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Variations in carbonyl mode intensities in inelastic electron
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Part I: effects due to the lead cover films for selected mono-carboxylic
acids on alumina
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Abstract

In the first of a series of three articles, evidence for attenuation of the carbonyl vibrational mode intensity in inelastic electron
tunneling spectroscopy (IETS), and multiple reflection absorption infrared spectroscopy (MRAIRS) is presented. The work may have
considerable impact on the interpretation of IET and MRAIR spectra of certain polymers adsorbed on alumina of interest in the field
of adhesion. For a better comparison between the two techniques, MRAIR spectra are recorded for compounds adsorbed on
conventional oxidized aluminum mirror samples and on samples prepared with thin-film lead cover films to form planar alumi-
num/alumina/compound/lead structures similar to the tunnel junctions used for IETS. The compounds chosen for the study are all
carboxylic acids, known to adsorb on alumina by coordinate bonding of the carboxylate anion in acid-base reactions. The acids
contain non-bonding carbonyl groups on the carbon backbone of the molecules whose intensities are investigated. When the
compounds are constrained by the above sample geometry, similar carbonyl attenuation is observed in both IETS and MRAIRS, but
to varying degrees depending on the geometry of the adsorbed molecules. The effect, which disappears in MRAIR spectra for samples
without the lead cover films, can be explained by consideration of the deformation of the molecules by the lead cover film, which
results in steric hindrance of the carbonyl groups and a corresponding reduction in their activity in accordance with the orientational
selection rules for both IETS and MRAIRS. This and further spectroscopic evidence for deformation of the molecules by the lead
cover film is discussed. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is well known that the adhesion of polymers on
metals and metal oxides (particularly aluminum oxide)
has many diverse commercial applications. These range
from the adhesive bonding of aluminum sheets in aircraft
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Table 1
Comparison of the carbonyl mode intensities for PA, 2-KBA and 4,6-DOHA obtained using MRAIRS with and without a lead cover film and IETS



intense peak corresponding to this mode. MRAIR
spectra obtained from samples with lead cover films did
not exhibit this peak, which indicates an interaction of
the internal carbonyl group with the top electrode.

Since the activity of the carbonyl mode is affected by
the proximity of the lead cover film in IETS and
MRAIRS samples, this led to our choice of 2-ketobutyric
acid (2-KBA) and 4,6-dioxoheptanoic acid (4,6-DOHA)
for the present study. The 2-KBA has an internal carbon-
yl with the carboxylic functional group and an ethyl
group on either side, as shown in Table 1(b). The struc-
ture of 2-KBA differs from that of pyruvic acid by
a methylene group. The internal carbonyl in the 2-KBA
molecule is expected to be further removed from the lead
cover film than the internal carbonyl of pyruvic acid
when these molecules are incorporated in an IET junc-
tions. The 4,6-DOHA has one internal carbonyl located
at the center of the molecule and another situated to-
wards one end, as can be seen from Table 1(c). Both these
acids are expected to exhibit carbonyl peaks in the IET
spectrum because they both have internal carbonyls
somewhat removed from the lead cover film.

2. Experimental method
2.1. IETS

Our sample preparation technique for IETS has been
described in detail in a previous publication [10]. Briefly,
tunnel junctions of the type aluminum/alumina/car-
boxylic acid/lead were fabricated by conventional vac-
uum deposition techniques. Before the deposition of the
lead cover film the alumina surfaces were exposed to
a dilute solution (2 g/l in ethanol) of the appropriate acid
under study and the excess was removed by means of
a mechanical spinner. Fig. 1 shows a schematic repres-
entation of an IETS sample. For samples prepared in this
manner we expect near optimal (monolayer) coverage to
result on the alumina surface such that the adsorbed acid
molecules pack laterally with their axes perpendicular to
the surface. The samples are cooled to 4.2 K in liquid
helium, and IET spectra are then recorded by phase-
sensitive detection techniques to obtain the second-
harmonic signal across the junction. An ac modulation
signal of 1.3mV rms at 50 kHz is used throughout.
Details of our spectrometer can be found elsewhere

[14].
2.2. MRAIRS

Samples were prepared by the evaporation of alumi-
num films onto pre-cut glass microscope slides in a man-
ner similar to those used for IETS. They were then
exposed to the same acid solutions used for IETS [15]
and the excess spun off
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Fig. 1. Schematic representation of an IETS and MRAIRS sample.
Typical thicknesses of the aluminum, aluminum oxide, and lead layers
are indicated. No dc bias is applied in the case of MRAIRS.
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Fig. 2. IET spectra for (a) PA and (b) 2-KBA (2 g/l solution in ethanol).
The schematic structures are shown in inset.

at 1660 cm™', which is distinct from the asymmetric
carboxylate stretching mode, and is attributed to the
internal carbonyl. From the idealized representation of
the 2-KBA and PA molecules (inset in Fig. 2), one would
expect that for the acids chemisorbed on the alumina
surface by the carboxylate anion as shown in Fig. 1, the
internal carbonyl for 2-KBA would be, on average, fur-
ther away from the lead cover film and would interact
less strongly with it as compared to the internal carbonyl
of the PA sample. Steric hindrance and deformation of
the PA layer due to the lead cover film would render the
internal carbonyl IETS inactive due to the orientational
selection rule (explained later in this section). However,
for 2-KBA, the carbonyl mode would be suppressed to
a lesser extent, and hence would be expected to appear in
the vibrational spectrum. Confirmation of the interaction
of the internal carbonyl with the lead cover film is ob-
tained from the comparison of MRAIR spectra obtained
for samples prepared with and without a lead cover film.
Fig. 3(a) is the MRAIR spectrum for 2-KBA with a lead
cover film, while Fig. 3(b) is the one obtained without
one. Without a lead cover film, the carbonyl mode ex-
hibits the most intense peak in Fig. 3(a), which appears at
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Fig. 3. MRAIR spectra for 2-KBA (2 g/l solution in ethanol) for sam-
ples prepared with and without a lead cover film.

1728 cm™ . Fig. 3(b) however, shows a reduction in the
relative intensity of this mode (now at 1700 cm ™! due to
the presence of the lead cover film.

For comparison, the IET and MRAIR spectra
(obtained with samples prepared with a lead cover film)
of 2-KBA are shown in Fig. 4. The internal carbonyl
absorption is seen at 1700 cm ™~ ! in the MRAIR spectrum
shown in Fig. 4(a), while in the IET spectrum, Fig. 4(b)
this appears at 1660 cm~'. A comparison of Figs. 4(a)
and (b) show another interesting feature. The C-H
stretches appear as the strongest peaks in the IET spec-
trum, while they are extremely weak in the MRAIR
spectrum. This has been attributed to the different scat-
tering mechanisms involved [19]. Dipole scattering is
responsible for the infrared spectrum while both dipole
and impact scattering are possible for the IETS. (Similar
behavior of the C-H stretches is observed in the compari-
son of the IET and MRAIR spectra for 4,6-DOHA
[Figs. 6(a) and (b).] Figs. 4 and 6 illustrate the sensitivity
of IETS for probing hydrocarbon modes).

One might expect the MRAIR spectrum of 4,6-DOHA
on alumina to show strong carbonyl absorbances due to
the presence of the two internal carbonyls within the
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Fig. 4. Comparison of the MRAIR spectrum for sample prepared with
a lead cover film with the corresponding IET spectrum for 2-KBA.
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Fig. 6. Comparison of MRAIR spectrum for sample prepared with
a lead cover film with the corresponding IET spectrum for 4,6-DOHA.

peak at 1535 cm™! can be attributed to skeletal modes
of the molecule or CH; deformation modes [5,20].
These are strained by the presence of the lead cover
film.

The MRAIR spectrum of 4,6-DOHA (with a lead
cover film) in Fig. 6(a) is now compared with the accom-
panying IET spectrum in Fig. 6(b). The very weak car-
bonyl absorption appearing at 1709 cm ™~ ' and the strong
asymmetric CO, stretch absorption at 1587 cm™! in
the IET spectrum indicate canting of the molecule at the
alumina surface, as indicated earlier with respect to the
MRAIR spectra in Fig. 5. The inductive effect of the two
carbonyl groups on the methylene group separating
them can be seen through the C-H deformation mode at
1460 cm ™! (appearing as a shoulder on the symmetric
CO, peak at 1418cm™!) and a C-H stretching mode
appearing at 3096 cm ™!, both of which are shifted to
higher wavenumbers than are usual for alkanes. Once
again, the hydrocarbon modes are much stronger in the
IET spectrum for reasons described earlier.

Turning to a more generalized discussion, several fac-
tors must be considered in the interpretation of the inten-
sities of vibrational modes in IETS. Most interpretations

are based on what may be loosely called the orientational
selection rule mentioned earlier. This term stems from
theoretical predictions that the square of the angle aver-
aged matrix element for inelastic tunneling for dipoles
oriented perpendicular and parallel to the plane of the
junction is dependent on the dipoles’ position within
the barrier [4]. For dipoles oriented perpendicular to the
plane of the junction, the square of the matrix element is
greatest at the edges of the tunnel barrier (next to the
metal electrodes), smoothly decreases in magnitude
deeper into the barrier, and averages to zero at its center
[18]. However, for dipoles oriented parallel to the plane,
the result is qualitatively reversed, and the square of the
matrix element is greatest at the center of the barrier and
averages to zero at the edges. In most experimental
situations (as is the case in the present work) the dipoles
under investigation are contained within molecular ad-
sorbates on alumina. Under these conditions the dipoles
are clearly in close proximity to the top (lead) electrode,
and therefore the corresponding inelastic peaks will be
strongest for dipoles oriented perpendicular to the
plane of the junction, and weakest for those oriented
parallel. For small molecules the “orientational selection
rule” may be invoked to infer the relative orientation of
dipoles within the molecule with some confidence. How-
ever, care must be taken in the use of the orientational
rule for the interpretation of peak intensities. Other fac-
tors, which must be examined, are those due to steric
effects, which will become particularly noticeable for lar-
ger molecules. For example, interactions between dipoles
and the top electrode, inter- and intra-molecular interac-
tions involving the dipoles in question, and fractional
surface coverage of the adsorbate will all a



4. Conclusions

Deformation of the molecular structure due to interac-
tions between the lead cover film and the adsorbed
molecular layer in both IETS and similarly prepared
MRAIR samples is demonstrated for 2-KBA and 4,6-
DOHA. The internal carbonyl of 2-KBA is situated fur-
ther away from the lead cover film as compared with the
internal carbonyl of PA and produces a weak absorption
in both MRAIRS and IETS (this carbonyl produces
a very strong absorption in MRAIR spectra when no
lead cover film is present). For the case of PA, the internal
carbonyl absorption is strong in the MRAIR spectrum,
when no lead cover film is used, but is absent in the
MRAIR spectrum obtained from a sample with a lead
cover film. The absorption is also absent in the IET
spectrum.

Contrary to expectations, the carbonyl absorption is
very weak for 4,6-DOHA in both MRAIR and IET
spectra. This can be attributed to canting of this longer



