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1 A 4%.:3 Infrared Spectroscopic Determination of Surface Structure

University of Arkansas, U.S.A.
George Blyholder

The main purpose of this paper is to provide an intrcduction to the use
of infrared spectroscopy in surface chemistry and to give some examples of how
surface structures can be determined by the use of infrared spectroscopy.
Various experimental techniques will be considered as well as various types of
data and their interpretation. There is neither time nor space here to review
the literature on this subject so a few .illustrations of various points will
be presented. These will largely be drawn from work done in my laboratory
since that is the work with which I am most familiar. However, there are now
many contributors to this field as a glance at the review articles (1-6)
available quickly shows. .

Many different physical techniques such as low energy electron diffraction
electron spin resonance, flash filament desorption, and field electron and
field ion microscopy have been applied to surface studies. Each of these
methods contributes to some pﬁase of understanding surfaces. However, they do
not give data which is so readily interpretable in terms of the chemical
structure of surface species as does infrared spectroscopy. Infrared spec-
troscopy is able to furnish direct experimental data about the nature of
species adsorbed on surfaces. For example, structures have been identified
for hydrocarbons adsorbed on metals and silica-alumina catalysts; reaction
intermédiates for CO oxidation, formic acid decomposition; and the nature of
surface sites such as Lewis acid sites on alumina have been identified. There
are of course limitations to spectroscopic methods as will be seen %hen experi-
mental procedures are considered. One expects and indeed obtains much more
structural information about surface species that are stable and most numerous
at the conditions of the investigation. This is helpful in kinetics also since
postulated reaction intermediate baised on a knowledge of stable surface *
species are much more likely to be meaningful than those proposed in the
absence of such knowledge. .

Most of the interpretation of the infrared spectra of surface species is
done in terms of the familiar group frequencies to identify what chemical bonds
and groups are present in the surface species. Frequency shifts that occur
when a molecule changes from the gas phase to a chemisorbed state are also use-
ful in understanding surface structures. As in ordinary spectroscopy, isotope
shifts serve to definitely identify proposed spectral interpretations, Force
constant calculations and intensity data have also provided information.

Commercial infrared spectrometers are now developed to such a point that
they need little or no modification for most surface applications. The basic
problem with any sample is to contain the épecies of interest in the infrared
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light beam in such a manner that sufficient radiation gets through the sample
to activate the spectrometer while the sample absorbs enough radiation to pro-
duce a spectrum. For ordinary liquids and gases this is not too difficult a
problem.

To obtain spectra of adsorbed species one must deal with solids and the
attendant scattering problems. In addition there is the problem of getting a
large enough number of adsorbed species in the infrared beam since the number
of adsorbed spécies per unit of surface is limited. If the sample thickness
is increased too much in an effort to get more adsorbed species in the infrared
beam, the scattering reduces the amount of transmitted radiation below a usable
level. On the other hand, reduction of the sample thickness to reduce scatter-
ing can result in too few adsorbed species being in the infrared beam to pro-
duce a spectrum discernible above background noise. Fortunately, there is a
middle ground. Scattering is dependent. on particle size, the scattering being
decreased as the partical size is decreased.” As the particle size is reduced
the external area per gram increases, thereby increasing the number of adsorb-
ed species that can be accomodated per gram of adsorbent in the infrared beam.
Particle size diameters somewhat less than the wave-length of the incident rad-
iation appear to be most useful.

In ordinary spectroscopy, various techniques for handling powdered solids
have been developed. The amount of radiation scattered by a particle decreases
as the difference in dielectric constant between the particle and the surround-
ing medium decreases. A particle in a gaseous environment or vacuum will scat-
ter the most radiation. To minimize scattering the pellet and mull techniques
for preparing solid samples have been developed. Most methods used in surface
studies are extensions of these techniques.

If the solid adsorbent is sufficiently transparent in the infrared, it may
be pressed into a pellet for infrared studies. This has been done for a vari-
ety of powders including titania, zinc oxide, ferric oxide and Linde molecular
sieve 13X, as well as silica and alumina. Most work is done in vacuum cells
that are so designed that a backgrouﬁd spectram of the solid adsorbent can be
recorded before the adsorbate isvadmitted (6). While surface studies on low
area materials require ultrahigh vacuum techniques to maintain a clean surface
for a usable length of time, Eischens (7) has pointed out that for the high

" surface area materials usually used for infrared studies, a working pressure of
10'6 torr is sufficient to prevent all but a small fraction of the surface from
becoming rapidly contaminated.

. One technique to obtain spectra of molecules adsorbed on metals is to sup-
port the metal on silica or alumina, which is then pressed into a pellet. The
basic procedure involves making a slurry of the support material and a metal
salt, often a nitrate, and evaporating to dryness, thereby leaving the metal
salt spread on the powdered support material. This powder is pressed into a
disk which is mounted in a cell and reduced with hydrogen at 300°C to 400°C to
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leave finely divided metal on the support,
The question of associative or dissociative adsorption of ethylene on
metal surfaces has been investigated by Eischens and Piskin (1) for a silica-
supported nickel surface at 35°C. Adsorption of ethylene-produced infrared
bands in the 2860-2490 cm'1 region, at 1450 cm-l, and a very weak band near
3020 cn’l. Bands in the 2860-2490 cm’ !
stretching vibrations in saturated compounds. The 1450 cm~

region are characteristic of C-H
1 absorption is
characteristic of CHZ units. The 3020 cm™! band is in a region characteristic
of an olefinic C-H stretch. From these data it was concluded that most of the
ethylene was associatively adsorbed with each carbon atom having one bond to
the surface, one bond to another carbon atom, and two bonds to hydrogen atoms.
The very weak band at 3020'cm_1 indicated that a small amount of dissociative
adsorption also occurred. When this sample was treated with hydrogen new
bands developed at 2960, 2920, 1460, and 1380 cm‘l. These bands are charac-

" teristic of CH3 and CH2 units, from which it was concluded that the surface
species had hydrogenated to an adsorbed ethyl group. Thus, by a careful
analysis of the data in the C-H stretching and bending regions, one is able to
gain information about the structure of adsorbed hydrocarbons.

The exact location of a characteristic frequency depends on the surround-
ings or molecule in which the group or bond is located. Thus, small shifts in
the position of a characteristic bond frequency can sometimes be used to gain
information about the environment of the bond and the interactions of its
atoms with neighboring molecules.

An excellent example of the variations of the exact position of a charac-
teristic bond frequency is afforded by the many studies of 0-H stretching
frequencies for OH groups on silica and alumina. For OH groups in which the
hydrogen forms a hydrogen bond with a neighbor, the O-H stretch gives a very
broad band around 3300 cm'l, whereas a free OH group gives rise to a sharp
peak near 3700 cm'l. For one sample of y-alumina, Peri and Hannan (8) found
bands in both regions with an undried sample. As the sample was dried by
heating above 600°C the broad 3300 em™! band disappeared and the absorption
around 3700 c:m-1 resolved into three sharp peaks at 3698, 3737, and 3795 (:m'1
The OH groups giving rise to these bands were shown to exchange with deuterium
at different rates. From this information the authors concluded that the
three frequencies represented independent OH groups, thereby establishing
that their y-alumina had three different types of surface sites for OH groups.

As a molecule goes from the gas phase to an adsorbed phase, shifts in
vibrational frequencies are expected, the extent of the shift being dependent
on the extent of interaction with the surface. For the physical adsorption of
methane, ethane, acetylene, and hydrogen on porous glass, Sheppard and Yates
(9) found frequencies of adsorbed molecules less than 2% shifted from gas-
phase frequencies. '

For chemisorbed molecule where a chemical bond is formed with a surface
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