indi-
cate that there is a stronger interaction between Al
and the hydrocarbons than either Cu or Zn in line
with the expectations arising from the differences
involved in the ground state electron configuration
of the metal atoms. The results of these quantum
mechanical investigations are very encouraging for
the future elucidation of adhesion phenomena in
general, especially the slip and adhesion effects at
oxidized metal surfaces. “
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