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Reactions and Intermediates
at the Metal-Polymer Interface
as Observed by XPS

and NEXAFS Spectroscopy*

J. F. FRIEDRICH', I. KOPRINAROV, R. GIEBLER, A. LIPPITZ
and W.E. S. UNGER

Bundesanstalt fir Materialforschung und -priffung,
Unter den Eichen 87, D-12200 Berlin, Germany

(Received 19 January 1999; In final form 3 May 1999)

Potassium or chromium were evaporated by means of a Knudsen effusion cell under
ultra-high vacuum conditions onto a number of common polymers, prepared as
stretched foils and spin-coated films. The metal-polymer interface was studied by X-ray
Absorption and X-ray Photoelectron Spectroscopy. Evaporated samples were analyzed
without exposure to the atmosphere. Different general types of reactions of the metal
atoms with the polymers were observed. With deposited K and Cr a redox process
including the transfer of substrate oxygen atoms across the interface was found. The
formation of m-electron complexes and covalent metal-carbon bonds were obtained
exclusively with chromium. Aromatic rings, carbonyl groups and, to a lesser extent, ether
linkages are scissioned by metal-polymer interactions. The fourfold substitution of
aromatic rings and the exclusive existence of C—O— C structures within polypheny-
lene ether (PPE) make this polymer most stable toward reactions with chromium. In
contrast, bisphenol-A polycarbonate is susceptible to redox reactions with the carbonate
group and to forming Cr complexes with aromatic rings using the chromium 3d orbitals.
The result is a succession of complex formation, followed by Cr substitution onto
aromatic rings and destruction of rings with the formation of chromium carbides.

Keywords. Interfacial polymer-metal redox reactions; chromium-polymer intermediates;
near edge X-ray absorption fine structure spectroscopy (NEXAFS); adhesion; polymer-
metal bonds; XPS; polymer-aluminum bonds; polymer-aluminum bonds; polymer-
copper bonds

*Presented at the 4th European Conference on Adhesion (EURADH’98) and 1st
World Congress on Adhesion and Related Phenomena (WCARP-1), Garmisch-
Partenkirchen, Germany, September 611, 1998,

Corresponding author. e-mail: joerg friedrich@bam.de

297



10: 26 22 January 2011

Downl oaded At:

298 J. F. FRIEDRICH et al.
1. INTRODUCTION

Investigations of the interaction of metal atoms with genuine building
blocks or functional groups of the polymer are important for under-
standing metal-polymer adhesion. The scope is often broadened also
to plasma-produced functional groups at a polymer surface. At the
interfaces of polymer-metal composites different types of physical and
chemical interactions may occur. Besides electrostatically-enhanced,
mechanically-or chemically-induced adhesion, thermodynamic effects
also play an important role. Amongst the thermodynamicaily-con-
trolled interactions, the equilibration of interfacial free energies of the
metal and the polymer component results in improved adhesion [1].
One way to converge these energies is a pretreatment of one or both
components of the polymer-metal composite; for example, the intro-
duction of polar groups onto nonpolar polymer surfaces by oxygen-
plasma treatment [2]. Apart from other postulated mechanism of
adhesion, the idea was introduced that a redox reaction with an
efficiency depending on the individual polymer substrate and the redox
potential of the metal may occur. A thermodynamic equilibrium at the
polymer-metal interface is reached by complete conversion of non-
noble metal atoms to stable metal oxides or the reduction of a noble
metal oxide to its pure metallic state. The equilibrium is characterised
by the complete adjustment of interfacial free energies of the metal and
the polymer which promotes the adhesion between both components.
As known, the interfacial free energy is correlated to the respective
redox potential. Table I suggests that the reactions at metal-polymer
interfaces are not only thermodynamically controlled (here: by the
redox potential) but also strongly kinetically limited. In most cases,
additional activation energy (provided by heating or plasma pretreat-
ment) is necessary to initiate the interfacial reaction. Furthermore,
diffusion processes of ionised metals and their complexation with
carboxylic groups also play an important role. Therefore, after longer
storage, polymer regions “far away” from the interface are also
chemically changed by diffusing metal ions. Such long-time reactions
are basically degradation processes. They result in the formation of a
weak boundary layer which decreases the adhesion between metals and
polymers.

Some indications of redox reactions and metal-polymer intermedi-
ates were found for composites such as polytetrafluoroethylene
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(PTFE)—Na, polyethyleneterephthalate (PET)—Al, polypropylene
(PP)—Al, PET—Cr, and polyphenylquinoxaline (PPQ)—Cu/CuO
during the last 15 years [3—7] (see Tab. I). Alkali metals or copper
oxide are very reactive towards functional groups of the polymer. The
higher the electropositivity of the metal, the stronger is the reduction
reaction. Or, the higher the electropositivity of the metal in the metal
oxide, the stronger is the oxidation of the polymeric composite partner.
Additional pretreatments or additional activation energy increase
the possibility of starting a redox process. The well-known polyethylene
(PE) oxidation at the interface with copper-oxide-covered copper in
electric cables or the application of the sodium etch process to poly-
tetrafluoroethylene to improve its adhesion properties are strong,
not fortuitous, examples of relevant redox reactions between polymers
and metals [8]. A number of polymers or organic films (cf. [9]) were
also coated with submono, mono and multilayers of metals and invest-
igated for indications of the occurrence of redox reactions. Table 1
summarises some results.

In addition to products of interfacial redox reactions, some stable
complexes and ionic and covalent bonds between functional groups of
the polymers and metal atoms were identified. Examples for ionic
species are Cu*' and “OOC— [10,11]. Many kinds of metal-carbon or
metal-oxygen-carbon o-bonds have a predominant covalent character
with more or less ionic bond percentages. Therefore, their stability
towards oxidation and hydrolysis is weak. Such bonds are carbides
(Me —C) or alcoholates (Me —O—C). The significance of metal —O
—C complexes such as Ag—0O—C, Mg—0O0—C, Al —O—C for
the improvement in adhesion was emphasized by a number of authors
[12-18]. Metal aromatic ring complexes are well-known from metal-
organic chemistry. Examples are w-complexes with polyimide [19]
and the bisarene-Cr(0) sandwich complex [20-24]. The formation
of w-electron complexes from aromatic rings of polymers and metal
atoms are limited to transition metals with a high complexing ability.
The larger atom diameter of transition elements allows the complexa-
tion of six or even more ligands. Especially, this behavior is known
from chromium which possesses voluminous 3d orbitals. Bonds to
six ligands can be formed. This is known from Cr(CO)g, the prototype
for the complexation with carbonyls or carbon monoxide molecules
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liberated by the decarbonylation of bisphenol-A polycarbonate by the
interaction with Cr. However, the complexation with aromatic rings
is limited to two aromatic rings known as bis-arene chromium(0)
sandwich complexes. These complexes are not very stable and undergo
dissociation or rearrangements under loss of aromaticity and forma-
tion of carbide-like bonds [25—28]. Aromatic rings are discussed in the
literature as possible reaction sites but the reactivity and efficiency
of such an interaction 1s contrarily disputed. Therefore, poly(styrene)
and poly(phenylene ether) were additionally chosen to represent sam-
ples where an interaction of the chromium atoms exclusively with the
aromatic ring system or cther oxygen atoms is possible. The purpose
of the present work is to identify the possible reaction pathways by
comparison of spectroscopic findings obtained with structurally diff-
erent polymers. From organic chemistry, or from later investigations
of metal-polymer interfaces, it is further known that metals can
attack carbonyls at the carbon atom (Bouveault-Blanc-like reaction
scheme) as well as at the oxygen atom [29].

In this work, changes in the molecular orientation in the uppermost
3 to 5nm near-surface layer were inspected by the use of angle-
resolved Near Edge X-ray Absorption Fine Structure Spectroscopy
(NEXAFS). It is well known that the analysis of the C, N, O and F
K-edges of technically-relevant polymers is a powerful tool in surface-
chemical analysis of polymers [6]. Moreover, surface-sensitive NEX-
AFS spectroscopy and XPS (X-ray Photoelectron Spectroscopy)
provide complementary results [30—32]. XPS gives information on
oxidation, carbon-metal bonding, loss in aromaticity or changes in the
oxidation state. By NEXAFS spectroscopy, w-bonded species such as
C=C, C=0 or aromatic rings can clearly be distinguished from o-
bonded species. This is a rather complicated task for XPS because this
information can only be obtained by analysis of rather weak shake-up
satellites [33].

The sensitivity of the NEXAFS method to 7-bonded carbon species
can be utilized to contribute to the understanding of the reaction
mechanism and the resulting surface state of a polymer surface after
metallization. The question of the involvement of aromatic rings,
other w-electron bonds [2,4] or the effects on molecular orientation [3]
are also of some interest.
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2. EXPERIMENTAL

2.1. Polymeric Substrates

The following polymers were used in the investigations: polystyrene
(PS), polytetrafluoroethylene (PTFE), polyethyleneterephthalate
(PET), polyphenylencether (PPE or polydimethylphenyleneoxide),
polymethylmethacrylate (PMMA), bisphenol-A polycarbonate (PC)
and polyphenylquinoxaline (PPQ). Prior to the metallization, all poly-
mer surfaces had been analyzed by XPS to check them for contami-
nation. The relevant binding energies and sub-peak intensity ratios
measured were almost identical to those published in the high-resolu-
tion XPS spectral database for organic polymers [33].

2.2. Metal Deposition

Metal evaporation was performed inside a preparation chamber (base
pressure: 5 x 1077 Pa) at working pressures better than 1 x 10~¢Pa.
This chamber was separated from the analysis chamber by gate valves
in both the XPS and NEXAFS experiments. After metallization, the
samples were transferred to the measuring position without air ex-
posure. Metals with a purity of 99.97% or better were sublimed from
a Knudsen cell onto the substrate through an aperture. The evapora-
tion rate (ca. 0.1 nm min~') was determined by a quartz microbalance
placed at the sample position. In any case, specimens with individual
metal overlayer thickness were prepared starting with a new sample
from the same polymer batch.

It is well-known that evaporated metals such as K and Cr getter
oxygen from ambient oxygen-containing species at very good vacuum
conditions. To avoid misinterpretations, after every evaporation the
O/C atomic ratio was checked by XPS to distinguish the oxygen effect
with residual gas from the polymer-oxygen interaction.

2.3. X-ray Photoelectron Spectroscopy (XPS)

XP spectra were measured with an oil-free-pumped ESCALAB 200X
electron spectrometer (VG Scientific, East Grinstead, UK). Mg Ko
excitation (15kV, 20mA) was used for spectra acquisition. The
analyser was operated at a fixed-retarding ratio of 40. Electrons were
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accepted at a 20° take-off angle. The operating pressure of the vacuum
system during the data acquisition was better than 5 x 107’ Pa whereas
the base pressure of the system is 1 x 10"%Pa. XPS data processing
and quantification were performed using routines which are part of
the SCIENTA ESCA 300 (SCIENTA AB, Uppsala, Sweden) and
the VGS Eclipse (VG Scientific, UK) data systems. For the estimation
of relative intensities (atomic ratios), Scofield’s cross sections were
used [34]. The error of the quantitative data was assessed to be better
than + 20%. The fits of the XPS narrow scans were set-up according
to Ref. [33]. The charging of the surface of the thin polymer samples
investigated in this work is stabilized by electrons provided by the
Al X-ray window of the X-ray gun. All samples were prepared on
grounded sample holders with the help of double sided conductive
adhesive pads. The charging was corrected by using the most pro-
minent Cls feature using binding energy values taken from Ref. [33].

2.4, X-ray Absorption Spectroscopy

NEXAFS spectroscopy was carried out on the HE-TGM-2-mono-
chromator [35, 36] beam line at the synchrotron light source BESSY
(Berlin, Germany) [37]. The resolution of this monochromator was
estimated to be 0.8¢eV at the C K-edge. Detailed data are given else-
where [6]. The calibration of the energy scale of the monochromator was
performed using the first and second-order chromium-L-edge con-
tributions measured with a thick Cr metal deposit. Subsequently, the
energy scale of the monochromator was adjusted using the graphite
Cls — 7* resonance energy, measured with a pyrolitic graphite sample
(Advanced Ceramic Corp., Cleveland, Ohio). This resonance was set to
285.4eV [38].

Absorption was measured by monitoring photoelectrons as well as
C-KLL, O-KLL, and Cr-L series Auger electrons [6]. The measure-
ments were carried out in the partial electron yield (PEY) mode where
low-energy electrons are suppressed by a preset threshold energy of
150€eV. The resulting information depth {39], defined to be the depth -
from which 95% of the detected electrons originate, was estimated to
be ~3.0nm for the C K-edge and = 5.0nm for the O K-edge as well
as the Cr L-edge signals [40]. Here it was assumed that the above-men-
tioned Auger electrons dominate the signal measured in the experiment.
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Most of the NEXAFS spectra were recorded at an angle of 55°
between the surface normal of the sample and the electric field vector, E,
of the incident radiation. At this angle, the signal intensity does not
depend on the molecular orientations of the sample [4, 5] . The X-ray-
spot area was < Imm? During the data acquisition, the operating
pressure of the vacuum system was better than 1 x 107 Pa (base pres-
sure of the system is 2 x 10~% Pa). The reproducibility of the spectra was
checked by multiple scanning. Beam damage effects were not found.

Unfortunately, the chromium L-edge superimposes on the second
order of the C K-edge spectrum. Therefore, this second order contri-
bution was quantitatively measured with a pure Cr sample to be
6% of the first-order Cr-L; 3-edge signal intensity for the HE-TGM-2
monochromator configuration used for the experiments. Accordingly,
the NEXAFS spectra measured after the metallization are, when need-
ed, corrected for the Cr L-edge second-order contributions.

3. RESULTS

3.1. Redox Reaction Between K, Na, Al, Cr or Cu
with O or F Functional Groups of a Polymer

3.1.1. Potassium/sodium

Evaporation of K or Na mono-or multilayers of atoms onto graphite-
filled PTFE have caused dramatic changes in elemental composition.
In the XP spectra of a PTFE film, a strong shift in the Cls binding
energy from 292eV to ca. 283 eV were detected after K multilayer
evaporation. These results together with a blackening of the PTFE sur-
face are taken as a proof for the existence of elemental carbon at the
surface (Fig. 1).

K was evaporated with different layer thickness on PET and was
analysed by NEXAFS spectroscopy. The C and O K-edge spectra of
PET films were measured (Fig. 2). Table II compares the decrease of
selected resonance intensities after each 0.4 nm deposition of K. It can
be concluded from Table II that K reacts as a strong reducing agent
(redox potential E° = —2.92V, ¢f. Tab. I) because it preferentially
attacks oxygen in PET, especially the > C=0 group, as seen in the O
K-edge spectrum (cf. Fig. 2).
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FIGURE 1 Cls XP spectra of PTFE (with 5% graphite filler) before and after deposi-
tion of ~ 10nm of potassium and subsequent rinsing in distilled water.
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FIGURE 2 NEXAFS O K-edge spectra of PET before and after deposition of potas-
sium and chromium (nominal metal film thickness: = 0.15; ~ 0.4; =~ 2.00 nm).
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TABLE II Changes in selected PET NEXAFS C and O K-edge resonance intensities
after deposition of nominally 0.4nm K and Cr

Transitions Cls — 7/, Cls — Tép Ols — mi_p

K Nearly unchanged —36% —36%

Cr —-35% —10% - 8%
3.1.2. Aluminium

Al is also a strong reducing agent (E° = — 1.66 V) towards oxygen-or

fluorine-containing polymers. This could be demonstrated with CFy
plasma modified PET which was evaporated with an Al film. The
C—F,(n =1-3) bonds formed at the PET surface react with Al
resulting in the formation of AlF;. This was evidenced by the analysis
of the XPS Fls peak (BE = 76.5¢V) taken from the inner side of the
peeled-off Al overlayer. The same phenomenon was also observed
when PET surfaces were fluorinated in the gas phase in 95% Ar/5%F,
[41]. Oxygen-containing groups at PET surfaces, produced by an
oxygen plasma modification, react with Al to Al,O3 and, most prob-
ably, to Al...O=C < complexes. These results indicate a redox
reaction between Al and carbonyl! sites within the ester group of PET
[16, 42]. However, the high affinity of Al to oxygen does not only result
in reactions with oxygen bound in the macromolecules but also with
oxygen from adsorption layers on the walls of the evaporation chamb-
er, from residual gas, or leakage flow. Therefore, the experiments
with fluorinated PET surfaces show the predominance of the reaction at
the interface. Here, the redox reaction occurs with fluorine instead with
oxygen and, therefore, this reaction cannot be superimposed by traces
of oxygen from sources far from the interface.

3.1.3. Chromium

Cr is less reactive towards carbonyl groups than K (¢f. Tab. I and Fig.
2). This results from the lower redox potential for the Cr° to Cr**
transition (E° = —0.71 V). However, it could be clearly demonstrated
by an evaluation of XPS Ols spectra and NEXAFS O K-edge spectra
that carbony! groups are reacting with Cr deposits (see also Refs. (12—
18]). Carbonyl structures in PET (Fig. 2), PMMA and bisphenol-A
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polycarbonate (Fig. 3) differ in their sensitivity towards Cr attachment
and subsequent degradation.

A nominally 0.4 nm thick Cr layer diminishes the C=0 content at
the PET or PMMA surface by 8% but at the PC surface by 77%. It is
obvious that the carbonyls in the ester groups of PMMA and PET
are much more stable than the C=0 unit in the carbonate group of
PC. In the XP Ols spectra of PC (Fig. 4) and of PET (not shown),
and PMMA (not shown), new sub-peaks at BE = 530.5, 529.7 and
531.3 eV, respectively, were obtained. The low binding energy feature is
interpreted to result from the formation of Cr oxide species (Cr,04)
comprising about 20, 10 or 27% of the total oxygen in the analyzed
surface layer.

PPE includes exclusively ether linkages of the phenylene rings.
These were also attacked by chromium. By considering the XPS Ols
subpeak at BE & 531 ¢V, nearly 35% of the total O surface atoms can
be assigned to chromium(III) oxide (Fig. 5).

C K-edge

0.4 nm

T
46%,|

0.1 nm

Q?

OO

» untreated untreated

TTT T T TTT T rrTTTY Ty

280 300 320 520 540 560 580
Photon Energy [eV]

Normalized Partial Electron Yield [A.U.]

FIGURE 3 NEXAFS O and C K-edge spectra of bisphenol-A polycarbonate before
and after deposition of chromium (0.1 and 0.4 nm).
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The consumption of oxygen from carbonyl groups and, to a lesser
extent, ether linkages, to form Cr(III) oxide can be understood in
terms of a redox process.

3.1.4. Copper

A positive redox potential of the metal component as existing in copper-
polymer composites (E° = +0.41V) gives rise to an oxidation of
the polymer component. For instance, this was exemplified by the Cu/
CuO/PPQ composite in the mid-1980s [1]. Thin CuQ layers on metal-
lic Cu interact with aromatic quinoxaline and phenyl rings of PPQ to
form N==0, NO, or NO; groups. Ring destruction and formation of
gaseous oxidation (degradation) products such as NO or NO, also
occurred. Simultaneously, a reduction of CuO to Cu was observed
supporting the idea of a redox reaction [1, 43]. Here, a list (Tab. III) can
be presented showing the partial reduction of copper(Il) oxide by PPQ.

After peeling a PPQ film from an oxidized copper substrate a very
thin layer of oxidized PPQ remains at the copper substrate as seen in
the XP spectrum by remaining C and N signals. Their intensity ratio
was found to be characteristic for PPQ. The reduction of CuO is evi-
dent by the decrease of the Cu2p;, satellite from 47 to 27 referenced
to the intensity ratio between the Cu2ps;, peak and Culps), satellite
of 100:55 for pure CuO (¢f. Tab. I1I) [44].

3.2. Reaction Between Aromatic Rings
in Polymers and Metals

Some stable and metastable, chemically-bonded, metal-polymer in-
termediates are formed at the interface independently of the redox

TABLEIIT Relative XPS intensities (elemental ratios) at the copper (copper oxide} and
PPQ interfaces of a peeled copper (copper oxide)-PPQ polymer composite (*satellite
between the Cu2p;» and Cu2p;,; XPS peaks)

Material Cls Ols Nls Cups;s Satellite*
PPQ stoichometric 100 7 14 - -
PPQ as synthesized [1] 100 10 12 0 0
CuO stoichometric [30] - 100 - 100 55
oxidized copper surface 13 87 0 100 47
PPQ interface 100 12 10 0 0

copper interface 75 94 7 100 27
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reactions. One intermediate is the complexation of transition metals
with aromatic rings in polymers. The mechanism of the interaction of
chromium with PET is an example. The Cr attack toward ester
carbonyl groups is another reaction pathway as mentioned before. The
extended 3d orbitals of Cr interact strongly with the aromatic rings as
shown by Pireaux’s quantum chemical calculations for Cr-PMDA-
ODA [45]. This is also true for the PET case as verified by Figure 6.

Here, A and 4’ are Cls — T fng TESONDANCES. Compared with the
non-metallized. state, the ring intensity is decreased by deposited
increments of Cr indicating the destruction of aromatic rings by about
35% (cf. Tab. II).

K did not react with aromatic rings as verified by the stable
Cls —» 7, resonances. However, reaction with carbonyl groups
seems to be effective as revealed by the changes of the Ols — 7w _g
resonance intensities (¢f. Fig. 2). Other aromatic polymers (PS, PC)
also show losses in aromaticity in the range of 54 to 35% as a result of

chromium potassium
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FIGURE 6 NEXAFS C K-edge spectra of PET before and after deposition of
potassium and chromium.
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deposited Cr (¢f. Fig. 4). The fourfold substituted aromatic ring in
PPE was found to be much more stable in these experiments as
indicated by only a 15% decrease in aromaticity after depositing
0.4nm Cr (¢f. Fig. 5).

3.3. Special Reaction Behaviors of PS, PET, PC and PPE

Table IV reveals strong differences in the response of PET and PC to
the evaporation of ca. 4 monolayers of Cr. Nearly all carbonate
groups represented by the Cls — w¢_, resonance and 54% of
aromatic rings of the PC are destroyed, as monitored by NEXAFS C
K-edge spectra. Ester carbonyl groups in PET are obviously more
stable against Cr attack.

Also, strong interactions of Cr with aromatic rings were observed
with a PS film assigned by the occurrence of a shoulder at the
Cls — 7w, resonance (Fig. 7). The mobility of phenyl rings promotes
the formation of bis-arene Cr sandwich complexes as illustrated by
the insert.

Additionally, XPS of Cr-evaporated PS revealed a new subpeak at
283.1eV. This peak is attributed to Cr—C bonds. The relatively
broad C—Cr XPS peak (FWHM = 2¢eV) shown in Figure 5 was
also observed with Cr-metallized polycarbonate, here at a binding
energy of BE~283.5¢V. Results covering the attack of chromium
to aromatic rings of these polymers are summarized in Table V. The
2, 5-CHj; substitution of the aromatic ring of PPE provides protection
toward the formation of Cr—C bonds as confirmed by Table V. This
is in good correlation with the low percentage of formed Cr-arene
complexes. Therefore, it is likely that the #-metal-arene complex is a
precursor of the chromium-carbide formation.

TABLE IV Comparison of the degradation behavior of C=0 groups and aromatic
rings of PC and PET resulting from the deposition of 0.4nm Cr as deduced from the
respective decreases in the intensity of Ols — me_g, Cls — ng_ and Cls — 7,
resonances

Polymer C=0+Cr C=0+Cr Arene 4+ Cr
(Cls — Te_yp) (Ols — 7_y) (Cls — 7},
PET 90% 92% 65%

PC 22% T7% 46%
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FIGURE 7 NEXAFS C K-edge spectra of PS before and after deposition of chro-

mium with a zoomed Cls — 7, resonance region as an insert. The peak of the

bisphenyl-Cr(0) sandwich complex is presented in grey.

TABLE V  Relative height [%] of the Cls — 7. resonance in the C K-edge spectra of

ring

different polymers after deposition of 0.1 or 0.4nm of Cr

Cr thickness PPE PC PET PS

0.1nm 95 85 77 78
0.4nm 85 46 65 53
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FIGURE 8 Set of angle-resolved C and O K-edge spectra of PET for different thick-
nesses of chromium and potassium. The information depth of the C K-edge is about
3nm and that of the O K-edge about 5nm. The italic percentages at the O K-edge diff-
erence spectra represent the decrease in the amplitude of PET values roughly referencing
the loss in anisotropy.
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3.4. Cr-Polymer Intermediates and Reactions

Four principal types of reaction products may be deduced from the
spectroscopic results:

(1) a Cr—aromatic ring complex intermediate,

(2) two Cr—C carbide-like species (Cr,—C; cyclic and Cr—C)
from the attachment of two Cr to the aromatic ring or to cracked
ring fragments or other fragments (PMMA),

(3) products of reactions with the carbonyl group, such as Cr—C—
OH, Cr—0O—C, and

(4) the formation of Cr,0j; characteristic for a redox reaction.

3.5. Disorientation Effects of Macromolecular
Structures by Evaporated Cr and K Monolayers

The anisotropic supermolecular structure of biaxially-stretched PET
foils is destroyed by Cr evaporation in a very thin surface layer. This
was concluded from the observation of linear dichroism phenomena
in angle-resolved NEXAFS spectroscopy experiments on multilayer
deposits of chromium and potassium on PET (Fig. 8).

The 90-20°C K-edge difference spectrum verifies a complete loss
of anisotropy, whereas in the O K-edge case the elongation in the
respective difference spectrum is slightly decreased for chromium and
stronger for potassium (¢f. Fig. 8). Considering the different informa-
tion depth of the C and O K-edges, a thickness of around 2nm can
be deduced for the disoriented surface layer of the PET sample. The
Cr-PET and K-PET interaction layers are characterized by a disorien-
tation of the complete supermolecular structure to an isotropic state.

4. DISCUSSION

Two principal types of reactions between polymers and metals at the
interface were identified:

(a) permanent and metastable metal-polymer bonds and interactions,
as well as

(b) redox reactions with oxygen or fluorine species exchanged across
the interface which are accompanied by an adjustment of the
interfacial free energies of both composite partners.
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Covalent bonds between the components at a metal-polymer
interface should result in strong and durable adhesion. However,
metal-carbon or metal-oxygen-carbon bonds are not purely covalent
bonds. They contain more or less high ionic contributions, predicting a
susCeptibility to bond weakening by, for example, hydrolysis. Complexa-
tion of metal atoms with m-electron-containing bonds or ring systems
often result in weak and unstable bonds, characterized by a tendency
to rearrange.

It is known from simple metal organic chemistry that w-electron
complexes of transition metals and functional groups of polymers
often decompose or rearrange. Chromium forms slightly stable -
electron complexes with aromatic rings as well as with carbonyl groups
as shown in Figure 9.

This could be confirmed by comparison with the respective
NEXAFS spectra of some arene—Cr, CO—Cr and arene—CO—
Cr model complex substances [46]. The most favored complex is
the bisarene chromium(0) sandwich complex as detected with atactic
polystyrene. The phenyl side groups can easily undergo steric
disorientations to form such a sandwich at relatively low activation
energics. In polyethyleneterephthalate and bisphenol-A polycarbo-
nate, the aromatic phenylene rings are fixed in the polymer backbone.
Additionally, the supermolecular structure produced by stretching or
freezing of films results in such a thermodynamically-unstable orienta-
tion. In this case, mono-arene complexes with chromium or a very
unstable distorted bis-arene Cr complex are more plausible. With
polycarbonate, the easy loss of the carbonate groups from interactions
with chromium (cf. Fig. 9) suggests the participation of free carbon
monoxide to form mixed complexes consisting of arene and C=0.

Moreover, the attachment of chromium to the aromatic rings by
chemical bonds was observed to initialize the formation of metast-
able Cr —C species which are bound in a four-membered ring
(— Cr—Cr—C-—C-—) and attached to the aromatic ring (¢f. Fig. 9)
similar to the reaction of Mo(110) with benzene or benzenethiol (cf.
[47, 48]). This was definitively indicated from XP spectroscopy by a
low-binding-energy Cls subpeak at E=283.8eV. A second low-
binding-energy C—Cr species is probable (BE=283.0eV) which
should represent a non-stoichiometric chromium carbide from a
decomposed aromatic ring [6]. The species was also mentioned in the
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Cr

o\

FIGRUE 9 Calculated (MM2) models of Cr-polymer (H-terminated cut of a PET
macromolecule) intermediates: (1) attack of Cr onto PET (marked with arrows); (2)
formation of a bisarene-Cr(0) sandwich complex; (3) monoarenetricar-bonyl-Cr(0) com-
plex; (4) Cr-ring bicycle; (5) chromcarbide; (6) torsion of the ester group by 90° caused
by C—O—Cr interactions; (7) Cr—C—OH formation (analog of Bouveault-Blanc
reaction).
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literature cited before [47, 48]. We assume the successive decomposi-
tion of the bis-arene Cr(0) sandwich complex by addition of a further
Cr atom to the

Cr—=Cr

ring and, subsequently, to the non-stoichiometric Cr—C species.

Chromium also reacts with carbonyl groups forming w-electron
complexes with Cr®*...0%~=C%" that are often described for all
metals interacting with carbonyls (Me®*. .. Q*~=C% ¢f. Ref. [12)).
From the chemist’s point of view, an attack on the “‘positive-partially”
charged carbonyl C atom is also possible as described in the scheme
given in Figure 9. C—OH groups are formed then. This reaction
scheme is known as the Bouveault-Blanc reaction. The final redox
reaction (1) can be formulated as:

Polymer(C = O,C—0) + 2Cr — polymer + Cr,0; (1)

The reaction of potassium with carbonyl groups of C—O species is
evidence for the occurrence of a redox reaction. As reported elsewhere,
it could be shown that oxygen-functionalized octadecyl trichlorosilane
self-assembled layers also undergo a redox reaction with Cr [49-51].
Here, Cr reacts, similarly to K, with C =0 and also with the
C— 0O —species of the polymer structure. This could be demonstrated
with PET, PC, PMMA and, to a much lower extent, with PPE. In
contrast to these carbonyl-group-containing polymers, PPE has only
ether bonds. However, the analysis of the XPS Ols peak has shown
that the formation of a considerable percentage of Cr,0; indicates also
the destruction of C—O—C bonds, thus providing a redox reaction
scheme.

5. SUMMARY

*

A shoulder at the high energy side of the mp . resonances was
interpreted to be a finger print of a Cr-arene complex existing at the
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surface. (CO);(arene)Cr® may also exist. A low-energy subpeak in the
Cls XP spectra was observed and interpreted as Cr-substituted aromat-
ic rings or Cr carbide. Cr or K deposition on oxygen-containing
polymers results in a redox reaction in which Cr(III) or K oxide are
formed. A mechanism is proposed for the Cr attack on C=0 groups
beginning with an intermediate charge transfer complex and ending
with a carbonyl site reduced to C—OH. Disorientation of functional
groups and also of near-surface segments of polymers may result from
deposited Cr.
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