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THE ROAD NOT TAKEN

Two roads diverged in a yellow wood,
And sorry I could not travel both

And be one traveller, long I stood

And I looked down one as far as I could
To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the same.

And both that morning equally lay

In leaves no step had trodden black.
Oh, I kept the first for another day:
Yet knowing how way leads on to way,
1 doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I—
I took the one less travelled by,

And that has made all the difference.

Robert Frost




ABSTRACT

In this thesis, infrared spectroscopy has been used to study
adsorbed species on silica-supported nickel and platinum catalysts. The
chemisorption of the oxides of nitrogen (particularly nitric oxide) was
studied initially, followed by a study of the chemisorption and oxidation
of pyridine on bare and oxidized nickel and platinum. The results of
these studies will be described below.

Infrared spectral data have shown that nitric oxide chemisorbs
on N1'/S1'02 to form a single adsorbed species, which has been attributed
to linear, neutral Ni-NO. On Pt/SiO2 two major surface species were
produced and these have been assigned to linear, neutral Pt-NO and bent
Pt-NO. In addition, the spectral data have indicated fhat, at high surface
coverage, other nitrogen-oxygen containing species are formed one of
which has been tentatively identified as PtONOZ.

The study of nitrogen dioxide chemisorption has demonstrated
that nitrogen dioxide dissociates on both N1'/S1'02 and Pt/SiOz'to form
adsorbed nitric oxide and oxygen.

Isotopic substitution experiments have shown that carbon
monoxide and nitric oxide react over N1'/S1'02 to form a surface nickel
jsocyanate species and the formation of this species is independent of
the order of the add{tion of the reactants. However, on Pt/SiO2 a
surface isocyanate species was generated only if the nitric oxide was
preadsorbed at Tow surface coverage. In both studies, it has been con-

cluded that very Tittle M-NCO is produced (M = Ni or Pt).
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When hydrogen was added to chemisorbed nitric oxide on Pt/SiOZ,
two new surfaces species are formed and these have been identified as
Pt-NH3 and Pt202NH.

In addition to the above results, this thesis also contains
extensive reviews of the chemisorption of nitric oxide and nitrogen
dioxide and of the formation of surface isocyanate species on the

transition metals.

Pyridine

Infrared spectral data have indicated that pyridine dis-
sociatively chemisorbs on Pt/SiO2 to form a Pt~C o bond at the 'ortho'
position and a coordinate bond with the N-atom such that the molecule
lies perpendicular to the surface. On N1‘/S1’02 a different strongly
adsorbed species is formed which has beén identified as a simple nitrogen-
coordinated pyridine which also lies perpendicular to the surface, and,
as proposed by others, the coordination of this species is promoted if
the nickel surface is pretreated with either CO or 02. When .oxygen
is added to chemisorbed pyridine on Pt/SiO2 two new adsorbed species
are formed and these have been assigned to a surface (N=0) containing
species of the type, PtNOX (x = 2 or 3) or PtZNO, and a cyclic C5
derivative of unknown structure. The same species were formed on

oxidized Pt/SiOZ, but, in addition, coordinated pyridine is formed.
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CHAPTER 1

INTRODUCTION

- Heterogeneous Catalysis: General

A heterogeneously catalyzed reaction starts when one or more
of the reactants adsorbs on a surface. The reaction then proceeds by
reaction of the adsorbed species with either a coadsorbed species or a
molecule from the gas phase with subsequent desorption of the product,
leaving the surface regenerated and active for further adsorption. An
understanding of how a surface can catalyze a reaction can be obtained
from consideration of how surface properties differ from bulk properties.

Surface atoms are in an anisotropic environment since they
are surrounded by atoms on one side and vacancies on the other. Because
of unbalanced interatomic forces, these atoms can relax perpendicular
to the surface and hence the surface can "buckle" or reconstruct, a
motion not allowed for bulk atoms. In certain temperature ranges the
formation of some of these reconstructed surfaces can be energética]]y
favoured over the formation of flat surfaces.

Spontaneous adsorption of the Van der Waals type (i.e. physical
adsorption) occurs as a result of the unbalanced interatomic forces.
Further, the electronic properties of the surface atoms are undoubtedly
different from those of the bulk atoms and one can visualize a situation
whereby electrons may be donated from a surface atom to an adsorbate or
vice versa. (i.e. rearrangement of the electrons of the interacting.gas

and solid). This type of strong chemical interaction with the surface




is usually termed chemisorption. The distinction between chemical and
physical adsorption is not always clear but the heat of adsorption in
the latter case is usually less than 10 Kcal per mole.

A heterogeneous surface usually contains different exposed
crystal planes or faces and as a result there are variations in the
bonding affinity of the surface atoms, or sites, due to the differing
metal-metal coordination of the surface atoms. Further, heterogeneous
surfaces contain edges, corner atoms, lattice defects, and dislocations
and these would give rise to differences in the coordination numbers
and the electron densities of the surface atoms. There are several
atomic sites distinguishable by the number of nearest neighbour atoms
surrounding them, as shown in figure 1. Atoms in terraces have the
highest coordination number while adatoms, which stand-singly on top
of a lower layer, have the Towest. The.technique;of low energy electron
diffraction (LEED) and field ion microscopy have provided experimental
evidence for the presence of these surface sites. Atoms in terraces,
steps, and kinks are the most numerous while the concentrations of
adatom and terrace vacancy sites are about an order of magnitude smaller.
The different reactivities among the active sites are reflected physically
by quantities such as heats of adsorption and magnetic properties.

Various spectroscopic techniques have been used not only to
analyze adsorbed species but also to characterize the active sites on
solid surfaces. These include electron spectroscopy for chemical
analysis (ESCA), Auger emission spectroscopy (AES), ultraviolet

spectroscopy (UV.) and infrared spectroscopy (I.R.).
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Infrared spectroscopy is a particularly useful technique
with which to investigate adsorbed species on the surface of solid
materials, because it can provide information with regard to the structure
of the surface, it provides a means of observing the interactions and
perturbations that occur at the surface during the chemisorption process,
and it can be used to determine the structure of chemisorbed species or
of adsorbed intermediates in a catalyzed reaction. It is recognized
that the latter may have short lifetimes and exfst in small concentrations
during the course of a catalyzed reaction. Therefore, care must be
exercised when evaluating surface species as intermediates and assigning
them kinetic significance for the following reasons. Firstly, strongly
chemisorbed species which might occupy most of the catalyst surface
may not be involved in the catalyzed reaction as an intermediate.
Secondly, if the spectrum of an adsorbéd species cannot be observed due
to infrared inactivity, this species may nonetheless be directly involved
in the overall reaction and its omission from the kinetic data will lead
to erroneous conclusions. Finally, most infrared studies are not carried
out under dynamic reaction conditions (as, for example, in & flow reactor
system) and the intermediates detected using infrared spectroscopy under
static conditions may not be the same as those which could be generated

under steady state conditions.

Supported Metal Catalysts

Finely dispersed metals offer a high concentration of surface
atoms and this leads to a high specific activity. But highly dispersed

metals are thermally unstable with respect to sintering into larger




crystallites, particularly at temperatures above 0°C. One method of
overcoming the latter problem is to disperse these metals on high surface
area supports of greater stability. Further, these supports (eg. silica,
alumina) should be relatively inert to chemical attack so that any observed
catalytic activity can be attributed solely to the dispersed metal. Such
catalysts are widely used in industry and they are also very suitable for
infrared spectroscopic studies, a point which will be discussed further

in the experimental section. Another useful method of stabilizing

finely dispersed metal particles for infrared work involves evaporating

the metal of interest onto infrared cell windows which are coated with

hydrocarbon 0i1 to produce a mull of small metal particles. This method
1,2,3,4

was developed by Blyholder and although it provides useful spectro-
scopic data it has 1ittle industrial significance.

The sintering of the surface'metal atoms of a supported catalyst
due to prolonged heating at elevated temperatures is nonetheless a commonly
encountered problem. Sintering generally leads to deactivation of the
metal catalyst, a phenomenon that is complicated and not very well under-
stood. A model for the sintering of platinum, supported on alumina, has
been proposed by Flynn and Wankes. They envisage that individual platinum
atoms move from the metal crystallite to the surface of the support with
subsequent migration of the platinum atoms across the support surface.
Finally, the migrating atoms either collide with a platinum crystallite
or are stabilized by a fall in the temperature of the surface.

Another common but not fully understood phenomenon is that of

catalyst 'break-in' as reported by Baddour et a16. They investigated

the break-in period for carbon monoxide oxidation over a silica supported




palladium catalyst. They postulate that the break-in phenomenon invoives
structural rearrangement of the palladium surface in the presence of
oxygen or oxygen-carbon monoxide mixtures. The structural rearrangement
is attributed to a redistribution of exposed crystallographic planes
resulting from surface diffusion of palladium atoms or palladium-oxygen
complexes. This type of structural rearrangement has been discussed for

platinum single crystal surfaces by Somorjai7

Purpose of Present Study

In this thesis, infrared spectroscopy has been used to study
adsorbed species on silica-supported nickel and platinum catalysts. The
chemisorption of the oxides of nitrogen (particularly nitric oxide) was
studied initially. Nitric oxide is a particularly interesting molecule
because it is a monomer in the gaseous'state and is a stable odd electron
species. As such it is capable of bonding as a nitrosonium ion, NO+, as
neutral NO, and as a nitrosyl ion, NO. The NO stretching freguency
varies considerably for each of the above and infrared spectroscopy can
be used in order to determine the mode of bonding of this molecule on
a catalyst surface.

The scientific impetus for this work arises because NO is a
contaminant within our environment and a major source of this is from
automobile emissions. Several approaches have been taken to eliminate
this pollutant and the most successful of these is the reduction of the
NO in "catalytic" mufflers which employ noble metal catalysts. However,
little is known of the mechanism of the reduction process and the present

study was undertaken in order to expand our knowledge of the adsorption




and catalytic reduction of NO on Pt and Ni.

A second aspect of this thesis was concerned with an infrared
spectroscopic study of the chemisorption and oxidation of pyridine on
bare.and oxidized Ni and Pt. It is known that pyridine can hydrogen bond
to surface hydroxyl groups, coordinate to Lewis acid sites and form
pyridinium jons with Brgnsted acid sites on ox1'de8 catalyst surfaces
and each of these species has a very characteristic infrared spectrum.

The objective of this work is to determine whether this technique could
also be used to probe the surfaces of metal catalysts in order to determine
the conditions (if at all) under which various types of active adsorption
sites would be generated.

The experimental aspect of this work will be discussed in the
next chapter followed by a review of the chemisorption of NQ in Chapter 3.

The adsorption of pyridine will be reviewed in chapter (7).




CHAPTER 2

EXPERIMENTAL

’Infrared Spectrometer

The infrared spectrometer used in this study was a Perkin
Elmer 13G Filter-Grating Spectrometer. For routine use slit widths of

5-10 cm_1 were used over a range extending from 3800 to 1350 cm'].

The
instrument was used in the double beam mode with one exception. Single
beam operation was employed when band frequencies between 1890 and 1350
cm'] were calibrated against atmospheric water vapour. In order to
minimize the latter during normal operation the spectrometer was flushed
with a continuous flow of dry air from a Beckman Automatic Air drier.
The chopper was situated between the Nernst G]ower source
and the sample thus ensuring that the observed absorption spectrum was
due to the absorption of radiation by the surface species and not to
the emission of radiation from the sample due to heating in the infrared
beam. Chopping the beam gives rise to an ac signal at the detector and
radiation emitted by the sample will produce a dc signal which will be
rejected by the ac-tuned amplifier.
The infrared spectrometer was mounted on a mobile table so that
it could be moved close to.any vacuum line. The sample cell (figure?2)

could then be left in the infrared beam and connected to a vacuum line

so that 'in situ' studies could be carried out.

Mass Spectrometer

An A.E.I-MS10 mass spectrometer was employed to analyze gas




phase products and to check the purity of reactant gases. The mass
spectrometer was portable and, therefore, it could be connected directly

to a vacuum line if necessary.

Vacuum Line

A standard pyrex vacuum 1ine was used for the transfer of
gases from container bulbs to a sample cell and for the degassing of
the catalyst samples. A mechanical backing pump was connected to a
mercury diffusion pump and pressures of about 10"6 torr could be obtained.
A vacuum of 10-5 torr was considered satisfactory for the experiments in
this study. Two liquid nitrogen traps were placed in the Tine: one
between the main Tine and the mercury diffusion pump and the other between
the o0i1 backing pump and the mercury diffusion pump.

A mercury manometer was employed to measure pressures greater
than 1.0 torr. A McLeod gauge was used to record pressures between
0.005 and 5 torr. To estimate pressures in the range from 1.0 torr to

10_4 torr a pirani gauge was used.

Sample Cell

The sample cell which was used is shown schematically in figure
(2). A ball joint system was used for connection to the vacuum 1ine. The
design of the sample cell allowed it to be connected to a vacuum line in
a horizontal position or to be left in a vertical position in the infrared
spectrometer for 'in situ' studies. The cell was designed in this labora-
tory -especially for studies of the sample at room temperature. The body

of the cell and_the sample holder was made of quartz and the windows were
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either NaCl or Can (5.5 cm diameter and 5mm thickness). Glyptal was
used to seal the windows to the quartz body.
The heating zone consisted of a layer of asbestos matting
over which was wound approximately 3 metres of Kanthal wire such that
there were approximately 4 turns per centimeter. This wire was then
covered with a thick coating of powdered asbestos. A small quartz tube
was placed between the windings and the asbestos mat so that the temperature
could be estimated by inserting a thermocouple wire (alumel/chromel).
The sample holder consisted of two concave annular discs, one on each arm
of the forkpiece, which was held together by tension in the fork. To
place a sample (2.5 cm diameter) inside the holder the ends of the fork
could be pried apart with just 1ight hand pressure, sufficient to allow
a disc to slip in edge-ways. The upper end of the forkpiece fitted
snugly into a matching sheath and contéined an iron bar so that movement
of the sample was possible by means of an external magnet. Therefore
the disc could be moved from the furnace region to the windows while
maintaining the disc in the same orientation with respect to the windows.
When temperatures of 400°C were employed the ground joint
reached a temperature of about 60°C and this joint was lubricated with

apiezon H.

Silica Support

The catalysts used in this study were supported on Cab-0-sil
HS-5 silica obtained from Cabot Inc. of Boston,U.S.A. (Cab-o-sil is a
commercially available silica prepared by the flame hydrolysis of SiC14

in a stream of -hydrogen and air at approximately 1000°C.

0
+ 0. + 0. _1000°C

SiC14 9 2

4 HC1 + 5102
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It has a B.E.T. (Nz) surface area of 320 m“g" . This high surface area
allows the metal to be highly dispersed. Therefore scattering of the
e1ec;romagnet1c radiation is minimized and the improved transmission
leads to improved infrared spectra. Further, silica is relatively
inert to chemical attack and this permits a more representative study
of the dispersed metal.

Before the silica was used it was preheated in air at

600-800°C for 18 hrs. to oxidize any organic contaminants.

Supported-Metals

A silica-supported Ni or Pt sample was prepared9 by the
slurrying, at room temperature, of 2 grams of silica with 1 gram of
either nickel nitrate hexahydrate [Ni(NO3)é . 6H20] or hexachloroplatinic
acid [HZPtC16-xH20] in spectral qua]ify acetone. The slurry was then
left to air dry at room temperature for one week during which time the
conglomerates which formed were broken up Tightly with a glass rod.

After this period the remaining lumps were pulverized with a mortar and
pestle and ground lightly. At this stage the powder was generally light
brown in colour. The sample was then stored ina desiccator for a few
days and reground prior to use.

To render the sample suitable for infrared spectroscopic
examination 200 mg of the dried powder was pressed into a self-supporting
disc, 2.5 cm in diameter and approximately one millimeter thick, at
1000 psi for a few seconds. Circular wafers of lens cleaning paper were
used to separate the powder from the die and prevent sticking. The disc

0

was then reduced in H2 at 400°C such that by weight 9% Ni or 16% Pt was
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incorporated into the catalyst. The disc contained 40 mg/cm2 of
combined material

The reduction of the sample was carried out in the sample
ce11'(figure 2). This reduction procedure was preceded by evacuation
at room temperature for several hours to remove contaminants such as
acetone, water, and grease. The sample was then drawn up to the furnace
zone. Ultra high purity H2 was passed through an 'in-line' catalytic-
H2 purifier (Deoxo-Engelhard). Initially approximately 400 torr of
H2 was admitted to the cell at room temperature and, after five minutes,

it was evacuated until the pressure dropped to 10'3

torr. This procedure
was repeated twice to ensure the removal of impurities such as HCI,
formed during the reduction of the salt, water, due to exposure of

the sample to the atmosphere, and residual hydrocarbons, from reduction
of acetone remaining in the powder. The temperature of the sample was

0

then slowly raised to 100°C in increments of 10-20°C with the addition

of fresh H2 at each step. The H2 was left in contact with the sample

for 20 minute :intervals, followed by degassing to 10—4

torr. Above
100°C the increments of temperature were increased to 50°C unfi] a
temperature of 400°C was reached. A H2 contact time of 15-30 minutes
was generally employed. Slow raising of the temperature from room
temperature to 400°C was found to be necessary in order to prevent
deposition of the reduction products on the cell windows. Finally the
sample was heated at 400°C for 18 hours. During this time the H2 was
changed several times. Experience has shown that unless the reduction

process was rigidly adhered to, as outlined above, the samples would

be virtually opaque in the infrared region.
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After the reduction process the sample disc could then be
cooled to room temperature in H2 with subsequent degassing to 10-4 torr
to produce a H2—covered sample. If the catalyst was degassed at 400°C
for several hours (2-3hrs) and then cooled in a vacuum a bare or Hz—free
sample resulted. Unless otherwise stated Hz-free samples were used in this
study.

Regeneration of a surface could be accomplished by the following
procedure. Firstly, the adsorbate. used in the experiment was outgassed
for 30 minutes. Then, at room temperature, the sample was treated with
400 torr of H2 for 5 minutes and degassed for 10 minutes. Then 400 torr
of H2 was admitted to the sample cell and the temperature was raised to
400°C. This temperature was maintained for about 3 hr. with frequent
changes (30 min) of the Hy . The sample was then degassed at 400°C for
2-3 hr, followed by cooling to room teﬁperature. The surface was then
ready for use. Experience has shown that several 'adsorption-desorption-
regeneration!cyc1es could be used without catalyst deactivation although

the lifetime of the supported metal catalyst actually depends .on the

type of adsorbate used.

Background I.R. Spectra

The principal bands observed in the background spectrum

of a silica-supported metal disc are shown in figure (3). These bands

are due to the silica support. The broad bands between 1350-2000 cm-1

are S1'02 combination and overtone modes whereas the band at 3748 cm—] is
due to isolated hydroxyl groups on silica. If molecular water is present

or H2—bonded hydroxyl groups exist a very broad band appears near 3500 cm—]
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as shown by the dotted curve in figure (3). Below 1350 cm'1 the silica
support is totally adsorbing. Although this restricts the observation
of vibrational modes for some adsorbed species a redeeming feature of

this support is its relative inertness to chemical attack.

1 1

To render the spectral region between 2000 cm ' and 1350 cm_
more suitable for the observation of absorption bands attributable to
adsorbed species, a silica disc was prepared containing the same quantity
of silica (170 mg) as was in the supported metal disc. This disc was
placed in a sample cell, degassed, and placed in the reference beam of
the double beam spectrometer. An almost flat baseline was usually

attainable with this silica compensation, a feature that proved to be

extremely valuable for the interpretation of both adsorbed NO and pyridine.

Deuterated Samples

A rigorous procedure had to be followed to produce a deuterated

sample in which complete exchange of the SiOH groups took place. (Band

at 3748 cm—]

for Si0H shifts to 2763 cm-] for Si0D). Initially a regenerated
sample was degassed at 400°C for 2 hr. and then cooled to 100°C. While
maintaining the temperature at 100°C, 10 torr of 020 was admitted to the

4 torr. This procedure

cell for 30 minutes, followed by degassing to 10~
was repeated four times over a period of 20 hr. Then the D20 was outgassed
for 30 minutes at 100°C. Next, 6 torr of Dz(g) was admitted to the cell
and the temperature was raised to 400°C. The temperature was maintained

at 4OOOC in D., for 20-40 hr. with frequent changing (1-2 hr) of the 02‘

2
Finally, the 02 was outgassed at 400°C and the sample was then cooled to

room temperature in vacuum. Complete exchange was observed to have occurred
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after completion of this procedure. Experience has shown that unless
the above procedure is strictly adhered to, a completely deuterated

sample cannot be obtained.

Chemicals

Commercially available gases and Tiquids which have been used
for adsorption were checked for impurities, wherever possible, by using
infrared or mass spectrometry. Trap to trap distillations on the vacuum
Tine were required for some gases (eg. NO see Chapter 3) and as well
some gases such as NH3 and NO, had to be dried by passing the gas from
trap to trap, through a column of phosphorus pentoxide (P205), on the
vacuum line.

Spectral grade pyridine was dried and stored over CaHZ.

A standard 'freeze-pump-thaw' cycle was used to remove air

before adsorbing any condensable gas or vapour.

Chemicals Used Supplier and Purity
NO Matheson
NO2 Matheson
016 Matheson (Assayed)
02 Matheson
D2 Matheson
H, Matheson (U.H.P.)
no Merck, Sharp, & Dohme (98.8 atom
% N-15)
13CO Merck, Sharp & Dohme (90 atom %)
DZO , Merck, Sharp & Dohme (min.purity
a 99.7% D)

Pyridi‘ne—d5 Merck, Sharp & Dohme (99 atom %~D)'
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Chemicals Used cont'd Supplier and Purity cont'd
C180 Prochem (99 atom %)

0]8 Prochem (99 atom %)

Pyridine Fisher Spectral grade (dried)
N?'(NO3)2 . 6H20 ' B & A Reagent Grade

H2PtC% ‘XH20 Johnson,Matthey Chemicals Ltd.

Calibration of Infrared Bands

Spectral Region Calibrated Against
2224-1905 cm”! DC1(g)
1890-1350 cm”| water vapour
all other regions polystyrene
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CHAPTER 3

NITRIC OXIDE

Properties and Behaviour

The chemical and physical properties of the nitric oxide
molecule have been well documented in the literature. Comprehensive
reviews of these properties, particularly with respect to heterogeneous
catalysis, have been published by Shelef and Kummer‘]0 and by Klimisch

and Larson]].

A review of the infrared spectroscopic investigations
of nitric oxide on supported metal catalysts will be presented in Chapter

4 of this thesis.

Errors in the Literature

There are discrepancies in the literature regarding the colour
and structure of 1iquid and solid nitric oxide. Mason]2 has shown that
the blue colour commonly attributed to 1iquid and solid nitric oxide is
actually due to the presence of dinitrogen trioxide, which exists in the
solid state when condensed nitric oxide and nitrogen dioxide are in equil-
ibrium. This has special significance with respect to the present study
since the nitric oxide as supplied by the manufacturer condensed into a
bluish solid. Howeve}, a colourless solid was obtained after drying and
distilling the nitric oxide under vacuum. MasorJ%]so established that
the structure of the nitric oxide molecule in the solid state (at Tow

temperatures) does not have the rectangular structure, as shown in diagram 1-

A, but has the cis-dimer structure of diagram 1-B.
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Diagram 1
A B
o]
2°40A .
Ne oo 25 40A o N—2:1BA
o
[{12A
O = N O"—”—ETG_Z‘%‘__‘O
Rectangular Structure Cis-Dimer Structure

The former structure is found in the current literature
even though the cis-dimer structure has been reported13 and vem‘ﬁed]4

for fifteen years.

Transition Metal-Nitric Oxide Complexes

An understanding of the bonding of nitric oxide to the
surface of transition metal catalysts can be obtained from a consideration
of the bonding and structure of transition metal-nitric oxide complexes.

In the past, the following four Lewis structures were envisaged:

Diagram 2.

O :0 :0: o} 10
Il <= || <l , V4 |l
o R S SRS
M M M M M/ \M
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I, II, and III are terminal structures and IV is a bridging species.
Structures I and II are called linear or NO+ whereas III is called bent
or NO*. The latter designation is based on the formalism used in
coordination chemistry in which the electron pair in the metal-nitrogen
sigma bond is associated entirely with the ligand for the purpose of
assigning ligand charge and metal oxidation state. Although the above
structural arrangements were all considered to be possible, most researchers
in the past postulated only linear structures in order to explain their
observations.

The first structurally documented bent nitrosyl (NO”) species

was reported by Ibers and Hodgson]5. Later Ibe\rs]6

and coworkers advanced
the understanding of nitrosyl chemistry by considering the interaction
between the antibonding = orbitals of the nitric oxide molecule and
low-energy d-orbitals of the metal. They postulated that if an empty
low-energy d-orbital existed on the metal, the pair of electrons forming
the bond would be - ‘Tocalized on the metal, giving rise to nitrosonium
Tigand (N0+). If an empty d-orbital was not present the bonding electrons
would then fill the antibonding wm-orbital of the nitrosyl ligand and a
bent NO~ species would result. A linear species with some NO triple bond
character ¥s correlated with the nitrosonium Tigand (MNO+) whereas a bent
species with double bond character is prevalent when the nitrosyl 1igand
(MNO™) is formed. THe Jatter species is characterized by a M-N-0 bond
angle of approximately 120°-140°.  The N-0 bond strength of the nitrosyl
ligand (NO~) is weaker than that of the nitrosonium ligand (N0+), indicating

that the bent (NO;) species would be more 1ikely to dissociate than NO™.
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The expected frequency ranges of the N-0 stretching vibration, depending
on the type of bonding involved between the NO and the transition metal,

are given in table 1.

Table I:
Types of Nitric Oxide Bonding on Chemisorption
Type of bonding Structural Arrangement Range of NO frequency (cm'])
purely ionic NO" salts 2100-2400
= + - + .o
cogrdinated, Tinear, M—N=0 :, M=N==0 1800-2100
NO
coordinated, linear M— N ——0 1700-1900
neutral NO
coordinated, bent, NO M———N%. | " 1500-1700
Coordinated, bridging, M _ . 1300-1550
y>N==0
purely ionic N0~ salts 1100-1000

gaseous NO 1876
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A mechanism whereby a linear nitrosyl ligand can be converted

into a bent nitrosyl group has been postulated by Ada\ms]7

et al. In a com-
plex- a metal attains a stable electronic state with a ligand when its

Tow energy molecular and atomic orbitals are filled. If the metal bonded

to a nitrosyl ligand very nearly or just reaches a closed-shell configuration

with the nitrosyl ligand acting as a three electron donor, Adams]7

et al
suggest that the metal-nitrosyl ligand will be essentially linear. But if
the nitrosyl ligands provide more electrons than needed to fill the Tow
energy orbitals, with the nitrosyl ligand acting as a three electron donor,
they propose that the nitrosyl 1igand will become a one electron donor

and will be bent. Therefore, by placing additional electron density on the
metal, say in the form of additional ligands, there would be an increase

in back-donation to the nitrosyl:ligand with a concomitant reduction in

the infrared stretching frequency. '

Finn and Jo11y18

have studied several nitrosyl complexes of
cobalt and rhodium containing the bent M-N-0 group. These complexes are
characterized by M-N-0 bond angles of about 120° and exhibit infrared
absorption bands in the range of 1500-1700 cm-1.

A ruthenium complex containing both linear and bent nitrosyl
ligands attached to the same ruthenium ion was first reported by E1'senbe1r‘g]9
et al. The complex RuCi (NO)Z[P(06H5)3]2, exhibits two infrared absorption

peaks at 1845 and 1687 cm™ .

The linear nitrosyl ligand has a Ru-N-0

bond angle of 179° and a relatively short ruthenium-nitrogen bond distance.
The infrared band at 1845 cm—] was attributed to this ligand. The bent
nitrosyl ligand has a Ru-N-0 bond angle of 136° with a longer ruthenium-

nitrogen distance and the 1687 cm'] band was assigned to this species.
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An extraordinary example of a platinum-nitrosyl complex

which contains both bridging and terminal nitrosyl groups has been

20

reported by Epstein~ et al. In this complex the terminal NO bond

length is quite long and the M~N-0 bond angle is 122°. They therefore
concluded that this ligand was a N0~ species. Only one other platinum

complex containing a bridging nitrosyl ligand has been reported.Z]
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CHAPTER 4

A REVIEW OF THE CHEMISORPTION OF NITRIC OXIDE AND

NITROGEN DIOXIDE AND OF SURFACE ISOCYANATE FORMATION

ON METALS

General

Nitric oxide is believed to chemisorb on surfaces via the
nitrogen end of the molecule. Evidence to support this claim has been
obtained22 by analogy with inorganic nitrosyl complexes. As well,
infrared spectroscopic confirmation has been reported for nitric oxide
adsorbed on nickel by Blyholder and A]]enz. They attributed bands at
1840, 650, and 625 cm_] to N-O stretch, Ni-N stretch, and Ni-N-0
bending, respectively.

Recently Hightower and Van Leirsbur923 presented a review
of the current status of the catalytic decomposition of nitric oxide.
In their paper, and in the discussion that followed, severa1‘reaction
schemes were proposed in order to explain nitric oxide decomposition.
These schemes implied that the oxygen-end of the molecule reacted with
the surface. Voorhoeve24 suggested that most of the NO might adsorb
on the catalyst surface via the N-atom and that this species would be
identified with infrared spectroscopy, whereas the reactive species
might be adsorbed, in a small concentration, via the O-atom. Intermediates
that exist in small concentrations, and are,as a result,not detected

with infrared spectroscopy, were discussed in chapter 1.
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25 have related the particle size of platinum

Primet et al
in an alumina supported platinum catalyst to the infrared stretching
frequency of chemisorbed nitric oxide. They observed that fhe NO
stretching frequency decreased as the platinum particle size increased,
which was interpreted as an increase in back-donation corresponding to
an increase in electron density on the platinum surface.

A number of studies have been undertaken in order to determine
whether or not nitric oxide dissociates on the surface of metal catalysts.
Conrad and co-workersZG, using flash desorption and ultraviolet photo-
electron spectroscopy, studied the reaction of nitric oxide on a Ni (111)
surface and concluded that nitric oxide dissociates on the surface even

at temperatures as low as -120°. Recently, Batra et a127

combined
photoemission studies with theoretical calculations fo study nitric'oxide
adsorbed on nickel. They claim that partial dissociation of the nitric
oxide occurs at 27°C and to obtain only molecular adsorption the nitric
oxide must be adsorbed at low temperatures.

2 study of the chemisorption of

In Blyholder and Allen's
nitric oxide on nickel and iron, infrared bands which were attributed
to surface oxides, were observed after the adsorption of the nitric
oxide. They interpreted this as evidence for the partial dissociation
of the nitric oxide. The dissociation of nitric oxide on nickel has
also been asserted,:by Batychko and co—workerszg.

| Lambert and Comrie29 studied the adsorption of nitric oxide
on Pt (110) and Pt (111) surfaces using flash desorption techniques.
They claim that nitric oxide adsorbs non-dissociatively on both surfaces

at 27°C, but, that when the surface is heated, dissociation occurs
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producing nitric oxide, nitrogen, and oxygen as desorption products.

In a study of nitric oxide on platinum black, Otto and She]ef3o
concluded from adsorption isotherm measurements that partial oxidation
of a reduced catalyst by nitric oxide is not important at 0°C but may

occur at higher temperatures.

Infrared Spectroscopic Studies

There have been numerous infrared spectroscopic studies of
the adsorption of the nitrogen oxides on Group VIII transition metal
surfaces. For convenience all observed band positions and assignments
are shown in tables 2, 3 and 4 which follow the appropriate section,
and in most of the discussion which follows no specific reference to

observed band positions will be made.

Nitric Oxide (See Table 2)
An infrared and temperature programmed desorption study

of nitric oxide adsorbed on a silica supported cobalt catalyst was

carried out by Nijyama and Echigoya3]. Two absorption bands were

1

observed, at 1850 and 1790 cm ', which were attributed to linear and

31

bent species respectively. However, Nijyama and Echigoya™ could not

resolve whether the two bands involved different modes of bonding

or if one mode of bbnding occurred on two different sites, as proposed

by B1yho1der32 for carbon monoxide which is adsaorbed on nickel. B]yho]der32

1

observed two infrared bands at 2060 and 1940 cm  if carbon monoxide

was chemisorbed on nickel. These bands were attributed to carbon
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TABLE 2

Summary of Infrared Spectroscopic Studies of Nitric
Oxide Chemisorption

Observed I.R.

Surface Bands (cmt) Assignment Interpretation Reference
N1’/A1203 1735(%) NO NO covalently A.Terenin,
1850(5) NO bonded to metal L.Roev.34
cation
Pt/SiO2 1950(wsh) not assigned - Dunken,H;
1865(s) Hobert,H. 35
1825(s)
Pd/SiO2 1925(m) not assigned - Dunken H.
1845(s) Hobert H.35
1820(w)
1765(m)
1865(s)
Ni/hydrocarbon  2205(w) NOT 4 adsorption on plane
0il sites.
1840(s) Tinear Ni-N-0 adsorption on edges,
) corners, etc.
650(w Ni-N evidence of NO
dissociation. B]yho;der &
625(m) Ni-N-0 in linear species Allen”.
bending
460(sb) chemisorbed evidence of NO
oxygen dissociation.
Ni/Si0, 2220(w) NO™ Blyholder &
1840(vs) Tinear Ni-N-0 adsorption on edges, 2!

corners, etc.

Allen™.

Fe/Hydrocarbon  1810(s)
011 ;
1720(m)

600 (vb)

linear Fe-N-0 adsorption on plane
sites.

linear Fe-N-0 adsorption on edges,
corners, etc.

chemisorbed evidence of NO

oxygen dissociation

Blyholder

&

Allen?.

cont'd
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TABLE 2 cont'd

Observed I.R.

Surface Bands (cm-l) Assignment Interpretation Reference
Fe/SiO2 1820(s) linear Fe-N-0 adsorption on plane Blyholder
sites.
1720(w) linear Fe-N-0 adsorption on edges, & 2
corners, etc. Allen
8- 28
Ni/Si0, 1860(s) NO adsorption on Batychko
closely packed
surfaces.
1820(m) NO on NiO NiO formation
attributed to
dissociation of
NO.
Co/S1‘02 1850(s) linear Co~N-0 Two modes of adsorption Nijyama31
1790(s) bent Co-N-0 or one mode of adsorption
on two sites (e.g. planes
or edges).
Rh/A]203 1830(s) Rh-NO electron donation to
1740(s) Rh-NO~ n* of NO from metal
d-orbital. Ara136
1910(w) Rh-NO* electron donation
from =* of NO to
metal d-orbital.
Pt/A1,0, 1780(s) NO three electron donation Ghorbel
to the metal plus back &
donation to the w* 37
orbital of NO. Primet
Ru/Si0, 1800 cm_](s) Tinear Ru-NO -
(1815 at high
coverage) Gonzalez
Pt/Si0, 1760 cm™' (b)  Pt-NO - ¥
(at high Brown
coverage)

§ (vs) very strong, (s) strong, (m) moderate, (w) weak, (sb) strong
broad, (vb) very broad, (b) broad, (sh) shoulder, (wsh) weak shoulder.
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monoxide adsorbed on plane sites and on edges, corners, or dislocations,
respectively. Because the edges, corners, and dislocations have a higher
electron density than the plane sites, Blyho]der32 hypothesized that these

sites would provide more electrons for m-bonding and consequently the in-

frared stretching frequency would be at a lower wavenumber. Yates33

33 contends that the observations

32

disagrees with B1yh01der's32 argument. Yates
can be understood by considering linear and bridged CO species. Blyholder
does not completely rule out linear and bridged species but he concludes
that there is no evidence that requires their postulation.

Nitric oxide adsorption on transition metal catalysts (supported

31 using infrared

on alumina gel) was first studied by Terenin and Roev
spectroscopy. They observed two infrared absorption peaks when nitric

oxide was adsorbed onto nickel and assigngd these bands to one species

which was coordinately bonded to the surface.

Dunken and Hobert35 used infrared spectroscopy to study the
adsorption of nitric oxide on silica supported platinum and palladium.
Unfortunately they did not interpret the observed bands. Blyholder and
A]]en2 studied the chemisorption of nitric oxide on nickel and iron.

As discussed in chapter 1, they stabilized the metal particles by de-
positing the evapourated metal in an oil film on the salt windows of
an infrared cell. With nickel they obtained infrared evidence for a
Tinear nitric oxide speéies and attributed this species to nitric oxide
bonded to sites such as edges and corners, as B]yho]der?’2 proposed for

adsorbed CO. As well,they assigned a weak band to nitric oxide chemisorbed on plane
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sites. To determine the effect of the oil film on their infrared spectral
data, Blyholder and A]]enz performed comparative experiments on silica
supported nickel. The only observed difference was that the infrared
adsorption band, attributed to the weakly adsorbed species, shifted
slightly to higher wavenumber. According to these authors two bands were
observed for nitric oxide adsorbed on iron. These were assigned to two
linear species, one attached to plane sites and the other to edges and
corners. They claim that analogous species were formed on silica supported
iron.

Batychko et a128 investigated the infrared spectrum of nitric
oxide adsorbed on silica supported nickel. At room temperature they
observed a single infrared band which they attributed to adsorbed nitric
oxide bearing a small negative charge.

Arai and Tominaga36 have rep&rted that nitric oxide, chemisorbed
to an alumina supported rhodium catalyst, forms two surface species; one
a2 nitrosonium and the other a nitrosyl species,

Recently, an infrared study of the adsorption of nitric oxide
on alumina supported platinum was carried out by Ghorbel and Primet37.

They reported that rapid adsorption of nitric oxide leads to a nitrosyl
complex, whereas prolonged exposure of the surface to nitric oxide in
the gas phase results in decomposition of the NO, at room temperature,
with subsequent oxidation of the platinum surface.

At the time of the writing of this thesis, Gonzalez and
Brown38 reported an infrared study of the interaction between adsorbed

NO and adsorbed CO on supported ruthenium and platinum. As there was

no recent study of 'NO adsorption on supported platinum they included,




- 32 -

in their report, the spectrum obtained when NO was chemisorbed on silica-
supported platinum. They observed a single broad band and attributed
this band to the NO stretching vibration of NO adsorbed on a platinum
surface atem, Pt-NO. On ruthenium they observed a single strong band

which they assigned to NO linearly adsorbed on the ruthenium surface.

Nitrogen Dioxide (see Table 3).

Blyholder and AHen3 have studied the surface species formed
by the adsorption of nitrogen dioxide on oil and on silica-supported
nickel and iron. At low pressures, infrared bands were observed on
nickel/hydrocarbon oil that were attributed to chemisorbed nitric oxide
and chemisorbed oxygen. This observation was interpreted as indicating
the dissociation of nitrogen dioxide into nitric oxide and oxygen. The
adsorption of nitrogen dioxide at higher pressures or onto silica supported
nickel produced bands that were assigned to nitrogen-oxygen complexes
containing two and three oxygen atoms. The authors also concluded that
a bidentate nitrato complex, M::8:>N0, was the predominant species formed.
Analogous results were reported for iron/SiO2 and iron/hydrocarbon 0il
samples. In a more recent study by Ghorbel et a137, nitrogen dioxide
was adsorbed onto an alumina supported platinum catalyst. A single strong
infrared band was observed, which was similar to a band produced when
nitric oxide and oxygén reacted together, over the platinum surface.
Therefore, the authors concluded that the nitrogen dioxide had dissociated,
followed by the subsequent adsorption of nitric oxide onto platinum

oxide sites. As well, two weaker bands were observed. These were
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TABLE 3

Summary of Infrared Spectroscopic Stud
Dioxide Chemisorption

ies of Nitrogen

Observed I.R.

Surface bands (cm']) Assignments Interpretation Reference
Ni/hydrocarbon 1840(s) adsorbed NO. Overall behaviour:
0i1l 1555(m) nitrogen-oxygen NO» on Ni/oil and
1330(vw) complexes con- Fe/oil, at low
1090(vw) taining two or pressures, decomposes
three oxygen into NO and 02.
atoms.
610(wb) due to adsorbed At higher pressures
NO. over Ni/oil and Fe/oil
or over Ni/Si0p 3
. Blyholder
Ni/si0 1850(w) adsorbed N0, 2dsorption of N0,
2 1555(vs) bidentate nitratopredom1nant1y forms
more complex nitrogen- §
complex. oxygen species
1440(vs) nitro complex. T
Allen
Fe/hydrocarbon 2005 (vw) adsorbed NO
0il 1805(s)
1720(m)
600(vb) adsorbed oxygen.
Fe/SiO2 1610(s) covalent nitrate.
1525(s) bidentate nitrato
complex Fetd—=NO
- Pt/A1,04 1845(s) ygoadsorbed on NO, dissociation Primet
1600 (m) nitrate ions NO, interaction with &
1300(m) oxygen atoms of Al,0, Ghorbe13/

support.

(s) strong, (m) moderate, (w) weak, (

b) broad, (v) very
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ascribed to nitrate ions, formed as a result of the interaction between

nitrogen dioxide and the oxygen atoms of the alumina support.

Reaction Between NO and CO. (See Table 4)

Several infrared studies have been reported for the reaction
of nitric oxide and carbon monoxide over metal catalysts. The purpose
of these studies was to look for intermediates or product species formed

during the reduction reaction.

d39,40,41

Undlan has reported the formation of isocyanate

intermediates (with v NCO bands in the range 2200-2300 cm']) in the

catalytic reduction of nitric oxide by carbon monoxide. His first study39’40

was over alumina supported noble metal catalysts whereas his second4]
was a more detailed study over Pt. Over the noble metal catalysts he
observed that the isocyanate species did not form unless the reaction
mixture contained excess carbon monoxide and, then, not until a temperature

o he found that

of 300°C was reached. In his separate study using Pt
if stoichiometric quantities of nitric oxide and carbon monoxide were
used, weak isocyanate bands appeared whereas with an excess of carbon
monoxide strong bands were formed. Again, the isocyanate species was

not observed until a reaction temperature of 300°C was attained. Further,
bands attributable to isocyanate species were not observed if an excess
of nitric oxide was uséd. 0f the noble metal catalysts studied, Und]and39
observed that the isocyanate band was weakest for ruthenium.

37

Ghorbel and Primet~’ have studied the reaction of nitric

oxide and carbon monoxide over an alumina supported platinum catalyst.
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TABLE 4

. Summary of Infrared Spectroscopic Studies of Surface
Isocyanate Formation; a(NO + CO), b(CO + NH3), c(CO + N2H4)

Observed I.R.
bands (cm -1)

Assignment

Comments

Reference

2259 covalently bonded
NCO . .
- The species is
2238 (NCO) not formed until
3000¢C.
2269 covalently bonded
NCO No infrared 39,40
2175 (NCO)™ bands were Undiand
observed when
mixtures with
2264 §88a1ent1y bonded equimolar or
excess NQ were
used.
2267 covalently bonded
NCO _
2239 (NCO)
j aPt/A] 0 2267 covalently bonded
273
NCO
2148 (NCO)
The 2267 band does
2267 covalently bonded not appear until
NCO 3000C.
2148 (NCO) The 2148 band does

not appear until 400°C. Undland®!

When NO is in excess
over the CO, the bands
do not appear. When
stoichiometric amounts
of NO and CO are used
the bands appear, but
are weaker than when
CO is in excess.

cont'd
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TABLE 4 cont'd

Surface

Observed I.R,

Bands (cm ~!) Assignment

Comments Reference

Rh/A1203

2235 NCO

The NCO species
appeared at

200°C when a
mixture of CO

(100 torr) and NO
(50 torr) was used
and at 300°C when
NO was preadsorbed.
No band appeared
when NO in the
mixture was in
excess.

Arai36

a
Rh/A1,04

2250(s) Rh-NCO

aPt/A1203

approximately Pt-NCO
2250(w) (not
stated exactly)

Flow reactor used.
(antisymmetric

stretching).

The NCO species was

formed at 3000C with  Tanaka
a mixture of NO and ot
CO (excess CO). Amount €
of NCO decreased as al
NO to CO ratio in-

creased. No NCO was

produced if reaction

was carried out at

R.T. and then heated

up to 300°C.

42

aPt/A1203

Preadsorbed

NO for short

duration +

co
2075 adsorbed CO
1840 adsorbed CO

Preadsorbed
NO for pro-
Tonged duration
+ CO or after o
heating at 150°C 0
2130 Pt<:co complex

2090 not assigned

EXCESS NO USED.

No NCO species

formed.

€O displaced 37
adsorbed NO. Ghorbel

Concluded that NO &
dissociates with pro- pPrimet
Tfonged contact or

heating. Pt/A1,0

surface is thergfgre
oxidized by NO de-
composition; No

NCO species is

observed.

cont'd
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TABLE 4 cont'd

Observed I.R.
Surface - Bands (cm -1) Assignment

Comments Reference

4 Prusio, 2180 (w) RuS*—ncod"

NCO formed at

R.T. regardless

of the order in Gonzalez
which the react- %
ants (NO & CO) 38
were adsorbed. Brown
Reaction proceeds

between adsorbed

NO adjacent to

each other.

aPt/sm2 no band
observed

EXCESS NO USED

3Ni/Hydrocarbon  2180(w) NO
0i1l

adsorption on

plane sites i.e.

attributed to

same species

formed when NO

interacts with Ni/ Blyholder
Hydrocarbon 011 8

(at 2205 cm ).

bNi/hydrocarbon no bands -

0il observed
de/hydrocarbon no bands -
0il - observed

Aﬂen2

Fe/Hydrocarbon no bands - -

0il observed
3cuo/si0, 2200 cut(NCo)” Not formed until  London &

1350C. Be1143
byanadium/ 2180 NCO wgghsgigggzoiggged
hydrocarbon o0il NH. + CO: NCO Blyholder
3 . >

bre/hydrocarbon 2170 NCO Species MO Termed s

01 adsorbed. Sheets4

NCO species formed
at room temperature.

cont'd
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TABLE 4 cont'd

Observed I.R.

Surface Bands (cm -1) Assignment Comments References
CV/hydrocarbon 2180 NCO NCO species
o1l formed with
both pre-
Blyholder
CFe/hydrocarbon 2170 NCO ;d;or&ego &
- 01l ﬁ 4
ahd ‘pre- Sheets4
c adsorbed
Ni/hydrocarbon  no bands - Co + N2H4
oil observed
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They observed no isocyanate formation. However they concluded that
the nitric oxide dissociates on the surface after prolonged contact or
after heating the surface to a temperature of 150°C and that then the
carbon monoxide coadsorbs with oxygen on the platinum surface to form
complexes such as Pt::%o . If the nitric oxide is preadsorbed for a
short time, followed by the addition of carbon monoxide they claim
that the carbon monoxide simply displaces the adsorbed nitric oxide.

36 observed that carbon

More recently, Arai and Tominaga
monoxide reacts with nitric oxide on an alumina supported rhodium
catalyst to form a surface isocyanate species. With a mixture of carbon
monoxide (100 torr) and nitric oxide (50 torr) a temperature of 200°¢C
was required before the isocyanate species appeared, whereas if pre-
adsorbed nitric oxide reacted with carbon monoxide, a temperature of
300°C was necessary. No isocyanate band-appeared if nitric oxide was
in excess in the reaction mixture.

Recently Tanaka et a142 conducted an infrared study of the
isocyanate species formed during the reaction of NO with CO over alumina
supported Rh and Pt. In this investigation they used a flow reactor
to study the dynamic behaviour of the surface isocyanate species that
formed on the Rh and Pt catalysts. This study was conducted to confirm
whether or not the isocyanate species is a reaction intermediate as
concluded by Und]and4l. Tanaka et a]42 observed that an isocyanate
species was produced if a mixture of NO and CO (26 torr NO/59 torr CO)
was reacted over the Rh/A1203 catalyst at 300°C. If a mixture with a

higher NO to CO ratio was used a much smaller amount of the isocyanate

species was formed. Further, no isocyanate species was produced when the
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mixture was introduced to the sample cell at room temperature and then
heated up to 300°C. These authors stated that for the reaction of NO

1 was similar to that

with CO over Pt/A1,0, the spectrum above 2000 cm
obtained for the Rh sample, but that below 2000 cm-] the spectrum had
poor reproducibility and was very complex. Unfortunately the exact
position(s) of the band(s) for the isocyanate species on the Pt/A1203
sample was not reported. Tanaka et a142 concluded that, for both Rh

and Pt, the isocyanate species is not an intermediate but is an inhibitor
produced under the reaction conditions. Caution should be exercised

when evaluating the results of these authors because they reported that
their flow system was not completely isolated from the atmosphere.
Obviously this could Tlead to the introduction of impurities, such as
water and 02, to their samples which would surely complicate their
spectra. .

38 investigated the interaction between

Gonzalez and Brown
adsorbed CO and adsorbed NO on silica-supported Ru and Pt. They found
that an isocyanate surface species was formed on Ru/S1‘02 at room
temperature if either the CO or NO was preadsorbed at full coverage.
Further they concluded that both the NO and CO must be adsorbed on the
ruthenium surface before the isocyanate species will form in appreciable
amounts and,also,the coadsorbed reactants must be adjacent to each other

38

on the surface. GonzaTez and Brown™~ did not observe the formation of

an isocyanate surface species on Pt/SiOZ.

2 adsorbed CO on a nickel/hydrocarbon oil

Blyholder and Allen
sample that had been previously exposed to NO. They observed a new, weak,

band at 2180 cm_]4wh1ch was assigned to nitric oxide (NO+) adsorbed on
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plane sites. However, it would seem more likely that this new band
would be due to an isocyanate species, a point which will be discussed
in more detail in chapter 5.

In another study, London and Be1143 reported the formation
of an isocyanate surface species during the reaction of nitric oxide
and carbon monoxide over silica supported copper oxide. From infrared
spectroscopic data, it was observed that the isocyanate species formed
only if the reaction temperature was increased to 135°¢.

Only one other infrared investigation has been found in which
an isocyanate surface species has been postulated. In this study,
Blyholder and Sheets4 investigated the reaction of carbon monoxide
individually with both ammonia and hydrazine over vanadium, iron and
nickel. The authors concluded that an isocyanate species was produced
on both vanadium and iron at room temperéture, if carbon monoxide reacted
with preadsorbed ammonia but was not formed if.the carbon monoxide was
preadsorbed. No isocyanate band was observed on nickel. If carbon
monoxide and hydrazine were reacted together over vanadium and iron,
an isocyanate species was observed, at room temperature, regardless of

which reactant was preadsorbed. Again, no surface species formed on nickel.
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CHAPTER 5
THE CHEMISORPTION OF THE OXIDES OF NITROGEN ON NICKEL

Preface:

Before discussing the results of the adsorption studies of the
oxides of nitrogen on Ni and Pt, some mention should be made of their
adsorption on the silica support alone. A silica sample, containing the
same quantity of silica as was used in the supported metal samples, was
prepared by the same procedure used for the preparation of the silica
supported metals. (See Chapter 2, experimental). Nitric oxide did not
chemisorb on this silica sample. A similar observation was noted by

43. In independent studies44 of the adsorption of nitrogen

London and Bell
dioxide on silica, carried out in this 1éboratory, it has beén established
that nitrogen dioxide does not chemisorb on the silica support provided
vacuum degassing temperatures less than 400°C are employed. Therefore,
any adsorption of these gases that was observed must be due to adsorption
on the metal. This is an important point to be considered if unambiguous
results are to be obtained. For example, in Ghorbel and Primet'537 study
of the adsorption of NO on Pt/A1203, NO was observed to interact with the
A]ZO3 support producing three weak bands at 1600, 1320 and 1220 cm_]
which were attributed to nitrate ions formed as a result of the interaction
between a NO2 species and the oxygen atoms of alumina. Bands similar to
these have been observed by Parkyns45 when NO2 was adsorbed on alumina
alone. He assigned these bands to nitrate ions coordinated to aluminum

37

atoms. Therefore, in Ghorbel and Primet's™’ work, there is the possibility
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that absorption in the spectral range 1200-1600 cmﬁ1 attributable to

NO on Pt may not be observed because of the bands produced by the adsorption
of the NQ2 on the A1203. The choice of A1203 as a support was unfortunate
since any interference from the alumina support could have been prevented
by using an inert support such as silica.

43

London and Bell ™™ have studied the adsorption of nitrous oxide

on silica between 30 and 230°C. Infrared bands at 2220, 1290, and 590 cm'1
were observed only in the presence of the nitrous oxide and,therefore,were
attributed to gaseous nitrous oxide which has infrared bands at 2224, 1286

and 589 cm™!.

No other bands were observed.

In the present work when nitrous oxide was adsorbed on Pt/SiOZ,
no infrared bands were observed which could be attributed to a chemisorbed
species. Griffiths et a146 reported a similar observation when they studied
the adsorption of nitrous oxide on Pt/SiOZ.between 25 and ZOOOC, as did

Und]and40

for nitrous oxide on Pt/A1203 at 400°c,

Finally, the adsorption of nitrous oxide on N1'/S1’O2 was not
studied in the present work and, to this author's knowledge, no such
studies have been reported in the literature. However, a proposed study

of the decomposition of nitrous oxide over nickel will be discussed later

in this thesis under the heading. "Suggestion for Further Research".

Results
Nitric Oxide
The infrared spectrum of nitric oxide chemisorbed, at room

temperature, on silica supported nickel showed a single, strong band at

1

1864 cm '. This is:s1ightly lower than that for the free nitric oxide

molecule which absorbs at 1876 cm']. No other bands were observed, even
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with high surface coverage. The spectra which were obtained after
adding successive doses of nitric oxide to a Ni/SiOZ sample are shown
in Figure 4.

The intensity of the band at 1864 en”!

slowly diminished upon
heating the sample under vacuum at 170°C and the band disappeared rapidly
if evacuated at 220°C.

1 band was not affected if 10 torr

The intensity of the 1864 cm
of H2 was added to the sample at 20°C but the band disappeared if this was
carried out at 60°C. The band disappeared if 1+4 torr of oxygen was added

to the adsorbed nitric oxide, at ZOOC.

Nitrogen Dioxide

When nitrogen dioxide was adsorbed on a N1'S1'02 sample, at Tow
surface coverage (1 torr), a spectrum, identical to that obtained for
chemisorbed nitric oxide on nickel, was produced with a strong band centred

at 1864 cm']. No other bands were observed.

Preadsorbed Nitric Oxide + Carbon Monoxide (g)

Nitric oxide was adsorbed, at lTow coverage, onto a N1‘/S1'O2
sample producing a strong band at 1864 cm"1, as shown in figure 5, curve 2.
when a small dose of carbon monoxide was added to the adsorbed nitric oxide,
at room temperature, the intensity of the band at 1864 cm-1 immediately

decreased by more than fifty percent and, simultaneously, a new absorption

1

band was generated at 2201 cm '. The carbon monoxide gas was left in the

samp]é cell for 17 hours and, after this period of time, the band at

1

2201 cm'1 had intensified and the 1864 cm ' band had disappeared. In
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3 Adsorption of
NO on Ni/SiO,

I !

|
1900 1800 1700
cm!

FIGURE 4
ADSORPTION OF NO on N1'/S1'02

Background infrared spectrum of a compensated Ni/Si0, sample.
After adding 0.60 torr of NO to (1) for 10 minutes followed by

degassing for 20 minutes at 20°C.

After adding 1.6 torr of NO to (2) for 5 minutes, followed by

degassing for 5 min. at 20°C,

After adding 10 torr of NO to (3) for 5 min., followed by

degassing for 17 h. at 20°C.
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subsequent experiments, a reaction time of two hours was found to be
sufficient for the band at 2201 cm'] to attain its maximum intensity and
for the band at 1864 em! to disappear.

The intensity of the band at 2201 cm"1 was not affected by
evacuation at room temperature for 18 hours but if the sample was degassed
at GOOC for 30 minutes, it intensified slightly.

When 5 torr of water was added to the sample cell for 4.5 hr.

1

the intensity of the 2201 cm ' band slowly diminished by 50 percent, as

shown in figure 6.

The addition of 4 torr of oxygen, at room temperature, had no

effect on the intensity of the band at 2201 cm’1.

1

The intensity of the 2201 cm ' band was not influenced by

the addition of 430 torr of hydrogen, at room temperature.

As shown in figure 5, there are some additional very weak

1

bands between 2100 and 2000 cm . No attempt was made to characterize

these bands observed in the studies of the reaction of NO and CO over

N1'/S1'02 (or Pt/SiOZ, see chapter 6). The spectrum of carbon monoxide

47,48

adsorbed on Ni/SiOz, exhibits a strong infrared absorption band

between 2000 and 2100 cm'].

Unfortunately the cyanide9’49 group can

also show strong absorption in this spectral region and cyanides are possible
products formed during the reaction of NO and CO over Ni/SiOZ. Indeed,

in the Tatter studieé, often two or more bands were observed between 2000

and 2100 cm'].

Also, both the CO and CN groups are extremely sensitive
to their electronic environments and bands due to v (CO) and v(CN) modes
would therefore be expected to shift because of the presence of several

adsorbed species (e.g. adsorbed NO) on the Ni surface. Further, bands
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FIGURE 6

HYDROLYSIS OF ADSORBED.SPECIES FORMED DURING THE REACTION OF ADSORBED NO AND CO(q)
ON Ni/Si0 '
2

Infrared absorption.band formed after adding 1+1 torr of CO to chemisorbed NO
on a Ni/Si0, sample for 19 h., followed by degassing for 20 ‘min. at 20°c.

After adding 5 torr of Hy0 to (1) at 200C. (immediate scan). -
As for (2), but for 25 min.

As for (2), but for 4.5 h.

|
2400
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observed in this spectral region are difficult to distinctly resolve
because of the strong absorption there due to the silica support. Finally,
small quantities (1 torr) of CO were used in the present experiments and,
as é consequence, the v (CO) or v (CN) bands were not always observed to
be very strong.

When nitric oxide N-15 was adsorbed onto the nickel surface a strong

1 1 1
4 ).

band appeared at 1829 cm ' (1864 cm ' for ' 'NO The subsequent addition

1

of carbon monoxide, for 2 hours, produced a band at 2188 cm ', which

corresponded to the band obtained with nitric oxide N-14 at 2201 cm-1.

Similarly, when carbon monoxide C-13 or carbon monoxide 0-18 was added
to the nitric oxide N-14, which was adsorbed on the nickel surface, a

], or 2181 cm'], respectively. The results of

band appeared at 2135 cm
the isotopic studies are summarized in figure 7.

The gas phase reaction products from each of the isotopic
experiments were analyzed with a mass spectrometer. These studies showed
that only carbon dioxide was produced when carbon monoxide was added to
adsorbed nitric oxide, or vice versa. Further, the gas phase products

18

for the reaction involving C ~0 were found to contain a mixture

of c1602, ¢'60'80, and c1802.

Preadsorbed Carbon Monoxide and Nitric Oxide

When carbon monoxide was adsorbed, at low coverage, on the

1

nickel surface, a band appeared at about 2020 cm . Following the addition

of a small dose of nitric oxide, the spectrum initially showed a moderate

1 1

band at 1864 cm ' and a weak band at about 2190 cm ', as shown in figure

8, curve 3.
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FIGURE 8

REACTION OF ADSORBED CO WITH NO(g) ON Ni/$i0,. ~-

| 1 B
1900 © 1800 -

Background infrared spectrum of a N{/Siozlsamp1e [compensated in the

2000-1800. cm™' spectral region].

After adding 0.90 torr CO to (1) for 10 min., followed by degassing

for 10 min. at 20°0C.

After adding 1.1 torr NO to (2) at 20°C (immediate scan).

As for (3), but for 20 min.
As for (3), but for 1 h.

The % T scale refers to curve (1).
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After a one hour reaction at room temperature, the band at

1864 cm”!

disappeared and the new band had intensified. The latter band
was calibrated and found to be centred at 2195 cm'], as shown in figure

8, curve 5.

Discussion
Nitric Oxide

! when NO was adsorbed

The band that was produced at 1864 cm
on Ni did not alter in intensity when hydrogen was added to the sample at
room temperature. This observation can be explained by considering Eischen

50 studies of hydrogen adsorption. These authors observed

and P1iskin's
no infrared absorption bands when H was adsorbed onto Ni/SiOz, even though
weakly bonded H is known to occur on Ni. They reasoned that the H-atoms

are associated with three or four surface nickel atoms, that no discrete

bond is formed, and, therefore, that no characteristic M-H absorption bands
would be expected. The latter were observed on Pt/A]203, using a similar
quantity of hydrogen. Further, in studies of H and CO coadsorption they
reportedso that H-adsorption was accompanied by charge donation to the
surface, as evidenced by a shift of v (CO) to Tower wavenumber upon
adsorption of the hydrogen. If charge donation does occur in the present
study when H2 is added to the sample, then the Pt-N bond would be weakened
and the dipole momeﬁt and the change in the dipole moment would be expected
to decrease. Such effects are known to occur in metal coordination compounds

of NH3 where infrared bands due to v (N-H) modes both decrease in intensity

and shift to higher frequency as the degree of negative charge on the
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metal increases, Morrow and Cody51

observed a similar effect when H,

and NH3 were coadsorbed on Pt and they concluded that a Pt-H bond, with
some partial ionic character, was formed, i.e. Pt™ - H+, Since a similar
effect was not observed when H2 and NO were coadsorbed on Ni, such a

bond is probably not formed. Therefore, it must be concluded that H2 is
only weakly associated with the Ni surface (as concluded by Eischens and
P]iskinso) and, as a result, no interaction occurs between H2 and NO

over the Ni surface at room temperature.

The single band at 1864 cn”!

, formed when NO is chemisorbed
on Ni, is attributed to a linear, neutral NO species, Ni-NO. Such species
typically have N-O stretching vibrations that have frequencies in the

spectral range 1700-1900 cm—], a point that was discussed in Chapter 3.

Nitrogen Dioxide

Since a single band was produced at 1864 cn”]

when N02 was
adsorbed, at low coverage (1.0 torr), on a N1'/S1'02 sample, this can also
be attributed to a Tinear, neutral,NO species. It is concluded that the
formation of this adsorbed NO species is evidence for the dissociation of
2 2 dissociation (discussed in Chapter 4) has been
observed over Ni/hydrocarbon oil samples by Blyholder and A]]en3. The

NO,, into NO and 0. NO

same authors3 observed that N02, at low coverage, not only dissociated
over Ni/$i0, but also produced complex nitrogen-oxygen species, as

evidenced by the simultaneous formation of two strong bands at 1550

1

and 1440 cm '. The latter bands were not observed in the present work.

moreover, the reaction between adsorbed NO and oxygen (g) produced no new

3

bands. It should be noted that Blyholder and Allen™ used ten times as

much NO2 in their study and, consequently, caution should be exercised
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when making a direct comparison between their work and the present study.

Nitric Oxide + Carbon Monoxide

When carbon monoxide was added to nitric oxide which was

1

adsorbed on Ni, the band at 1864 cm ' disappeared slowly with the

simultaneous growth of a 'new' band at 2201 cm’]. This latter band shifted

1 15 1 1

to lower ~wavenumber by 13 cm  with °“NO, 66 cm = with ]3CO, and 20 cm”

18

with C 70, indicating that the surface species contained N,C, and 0.

The magnitude of these shifts is consistent with the formation of a nickel

52. This species was also formed if the

isocyanate surface species
carbon monoxide was preadsorbed.
Isocyanates are known to be quite stable. This fact was

verified when the intensity of the 2201 cm']

band djd-not change during
prolonged degassing at room temperatufe, or at 60°C, by the addition of
oxygen, or after reaction with hydrogen. However, isocyanate compounds
are known to be sensitive to hydrolysis and the sharp reduction in the
intensity of the 2201 cm ! band after reaction with water, therefore,
provides additional evidence for a nickel isocyanate surface species.
The formation of a nickel isocyanate surface species has not
been previously reported. Blyholider and AHen2 did carry out an experiment
in which CO and NO were coadsorbed onto a Ni/hydrocarbon o0il sample,as
discussed in chaptek-4. A band was generated at 2180 cm'] during this
reaction. This band was attributed to NO* adsorbed on Ni. However, in

light of the evidence presented in the present work, this band (2180 cm'])

was undoubtedly due to an isocyanate species. In a study of the adsorption
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of NO,on nickel Batychko et a128 added CO,at 20°C, to nitric oxide which

was adsorbed on nickel. They observed the formation of two 'new' bands at

1 1

2190 cm ' and 2050 cm '. The latter band was easily removed by degassing

the sample at 50°C whereas the former band disappeared only when the

sample was evacuated at temperatures between 350—40000. These author528

attributed the 2190 cm)

band to a special form of adsorbed NO which was
stimulated by the presence of CO. Again, based on the present study, the
2190 cm-1 band observed by Batychko et a128 is more 1ikely to be due to
a nickel isocyanate species.

Blyholder and Sheets4 attempted to produce an isocyanate species
on several metals, suspended in hydrocarbon 0il (see Chapter 4). In their

4, these authors reacted carbon monoxide separately with ammonia

study
and hydrazine over a nickel surface but observed no absorption bands
attributable to a nickel isocyanate sbecies. Interestingly, they did

discover isocyanate formation on vanadium and iron at room temperature.

Mechanisms of Isocyanate and CO2 Formation

In the present study, the mass spectrometric results showed
that the product gas phase contained only carbon dioxide. Further when
adsorbed 14N0 was reacted with C]So(g) or vice versa, only one band was
observed, which was attributed to Ni-NC]SO.

Thereforé, it appears that NO and CO react over Ni to produce
a surface isocyanate species and COZ(g) as the major products. Based on
the known dissociation of NO en Ni, at ZOOC, (as discussed in Chapter 4)

it Wou]d appear that the CO reacts with adsorbed N and 0. However, the

mechanism is unclear since the relative proportions of each species
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(NiNCO, NiNO, NiCO & COZ) are not known. It is suspected that very little

isocyanate is formed, on the basis of comparison with an infrared study52

of. isocyanate adsorption on silica (50 and 100 mg. discs). In the latter

52 it was concluded that a surface Si<NCO species was responsible

for absorption bands at 2313 and 1470 cm’]. The 2313 cm']

study
band was totally
absorbing. Therefore in the present study, the intensity of the 2201 cm']
band is extremely weak by comparison. Our understanding of the overall
mechanism is further complicated by the mass spectrometric data from the

]4N0/C]8O experiments which showed that the product carbon dioxide contained

a mixture of C1602, C]6 ]80 & C]802, a result which was independent of the

0
order in which the reactants were adsorbed. This probably indicates that
either gaseous CO2 readsorbs dissociatively on the oxygen covered Ni surface

18

such that exchange takes place or that simple exchange of C'°0(g) with

Ni]60 takes place prior to oxidation to COZ' Both processes have been

53-56

reported in the literature and this aspect of the present work has

not been further investigated.

Conclusions

Infrared spectral data have indicated that NO chemisorbs on
silica-supported nickel to form linear, neutral Ni-NO. There is strong
evidence that NO2 dissociatively chemisorbs on Ni, forming linear, neutral
NO and adsorbed 0.: When CO is added to chemisorbed NO on Ni a surface
nickel isocyanate species is generated and mass spectrometric data show
that the product gas phase contains mainly COZ(g). It is known that NO
cah dissociate on Ni, and, it has been presumed that CO reacts with
adsorbed N and 0 forming Ni-NCO and COZ(g) although very Tittle NiNCO

is believed td have been formed.
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CHAPTER 6

THE CHEMISORPTION OF THE OXIDES OF NITROGEN
ON PLATINUM

Results: Nitric Oxide

An intense, complex infrared spectrum was observed when nitric
oxide chemisorbed on silica supported platinum, at room temperature.
-1
As shown in Figure 9, strong bands appeared at 1785 and 1612 cm , both

of which had half-widths of approximately 50 cm'].

As well, the ratio
of their intensities did not remain constant throughout the 'in situ'
addition of successive doses of nitric oxide. A shoulder appeared at
1690 cm—] after several additions of nitric oxide and, at high coverage,
an additional shoulder appeared at 171Q cm—1, as shown in Figure 9,
curve 9.

The intensities of all the bands were not diminished after
evacuation at temperatures below 175%C but if the platinum sample was
heated, briefly, at 175-200°C under vacuum, the bands disappeared.

If nitric oxide N-15 was used in place of NO N-14 the bands
shifted to lower wavenumbers by approximately 40 cm'], as illustrated

in Figure 10. Although not shown, the band at 1710 cm']

, produced at
high coverage, has been observed to undergo a similar isotopic shift.

Therefore, all the observed bands must contain N.

Treatment with Hydrogen
| 5 torr of NO was added to a Pt/SiO2 sample for 30 minutes
(Figure 11-1), followed by degassing for 1.5 h at 20°C. Then, successive

small doses of Hydrogen were added to the adsorbed nitric oxide and the
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FIGURE 9 _
'IN'SITU' ADSORPTION OF NO ON Pt/Si0,

-

Background infrared spectrum of a compensated Pt/Si02 sample.

After adding 0.011 torr of NO to (1) in 4 additions, at 20°C. (A1l subsequent
additions at 209C). : '
After adding 0.009 torr of NO to (2) in
After adding 0.015 torr of NO to (3) in
After adding 0.019 torr of NO to (4) in
After adding 0.026 torr of NO to (5) in
After adding 0.150 torr of NO to (6) in
After adding 0.230 torr of NO to (7) in
for 12 hr. at 200C.

After adding 5 terr of NO to (8) for 30 min., followed by degassing for
1.5 h. at 20°C. : :

N et

additions,
additions,
additions
additions.
additions.
additions, followed by degassing
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The % T scale refers to curve (1).
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FIGURE 10

COMPARISON OF THE INFRARED ADSORPTION SPECTRUM OF CHEMISORBED

14

15

NO WITH THAT OF CHEMISORBED

~

NO on P_t/SiO2 .

Infrared spectrum of chemisorbed]4N0 on
a compensated Pt/SiO2 sample.

Infrared spectrum of chemisorbed

15NO on

a compensated Pt/SiO2 sample.
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1 i
1800 1700 ~ 1600 cm™ 1500

_ FIGURE 11
THE REACTION OF ADSORBED NO ITH H,(g) on Pt/Si0, .

Infrared spectrum of adsorbed nitric oxide (at high coverage) on a compensated

Pt/Si0p at 200C. .

After adding 0.18 torr of Hp to (1) in 2 additions fo]]owed by degass1ng for .

17 h. at 200C. -

After addint 0.18 torr Hy to (2) in 2 additions at 20°C

Afteroevacuat1on of (3) for 5 min., followed by the, add1t1on of 0.09 torr of H2
at 20YC.

After adding 0.27 torr of H2 to (4) in 3 additions at 20°¢,

After evacuation of (5) for 5 min. followed by the addition of 0.18 torr of

Ho at 200C. .

After evacuation of (6) for 5 min., followed by the addition of 0.18 torr of
Ho at 200C. .
After evacuation of (7) for 18 h at 20°C.. o -

Reference: Infrared spectrum of adsorbed NH3 on a fresh1y reduced (HZ) Pt/SiOz.

% T scale refers to curve (4).

~¢
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spectra which were observed are shown in Figure 11,

The shoulders at 1710 and 1690 cm“1 disappeared after several

1

additions of hydrogen and the 1785 cm ' band decreased slightly in intensity.

Vpand. Initial small

Hydrogen had a more complex effect on the 1612 cm”
doses of H2 caused the 1612 cm—] band to shift to lower wavenumber and a
new band appeared to form on the low wavenumber side of this band, such
that both bands combined to form a broad band centred at about 1590 cm'1
which showed asymmetry to the low wavenumber side. Upon the further addition
of equal small doses of H2, the broad band intensified and became symmetrical
but on further additions this band decreased slightly in intensity and

showed asymmetry to the high wavenumber side. At this point, absorption
bands also appeared at 3370, 3270, and 3156 cm'] which can be assigned to

Pt: NH3 accompanied by an additional band at 3303 cm‘]. Subsequent additions
of H2 caused the 1785 cm band to furtﬁer decrease in intensity whereas the
shifted 1612 cm"1 band disappeared such that only the new Tower wavenumber

band remained at about 1590 cm*l.

1

Then, on the next addition of H, both

2
and 1590 cm'1 bands broadened and shifted to lower wavenumber

the 1785 cm”
and, at this point, the bands in the 3100-3400 cm'] region intensified. Upon
evacuation for 18 h at 20°C the latter bands remained unchanged and the
strong bands in the 1500-1800 cm"] region shifted to high wavenumber again,
that is, to 1785 and 1595 cm—], and both bands became narrower. In an
independent experiment, NH3 was added to adsorbed NO on Pt/SiO2 and bands

1 and the bands at 1785 and 1612 cm™!

appeared at 3370, 3270, and 3156 cm_
shifted considerably to lower wavenumber. But upon evacuation the latter
bands returned to their original positions and the bands in the 3100-3400

-1 .
cm  remained unchanged.
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Treatment with Oxygen

When successive, small doses of oxygen were added to nitric
oxide, which was adsorbed at high coverage on at Pt/SiO2 sample, the
spectra that are shown in Figure 12 were observed. A1l the adsorbed
nitric oxide bands shifted, slightly, to higher wavenumber after each
addition of oxygen. After several additions of oxygen, the intensities

1 and of the shoulder at 1690 cm"1 decreased

whereas the shoulder at 1710 cm”]

1

intensified. Simultaneously, a new,

1

broad band appeared at 1530 cm = and the intensity of the band at 1612 cm”

increased slightly. Upon addition of a large dose of oxygen (28 torr),

the new band at 1530 cm™ !

intensified considerably while the other bands
correspondingly decreased in intensity.

If nitric oxide was adsorbed onto a platinum sample at low coverage
only the major bands at 1785 and 1612.cm"1 were observed. If successive
small doses of oxygen were then added to the adsorbed nitric oxide, a sharp

absorption band appeared and intensified at 1718 cm'], the band at 1785

1

cm—] decreased in intensity and the intensity of the 1612 cm ' band did not

appear to change.

Nitrogen Dioxide

The addition of small successive doses of nitrogen dioxide
to a platinum sample produced the infrared spectra shown in Figure 13.
Initially, the spectra resembled that of nitric oxide, chemisorbed at
low coverage, that is, with two broad bands centred at 1785 and 1610 cm"].
With the addition of a larger dose of nitrogen dioxide, the resulting

spectra strongly resembled the spectrum produced when oxygen was added
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FIGURE 12
THE REACTION OF ADSORBED NO WITH Oz(g) on Pt/SiO2

Background infrared absorption spectrum of a compensated Pt/SiOg sample.
.i

2. After adding-5 torr of NO to (1) for 25 min., followed by degasSing for
20 min. at 209C.

3. After adding 0.30 torr of 0, tp (2) in 4 additions, followed by degassing
for 10 min. at 20°C.

4. After adding 0.50 torr of Oy to (3) in:3 additions, followed by degassing
for 10 min., at 200C. ° : . .

5. After adding 22.2 torr of 02 to (4) in 7 additions, followed by
“degassing for 10 min., at 200C. -

The % T scale refers to curve (1) . . -

-
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FIGURE 13
THE ADSORPTION OF NO, on Pt/SiOZ
Background infrared absorption spectrum of a compensated Pt/SiO2 sample.
After adding 0.05 torr of NOp to (1) in 4 additions, at 20°C.
After adding 0.05 torr of NO7 to (2) at 200C.

After adding 0.45 torr of NOp-to (3) in 3 additions, followed by degassing
for 17 h., at 200C.

% T scale refers to curve (3).
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to adsorbed NO. This similarity is illustrated in Figure 14,

Nitric Oxide + Carbon Monoxide

Nitric oxide was adsorbed, at low coverage, on a platinum sample,
producing a spectrum attributable to chemisorbed nitric oxide. When 4

torr of carbon monoxide was added to this sample an intense, sharp band

1

was observed at 2065 cm ' and a broad band was observed between 1800-1930

cm_], due to adsorbed CO whereas the NO absorption bands disappeared.

Simultaneously, a weak band appeared at about 2285 cm']. The carbon

monoxide was left in the sample cell, at room temperature, and after two

1

hours, the new band was centred at 2290 cm ' and had intensified, as

shown in Figure 14, After 20 hours, the carbon monoxide was evacuated
and the new band was accurately calibrated and was found to be centred

1 while the v(CO) band remained at 2065 cm” .

at 2301 cm The final
spectrum is shown in Figure 15.

If nitric oxide N-15 was chemisorbed, at low coverage, on the
platinum surface, in place of NO N-14 and then was reacted with carbon
monoxide, a new band appeared at 2285 cm'] (calibrated). Similarly, if
carbon monoxide C-13 or carbon monoxide 0-18 was added to nitric oxide
N-14, chemisorbed on the platinum sample, identical bands appeared at
2254 or 2280 cm .

If a larger-dose of carbon monoxide (50 torr) was added to the
nitric oxide, chemisorbed at Tow coverage, the band at 2301 <:m"1 was
more intense and several sharp bands appeared in the spectral range
2000-2100 cm_]. These bands were presumably due to adsorbed CO and

9,49

adsorbed cyanides , which are possible products. Because of the
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FIGURE T14.

COMPARISON OF ADSORBED NO, WITH THE REACTION BETWEEN
ADSORBED NO and 0z (g), ofi Pt/Si0,.

1500

NO (at high coverage) on a compensated Pt/Si0

samp

. Infrared spectrum obtained by adding 0.80 torr of O%

(g) to chemisorbed
e at 200C.. -

After adding 22.2 torr of 0p to (

1) in 7 additions, followed by degassing

for 10 min. at 200C. - ) _
3. Infrared spectrum obtained by adding 0.55-torr of NO» to a compensated
' Pt/Si0, sample followed by degassing for 17 h. at 200C. .

The % T scale refers to curve (2).
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FIGURE 15

THE REACTION OF ADSORBED MO VITH .CO(g) ON Pt/SJ'O2

Infrared spectrum obtained after adding 0.80 torr of NO to a Pt/Si0
sample, followed by degassing for 10 min. at 20°C.

After adding 4.1 torr of CO to (1) for 5 min. at 20°C.

As for (2), but for 20 min. :

As for (2), but for 1 h.

As for (2), but for 2 h.

As for (2), but for 20 h.. o

As for (6), but degassed for 30 min. at 20°C.

-—
. .

~NOoOYOTRw N
P S

The % T scale refers to curve (4).
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difficulty with band resolution in this spectral region, as discussed
for NO + CO over N1‘/S1‘02 in Chapter 5, bands observed in this study between

2000-2100 cm™ !

were not investigated further.

The band at 2301 cm'1 was not observed if nitric oxide was

~adsorbed on platinum at high coverage and then reacted with the CO(g).

Likewise, when carbon monoxide was adsorbed on platinum and then reacted

with NO(g) no infrared absorption bands appeared in the 2400-2200 cn”]

region and the carbon monoxide and nitric oxide were observed to coadsorb.
10 torr of water was added to a platinum sample containing

the species responsible for the band at 2301 cm']. The 2301 cm"'1

band
immediately (5 min.) diminished in intensity and over a longer period
of time it disappeared, whereas the band due to chemisorbed carbon
monoxide remained, but was observed to broaden.

The band at 2301 cm'] (with nitric oxide N-14) was not influenced
by the addition of 20 torr of hydrogen but its intensity slightly decreased
upon addition of 5 torr of oxygen. The v (CO) band shifted to lower

wavenumber in the presence of hydrogen but disappeared when oxygen was

added.

Discussion: Nitric Oxide

1 1

The relative intensities of the bands at 1785 c¢cm ' and 1612 cm
changed as successive: doses of NO were adsorbed on Pt. Further these bands
altered differently when 02 or H2 was added, We can conclude that these
bands can be assigned to different adsorbed species and from the band
positions (by comparison with those of known compounds as discussed in

1

Chapter 3) it might be possible to assign the 1785 cm ' band to Tinear,

neutral PtNO and the 1612 cm'1 band to bent PtNO. These bands will be
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discussed further below.

The most notable effect that the addition of oxygen had was
to cause the 1785 cm'] band to decrease in intensity relative to the
slight intensification of the band at 1612 cm’l. Further all the bands
due to adsorbed NO shifted, slightly, to higher wavenumbers. The decrease
in the 1785 cm’1 band intensity, when O2 was added, was accompanied by the
growth of a new band at 1530 cm"'1 and by an intensification of the 1710
cm—] band (or by its first appearance when NO was adsorbed at Tow coverage).
Coordinated, monodentate nitrate complexes, M - 0N02, characteristically

show strong infrared absorption bands between 1480-1530 cm'], due to

8 1

the asymmetric stretching vibration of NOZS and therefore the 1530 cm
band is assigned to PtONOZ. When oxygen is added, this new species is
presumably formed at the expense of some of the linear NO. The shift of
all the observed bands to higher wavenumber upon the addition of oxygen
is undoubtedly related to the strong electron withdrawing property of
oxygen. The number of electrons available for . :m-donation from the

Pt surface (i.e. Pt d-orbitals) to the adsorbed NO species would be
reduced upon the addition of oxygen, and, consequently, back-donation
from NO w-antibonding orbitals to the Pt surface would occur, with an
accompanying increase in bonding character and, hence, the frequency of
the v(N-0) vibrations would increase. The results obtained by Primet

25 for the influence of metal particle size on the chemisorption

et al
of NO on Pt/A1203 support our conclusion. These authors concluded that
the smaller the particle size, the smaller the number of electrons for

back—donation, and the higher the v(N-=0) frequency.
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The decrease in the intensities of the 1785 cmF] and 1612 cm”

1 1

1

bands and the disappearance of the shoulders at 1710 cm™' and 1690 cm™

upon the addition of hydrogen is presumably related to the reduction of

PtNO since adsorbed NH3 was generated. The unusual changes in intensity

1

~and position of the 1612 cm  band after each addition of hydrogen are

undoubtedly due to the presence of the adsorbed NH3. Coordinated NH3

51 1

has a weak antisymmetric deformation mode™  at 1600 cm ' but, unfortunately,

1 band would be influenced by this

we cannot ascertain how the 1612 cm”
vibrational mode, especially since NO, NH3, and H2 are all present on

the Pt surface at the same time. Finally the addition of small quantities
of NH3 to NO, which is adsorbed on Pt, caused both the 1785 and the 1612
cm'] bands to shift considerably to lower wavenumbers and also to broaden.

This provides further evidence that NH3 is very much involved with the
' 1

highly unusual changes in intensity and position of the 1612 c¢cm ' band
and to a somewhat lesser extent with the position of the 1785 cm"1 band,
when H, is added to adsorbed NO on Pt.

Ghorbel and Primet37 observed a strong band at 1780 cm—] and

several weaker bands at 1600, 1320, and 1220 cm'] when they added 20 torr
of NO to a Pt/A1203 sample at 25%C. The band at 1780 cm'] was attributed
to nitric oxide adsorbed on a reduced platinum surface. They concluded
that the adsorbed NO was acting as a three electron donor with respect

to the metal, with some back donation of charge from the metal to the
m-antibonding orbitals of the NO species. The 1780 cm’1 bana corresponds

closely to that observed, in the present study, at 1785 cm"l.

37

As discussed

in Chapter 5, Ghorbel and Primet™" attributed the weaker bands at 1600,




- 7] -

1320, and 1220 cm’] to nitrate ions coordinated to aluminum ions, which
formed as a result of the interaction between NO2 groups and the alumina

support.‘ Consequently, infrared absorption bands between 1200 and 1600

], due to adsorbed NO on Pt may not have been observed. Therefore,

37

cm”
direct comparison between Ghorbel and Primet's™" study and the present
work, particularly with respect to the 1350-~1600 cm'1 spectral region,
is not useful.

Brown and Gonza]ez38 recently studied the reaction between
NO and CO over Pt/SiOZ. They observed a single broad band centred at

1

1760 cm ' when 5 torr of NO was added to a 6% ’Pt/Sioz sample at 25%¢

which they assigned to NO adsorbed on Pt, This band undoubtedly corresponds

[ band in the present study. Unfortuhate]y, these author‘s38

to the 1785 cm”
did not investigate the nature of the adsorption of the:NO on their Pt/SiO2
sample in detail, so that further comparfson between their work38 and the

present study is not worthwhile.

1 1

Shoulders at 1710 cm ' and 1690 cm”

The intensity of the shoulder at 1710 cm"1 increased upon the
addition of oxygen but decreased and eventually disappeared when hydrogen
was added. Further this band could be generated by adding successive
doses of oxygen to nitric oxide adsorbed at Tow coverage. The bands at

1, which were observed at high coverage, are assigned to

1710 and 1690 cm
complexes between NO and Pt0 produced by the partial dissociation of NO
on the Pt surface. These bands (at 1710 and 1690 cm']) were noted to
be much more intense when NO was added to a Pt sample, pretreated with

oxygen or when nitrogen dioxide was added to a bare Pt surface. Further
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evidence for the formation of nitrogen-oxygen surface complexes was

demons trated by the appearance of the strong band at 1530 cm']

1

when oxygen

was added to NO, which was adsorbed on Pt. The 1530 cm = band was assigned

earlier to a coordinated, monodentate nitrate complex.

Hydrogen

When hydrogen was added to nitric oxide chemisorbed on Pt/SiOz,

1

absorption bands appeared at 3370, 3270, and 3156 cm ', which were attributed

to ammonia adsorbed on platinum, These bands have been documented by

9,51 1

Cody An additional weak band was observed at 3303 cm . A band at

this position was assigned by Morrow and CodyS] to a PtZOZNH species,

N
0 0
| I
Pt Pt

on the basis of evidence from a study of the oxidation of ammonia over

Pt/SiOZ. Morrow and CodyS] also found that this band was accompanied by

a very weak band at about 1425 cm’1. It is not unreasonable that the

same partially reduced species has been formed under the present circumstances

1

and in view of the extreme weakness of the 3303 cm ' band, failure to

1

detect the accompanying 1425 cm = band was not unexpected.

Nitrogen Dioxide

The spectrum of adsorbed NO2 at Tow coverage was virtually

identical to that of adsorbed NO at Tow coverage except that a weak

1

band at 1710 cm” ' was also present (Figure 13). At higher coverage, a
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strong, additional band appeared at 1530 em”!

and the 1710 cm”' band was
quite intense, In both cases (high and Tow coverage) the resulting spectrum
was very similar to that which was observed when oxygen was added to pre-
adsorbed NO (Figure 14). This evidence strongly indicates that NO,, initially
dissociates to NO and 0 on the Pt surface.

Ghorbel and Primet37 recently observed that nitrogen dioxide
dissociated on alumina supported platinum, as evidenced by the appearance

of a band at 1850 cm’].

But, as discussed in Chapter 4, their spectra were
complicated by the interaction of nitrogen dioxide with the alumina support.
To this author's knowledge no other studies of the adsorption of NO2 on Pt

have been reported in the literature.

Nitric Oxide + Carbon Monoxide

When carbon monoxide was added to nitric oxide adsorbed on

47 1

Pt/SiOZ, the well known band due to PtCO"’ was observed at 2065 cm '. At

the same time, the bands due to chemisorbed nitric oxide disappeared and

a new band developed at 2301 cm .

1

This new band shifted to Tower

! 13 T with ¢'8

wavenumber by 16 cm ' with ]SNO, 47 cm ' with "°CO, and 21 cm
indicating that the species responsible for this band (2301 cm"]) contained
N,C, and .0. The magnitude of these shifts is consistent with the formation
of a platinum isocyanate surface speciessz.

As discussed in Chapter 5 (Ni), isocyanates are known to be
quite stable., This was verified in the present study by observing that
the 2301 cm'] band intensity did not change following prolonged degassing
at 20°C nor after reaction with hydrogen and the band intensity only

slightly decreased after reaction with oxygen. However, the immediate
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1

disappearance of the 2301 cm” ' band upon the addition of water is reminiscent

of the known sensitivity of isocyanate compounds to hydrolysis.

37-42

Several studies have been reported in the literature, dealing

with the reaction between NO and CO over Pt and these were summarized in

37-42

Chapter 4. These works were unanimous in establishing that a platinum

surface isocyanate species was not formed if a mixture of NO and €O, containing
excess NO, was adsorbed on the Pt sample, or, if a large dose of NO was
adsorbed on the Pt surface, prior to reaction with the C0(g). This obser-
vation was confirmed by the present study (under the latter conditions).
However, in the present work, it was also shown that no surface isocyanate

species was formed if the CO was preadsorbed.

37-42 39-41 a

Of the studies mentioned above » only Undland nd

Tanaka et a142 investigated the NO/CO reaction over Pt/A1203 by varying

39-41

the relative proportions of the reactants. Undland found that if a

mixture of NO and CO, containing an excess of CO, was added to a Pt sample
at 300°C, then an isocyanate species was formed, as evidenced by the
appearance of a strong absorption band at 2267 cm']. Further, he observed

that if the NO concentration in the NO/CO mixture was raised, the band at

2267 cm—] decreased in intensity. Tanaka et a142 confirmed Und]and's39_4]

42 1

work when they '~ observed the formation of a band at about 2250 cm~ ' after

a mixture of NO and CO was added to a Pt/A1203 sample under the same

conditions employed by'Und]and39'41. However, it should be stressed
39-42

that these workers did not observe the formation of a surface isocyanate

species below 300°C, nor did they study the NO/CO reaction over Pt by

preadsorbing efther reactant, as was done in the present study.

39-41

Undland® generally used a 5% NO, 10% CO, and 85% N2 mixture
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in his experiments and, as mentioned above, intense isocyanate bands
were only observed if the reaction temperature was at Teast 300°C. His
spectrg do not show that there is appreciable formation of PtCO, unlike
the spectra in the present study. In view of this, it is not unreasonable
that the frequency of the PtNCO mode could be quite different when the
isocyanate species is coadsorbed on a surface which is covered with a
high concentration of an electron withdrawing species such as CO, than
when it is on a bare surface. Such effects are now well established
[61, 62 and Chapter 7 of this thesis].

This might account for the puzzling fact that the band which

1

has been assigned to PtNCO absorbs at 2301 cm” ' whereas that reported by

39-41 1

was at 2267 cm . Further, the isotopic shifts were slightly

1 for ]3C, Undland ‘62 cm'] 1

Undland

different in the present work [47 cm” , 16 cm ' for

15\, Undland 12 cm™'] but in view of the fact that the 2301 cm™| band
(in the present study) shifted considerably to higher wavenumber with
increasing surface coverage, the measured shifts may have a high degree
of uncertainty. Further, the 2301 cm'] band is quite broad and is much

39-41. In view of what was

less intense than that reported by Undland
said in Chapter 5, regarding the intensity of the NiNCO band, it would
have to be concluded that a very small fraction of adsorbed NO on Pt

is converted to PtNCO.

Conclusions
Infrared spectral data have indicated that NO chemisorbs on
silica~supported platinum forming two major surface species which have

been assigned to linear, neutral PtNO and bent PtNO. In addition the
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data have indicated that, at high coverage, nitrogen-oxygen complexes
are formed due to the interaction between NO and Pt0, the latter being
produced by the partial dissociation of NO on Pt to adsorbed N and adsorbed
0.

When Hy is added to chemisorbed NO on Pt, adsorbed NH3 is
formed, accompanied by an additional adsorbed species which has been
tentatively assigned to PtZOZNH.

The infrared data have indicated that NO2 dissociatively
chemisorbs on Pt, forming adsorbed NO and adsorbed 0.

When CO is added to chemisorbed NO on Pt, a new surface species
is produced which has been identified as PtNCO, although only a very small

fraction of adsorbed NO is converted to this.
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CHAPTER 7

PYRIDINE

General

Numerous investigations have been carried out in order to
characterize the active sites on catalyst surfaces. These studies have
involved the adsorption of molecules such as ammonia and pyridine onto
the surface of solids with subsequent analysis of the bonding of these
‘probe' molecules to the surface. A number of techniques have been
employed to analyze the adsorbed species. These have included low energy
electron diffraction,electron spectroscopy for chemical analysis (ESCA),
ultraviolet spectroscopy, and infrared spectroscopy.

0f these techniques, infrared spectroscopy is of particular
interest because this method can yield information regarding the bonding
of a probe molecule to the surface. For example, pyridine is both a Lewis
base (electron donor) and a Brgnsted base (proton acceptor). By observing

1 spectral

the infrared spectrum of adsorbed pyridine in the 1700 to 1350 cm~
region, where the in-plane ring deformation modes and the C-H deformation
modes absorb, it is possible to distinguish among pyridine molecules hydrogen
bonded to surface hydroxyl groups, those coordinately bonded to Lewis acid
sites and those that form pyridinium jons, PyH+, with Brgnsted acid sites.
Several infrared spectroscopic studies, using pyridine as a
probe molecule, have been reported for a variety of surfaces.
In an infrared investigation of the adsorption of pyridine on oil-covered
nickel films, Sheets and Hansenﬁl found that the nickel must be pretreated

with oxygen or carbon monoxide in order for chemisorption to occur. Under

these conditions they concluded that pyridine coordinately adsorbed on the
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nickel. Primet et a1625tud1ed the adsorption of pyridine on alumina-
supported Pt which had been pretreated with carbon monoxide. Although
absorption bands, attributable to pyridine chemisorbed on platinum could
be distinguished, facile characterization of all the peaks was hindered
by pyridine chemisorbed on the alumina support.

Kageyama et a163used ultraviolet spectroscopy to study the

64conducted

adsorption of pyridine on acidic solids and Kishi and Ikeda
a similar study for nickel. Gland and Somorjai65’6ﬁave employed Tow
energy electron diffraction for the study of pyridine adsorption on platinum
single crystals. Several workers have studied the hydrogen-deuterium
exchange reaction of pyridine over both nickel and pyridine67q70. In these
investigations, the consensus of opinion has been that, on nickel, pyridine
coordinately bonds to the surface via the nitrogen lone pair of electrons
and the molecule Ties perpendicular to the surface, whereas on platinum
a variety of structures have been postulated. These will be discussed
further below.

The present investigation is concerned with an infrared
spectroscopic study of the adsorption of pyridine on silica-supported
platinum and nickel and on oxygen or carbon monoxide covered platinum and
nickel. Initial work on platinum was conducted by Cody9 in this laboratory.
However in the light of new evidence and improved I.R. spectra (resulting
from silica compensation) this further study has enabled a more representative
model to be postulated for the mode of adsorption of pyridine on Pt, The

salient features of the previous work by Cody9 will be discussed further

below whenever applicable.
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Results: Platinum

A 200 mg silica disc was prepared and pretreated in hydrogen
at 4009C in the same manner that the hydrogen-reduced, silica-supported
platinum disc was prepared. Excess’ hydrogen was removed by evacuation at
400°C for 2 hours, followed by cooling to R.T. for 2 hours. When 8 torr of

5"C)’s?m"'\r'ar‘ed

pyridine was added to the sample, only the well documented
bands at 1596, 1486 and 1444 cm"1 due to hydrogen~bonded pyridine were
observed. (Fig. 16). These bands disappeared following evacuation for 24
hrs. at 20°C or after 1 hr at 50°C. When 10 torr of pyridine was added to
a silica-supported platinum sample, additional strong bands were observed
at 1567, 1536, 1431 and 1410 cm'] (Figure 17) which were not removed with
the hydrogen-bonded pyridine by evacuation at 130-150°C. Three weak v(CH)
bands also appeared at 3072, 3040, and 3018 cm']. Figure 18~2 shows the
equivalent spectrum of pyridine—d5 adsorSed on a deuterated Pt/S1'02 sample
with two bands at 1526 and 1500 cm™ .

The new bands, evidently, are due to a strongly bound species
and will hereafter be referred to as chemisorbed pyridine. The.intensities
of these bands did not alter following prolonged evacuation at temperatures
up to 150°C but at higher temperatures the relative intensities of all the
bands decreased uniformly, disappearing after evacuation at 300°C, Identical
spectra of chemisorbed pyridine were observed if pyridine was added to a
hydrogen covered platinum sample or to a hydrogen~free sample. When a
small dose of pyridine was added to a Pt/SiO2 sample and left in contact
with the sample the initial spectrum showed that both hydrogen bonded and

chemisorbed pyridine were immediately observed. However, after one hour

the bands attributed to hydrogen-bonded pyridine disappeared and those

assigned to chemisorbed pyridine intensified. Finally, the bands due to
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FIGURE 16
PYRIDINE ON S1'02

Background infrared spectrum of a compensated Si02 sample.
After adding 8.0 torr of pyridine to-(1), followed by degassing

for 2 h. at 200C.

After evacuating (2) for 1 h. at 500C.

The % T scale pefeks to curve (2).
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FIGURE 17
PYRIDINE ON Pt/Si0,
1. Infrared spectrum of.adsorbed nyr1d1ne on a Pt/S102 sample
after degassing for 20 min. at 20°C.-
2. After evacuation of (1) for 1.5 h. at 1500C.
The % T scale refers to curve (2) ) .
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PYRIDINE VS PYRIDINE d5 ON Pt/S'iO2

1. Infrared spectrum of adsorbed pyridihe on a Pt/SiOz sample
after degassing for 1.5 h at 1500C. .
2. As for (1) with py\r'idine-d5

The % T scale refers to curve (2)
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chemisorbed pyridine were studied in the temperature range of -70%C to
+ 150°% by Codyg. He found that the ratio of the intensities of these
bands did not change, suggesting that a single chemisorbed species is

present.

Nickel
A spectrum showing the bands at 1597, 1487, and 1445 cp”)

due to hydrogen-bonded pyridine on a compensated 200 mg silica sample is

shown in Figure 19-1. The spectrum observed following a similar adsorption

sequence on a Ni/SiOZ sample (45 minute evacuation) is shown in Figure

19-2. Under these conditions some hydrogen bonded pyridine is undoubtedly

still present, but the weakest band is now centred at 1482 cm'] and it is

relatively more intense than the corresponding band due-to hydrogen bonded

pyridine. Following evacuation under conditions which would ensure the

removal of the latter (Figure 19-3, 19-4) three bands remain at 1605,

1482, and 1447 cm—]. Subsequent evacuation of the nickel sample at higher

temperatures resulted in the bands decreasing uniformly in intensity and

the bands disappeared after several hours degassing at 200°C.  Weak bands were

], and, as well, they

also evident in this spectrum between 3100-3000 cm”™
disappeared under evacuation at 200°C.

Sheets and Hansens]studied pyridine adsorption on oil-covered
nickel films but they did not observe any bands due to adsorbed pyridine.
However, if the nickel was pre-exposed to oxygen or carbon monoxide, adsorption
was observed. To confirm this, similar experiments were performed in this

laboratory. A nickel/silica sample was pretreated with 200 torr of oxygen

for 30 minutes at room temperature and another nickel sample was pre <exposed
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FIGURE 19 4 L
PYRIDINE ON Ni/Si0, '

1. Infrared spectrum of pyridine adsorbed on a compensated Si0p samp]e
after degassing for 1.5 h. at 20°C.

Infrared spectrum of pyridine adsorbed on a compensated N1/S102
sample after degassina for 45 min. at 200C.
After degassing (2) for 18 h. at 200C. ' '
After degassing (3) for 2 h at 100°C.

Pyridine adsorbed on oxygen -treated N1/S102 sample after evacuation
for 14 h. at 20°C, then for 1 h at 70°C.

Pyridine adsorbed on.CO-treated Ni/Si0p after degass1ng for 18 h. at
.200C (dashed 1line indicates background spectrum),

-t

(o)} GBS W

The % T scale refers to-curve (6).
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to 0.45 torr of carbon monoxide for 5 minutes at room temperature, The
spectra shown in Figure 19«5 (02 pretreatment) and Figure 19«6 (carbon
monoxide pretreatment) were obtained when pyridine was adsorbed followed
by evacuation to remove the hydrogen bonded pyridine. As noted by Sheets

61 the band due to NiCO shifted to lower ' wavenumber by aporox-

and Hansen
imately 70 cm—] upon adsorption of the pyridine. The reaction between
pyridine adsorbed on a N1'/S1‘02 disc and 400 torr of hydrogen at room

temperature produced no spectral chamges.

Discussion

The spectral features observed when pyridine reacted with
platinum were attributed to a single chemisorbed species. A very different
spectrum was observed with nickel or with CO or oxygen'pretreated nickel

and for convenience this system will be discussed first.

Nickel
Sheets and Hansen6]observed two bands at 1605 and 1450 cm"]
when pyridine was adsorbed on nickel films which were suspended in
hydrocarbon 0i1 and pretreated with either oxygen or carbon monoxide.
The 1450 cm'] band appeared only as a low wavenumber shoulder of a

hydrocarbon oil band at 1475 e,

Any additional features in this

region were obscured By this hydrocarbon band. Further, they observed
four bands below 1350 cm'] and attributed all of them to coordinated
pyridine. The infrared spectral region below 1350 cm“] is inaccessible in
the pfesent study because the silica support is totally absorbing below

this ' wavenumber: Sheets and Hansen61assigned these bands to coordinated
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pyridine on the basis of a) an observed low .wavenumber shift of the
NiCO band upon the adsorption of the pyridine which indicated electron
donation to the surface and because, b) all the observed bands had wave-
numbers similar to those in NiPy, (NCS)2 which contains coordinated

6]of

pyridine. This assignment was supported by their parailel study
the ultraviolet spectrum of pyridine adsorbed on silica supported nickel.

In the present study, the strongly adsorbed species observed
on the nickel surface, also is attributed to coordinated pyridine. A

similar low ~wavenumber shift of the NiCO band is observed and an additional

1

band is observed at 1482 cm . All compounds known to contain coordinated

1

pyridine have major infrared bands between 1650 and 1350 cm”, at 1605

cn”! (strong), 1485 e (medium), and 1445 cm’](strong). Also, a single

strong band appears for pyridine—ds near 1560 cm’],

(73-75). An identical
spectrum was obtained in this laboratory, as shown in Figure 19. Pyridine
which is hydrogen bonded to the silica support exhibits a spectrum with

1 has

bands at 1597, 1487, and 1445 cn™'. However, the band at 1487 cm™
been shown, by an experiment in which pyridine is adsorbed on silica alone,
to have zero intensity when the band intensities are the same as those
encountered with the silica supported nickel sample. Moreover, when pyridine
is hydrogen bonded to a silica surface, a strong very broad band 1is observed

! due to pyridine hydrogen bonded to SiOH groups. This band

near 3000 cm_
disappeared under prd]onged evacuation and therefore it can be assumed

that the hydrogen bonded pyridine has been removed, Hence, because this
broad band was not observed after evacuation of the pyridine adsorbed on
the nickel sample,it can be concluded that the bands which remain in the

spectrum are attributable to coordinated pyridine and that the band at
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1482 cm’] is especially indicative of pyridine coordinated to the nickel
surface.

Sheets and Hansene]

did not observe any bands that could be
assigned to pyridine coordinated on a bare nickel film. This conflicts

with the observation in the present study that a weak spectrum similar to
that of coordinated pyridine was produced if pyridine adsorbed on bare
nickel. Kishi and Ikeda64studied the adsorption of pyridine on evapourated
nickel using ultraviolet spectroscopy and they concluded that pyridine

did form a weakly coordinated species. Nevertheless, it is concluded that

6]for the adsorption of

the interpretation put forth by Sheets and Hansen
pyridine on a nickel surface pretreated with a strong electron withdrawing
species (02, C0) is correct since experiments in the present study confirm
their observations.

67 studied the hydrogen-deuterium exchange reaction

Calf et al
over nickel powder in the 1liquid phase at 130%¢. They found that the
exchange occurred almost exclusively at the "2" and "6" positions in the
pyridine ring but that exchange was severely deactivated with -2-methyl

68. The

pyridine and completely deactivated with 2,6 dimethyl pyridine
authors interpreted these observations as demonstrating that the pyridine
molecule was adsorbed on the surface via the nitrogen atom with the ring
perpendicular to the surface. They argued that this mode of adsorption
would make the "2" and "6" positions most susceptible to the H/D exchange
reaction, a process which would be sterically hindered for the ortho

substituted pyridines. Moyes and we11569 arrived at a similar conclusion

aftef they observed that exchange occurred at the '"2" and "6" positions
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almost exclusively when deuterium gas reacted at 42°C with pyridine adsorbed
on a nickel film. Both groups found that a greater degree of exchange
occurred with Pt and suggested that a different type of adsorbed species

was present on this metal. Those results will be discussed below.

Platinum

The four I.R. bands which were attributed to chemisorbed
pyridine are at positions which are quite different from those to be
expected for a simple coordinately bound mo]ec:u1e59’7]’72 or for a

59’65. Indeed Cody9 has shown that pyridinium chloride

pyridinium jon
could be generated from chemisorbed pyridine if gaseous HC1 was added
to the Tatter. Cody9 also showed that . aa'- dipyridyl was not formed

62 but Tike Primet et a162 he observed a Tow

as contended by Primet et al
wavenumber shift of the band due to préadsorbed CO when pyridine was
chemisorbed which implied that charge was donated to the metal either from
the m electrons of the ring or from the nitrogen atom.

When H2 was added to chemisorbed pyridine at ZOOC, Cody9
found that all bands immediately disappeared and were replaced by a pair
of strong bands in the v (CH) region at 2950 and 2865 cm"] and two broad

weak bands at 1457 and 1520 cm-].

Little spectral change resulted following
a brief evacuation of the H2 at 20°¢ although a trace of piperidine was
identified in a mass 'spectrometric analysis of the desorption products

which could be trapped in Tiquid nitrogen. However, following 20 hours
evacuation of the H2 the new bands gradually diminished in intensity

and those due to chemisorbed pyridine reappeared although they were less

intense than those observed before H2 was added. This process could be
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accomplished with one hour's evacuation at 75°C, An identical “new"
spectrum was observed if piperidine alone was adsorbed on to a Pt/SiO2
sample and if this was evacuated at 75°C for 1 hour the spectrum also
reverted to that of chemisorbed pyridine. Such reversible hydrogenation-

dehydrogenation cycles have been noted73’74

previously for unsaturated
hydrocarbons adsorbed on transition metals and it is assumed that the new
bands can be attributed to chemisorbed piperidine. If H2 was added at

150°C al1 infrared bands due to chemisorbed pyridine immediately disappeared
and large quantities of n-pentane and ammonia were identified in a mass
spectrometric analysis.

In an attempt to further characterize the nature of chemisorbed
pyridine the H/D exchange reaction was studied in the present investigation.
When pyridine-d5 was added to a hydrogen-covered Pt sample (see Chapter 2,
Experimental) the surface silanol groups instantaneously exchanged to
become surface SiOD groups and after several hours a very complex spectrum

was observed in the 1600-1400 cm"1

region indicating that mixed isotope

species were present. However, after reaction with a hydrogen-free sample,
only a very slight degree of SiOH exchange occurred and there was no indication
of the formation of mixed isotopic species, that is a spectrum like that in
Figure 18-2 was observed. This SiOH exchange phenomenon is commonly
encountered when hydrocarbons interact with silica-supported Pt73’74
and it is an indicatidﬁ that CH bond rupture occurred whereby the liberated
surface deuterium subsequently exchanged with SiOH. Since SiOH exchange
still took place on the essentially hydrogen~free surface, this probably

indicates that dissociative chemisorption had occurred.




TlE

- 90 -

The above results, faken in conjunction with the observations
noted earlier from Cody's9 work and particularly the data pertaining
to the hydrogenation-dehydrogenation sequence, strongly suggest that the
observed bands can be assigned to a monomeric cyclic C5N species. Having
ruled out a simple nitrogen coordinated species, the structures shown
in Figure 20 might be possible.

Structure A is proposed to 1ie “edge-on" with respect to the
surface, i.e. perpendicular to the surface, whereas B.C and D are assumed
to be involved in m bonding via the ring system and 1ie flat. Structures
A and C have a conventional Pt-C o bond at the "2" position. The reasons
for postulating bonding at this position are two-fold. Firstly, it is

75,76

known that pyridine is a poison for platinum surfaces yet 2,6 dimethyl

68,76

pyridine is much Tless so which implies that the "2" position on pyridine

has some special significance in connection with the mode of bonding.

68,69 have also indicated that the "2" position

Secondly, exchange studies
is very susceptible to exchange, a point which will be discussed further
below.

Each of the structures above provide charge to the metal
surface either by donatioanrom the nitrogen atom or from the ring, and
each of these could account for the observed low wavenumber shift of the
PtCO band. Such a shift is known to occur when benzene is = bonded
to Pt which contains preadsorbed CO62 . On the basis of the spectroscopic
and chemical evidence so far discussed, it is not possible to definitively
choose between these. However, structures C and D would appear unreasonable
on steric grounds since the conventional bond with the surface (the Pt-C

sigma bond in C or the Pt-N coordinate bond in D) would have to be at an

appreciable angle with respect to the plane of the molecule. Of structures
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FIGURE 20

POSSIBLE STRUCTURES FOR ADSORBED PYRIDINE ON Pt/S'iO2
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A and B, there are arguments which favour structure A,

The two high wavenumber bands of 1iquid pyridine (1580
and 1572 cm“]) are due to in plane ring deformation modes whereas the two
Tow wavenumber bands (1482 and 1439 cm']) are due to in plane CH deformation
modes. The latter shift noticeably to lower wavenumber‘78 when a heavy
atom is substituted at the "2" position in the ring. It is conceivable that
attachment of a surface Pt atom at this position might cause an even greater
downward shift. It is difficult to predict what shifts, if any, might
result if pyridine was = bonded as in B. However, no = bonded sandwich
type compounds of pyridine exist.

There is evidence from the H/D exchange study that a small

degree of dissociative chemisorption occurs. Moyes and we]1569 studied
the H/D exchange between gaseous D2 and gaseous pyridine over Pt powder
at 100°C and found that exchange mainly occurred in the 2 and 6 positions
with a lesser degree of exchange at other positions, and postulated
that species A above, played a dominant role in this process. (They also
suggested that structure A was responsible for the 2,6 exchange for
pyridine on nickel but could not convincingly rule out the possibility that
a simple "addition-abstraction" mechanism solely involving coordinated
pyridine on Ni was operative. This work has clearly shown that the
structure of adsorbed pyridine on nickel is quite different from that
on platinum). Calf et a1.67 likewise found that slight exchange occurred
at positions other than 2 and 6 for pyridine on Pt but suggested that the
molecule was involved in both nitrogen coordination and ring = bonding
to Pt such that the ring was tilted with respect to the surface, thereby

facilitating exchange at other positions. This model cannot be conclusively
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ruled out except that the degree of tilt might be expected to alter with
temperature such that fairly obvious spectral changes would have been
observed as the temperature was varied from =70 to :—1500C.

Gland and SomorjaiﬁS’GEave recently carried out a low energy
electron diffraction study of the adsorption of benzene and pyridine
on Pt (111) and Pt (100) single crystal surfaces. They concluded that
the LEED pattern and from the work function change on adsorption that
benzene at Tow coverage laid flat on the surface and was = bonded via
the ring system, whereas with pyridine, the ring lay perpendicular to the
surface and charge was donated via the nitrogen atom. Their data could not
conclusively rule out our structure A and indeed, they suggested that
this was the structure if the adsorbed pyridine was heated to 250°C. There
was no evidence that pyridine lay flat on the surface,

Although one has to be cautious in comparing the results from
a LEED study on single crystal faces with the results obtained in an
infrared study, ' nonetheless, it is felt that the LEED study strongly argues
against our structure B. The only major point of difference in inter-:
pretation is that in the present study it can be firmly concluded that a
simple nitrogen coordinated pyridine is not formed. It may be that the
near saturation surface coverages employed in this work favor processes
which cause CH bond rupture (note for example that adsorbed benzene changes
from a predominantly ﬁ bonded structure to a o bonded structure with
increasing coverage65‘66)A1ternative]y, the supported Pt catalyst undoubt-
edly has a relatively high step and kink density so that CH dissociation

wou1d‘be expected to be more favorable than on Pt (111) or Pt (100) surfaces

79
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In conclusion it is felt that the evidence argues strongly in
favor of a model in which pyridine attaches itself to the platinum atom
by fofming a ¢ bond at the "2" position and a coordinate bond with the
nitrogen lone pair electrons. Unsaturation is preserved and the molecule

is presumed to lie perpendicular with respect to the surface.
CONCLUDING REMARKS

Pyridine and other nitrogen bases are notorious poisons for
metal catalyzed hydrogenation reactions76’77. The present work has shown
that a chemisorbed species of high thermal stability is readily formed

on Pt. Freife]der76

has shown that the "poison" is probably piperidine

rather than pyridine itself. This was confirmed by Cody9 since he observed
that chemisorbed pyridine was readily hydrogenated to adsorbed piperidine,

It is not known how the latter is attached to the surface but it is known

that if piperidine itself is added to bare Pt the infrared speqtrum is

the same as is observed after adding H2 to chemisorbed pyridine. In either
case, prolonged evacuation at 20°C resulted in very little desorption and
that if higher temperatures were employed, the adsorbed species dehydrogenated
to give chemisdrbed pyridine. This suggests that the H/D exchange results

of Moyes and Ne]]ssg might bear little relationship to the present work

in that the active exchange sites probably occupy a small fraction of

the "poisoned" surfaces.
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Interaction Between Adsorbed Pyridine and Oxygen on Platinum

Results

Because preadsorbed oxygen or carbon monoxide promoted the
coordination of pyridine on nickel, it was considered worthwhile to
investigate whether a similar phenomenon could occur on Pt in spite
of the fact that pyridine chemisorbs very differently on bare Pt than
on Ni. Only the normal chemisorbed pyridine formed on a CO pretreated
Pt but with a pre-oxidized Pt sample a very complex spectrum was observed.
A similar but less complex spectrum was observed if oxygen was added
to chemisorbed pyridine and this will be discussed first.

The spectrum observed when 10 torr of oxygen was added to
chemisorbed pyridine is shown in Figure 21. The initial bands all
decreased in intensity but those at 1567 and 1410 cm'] decreased to a
greater extent than did those at 1536 and 1431 cm’], and all peak positions

shifted to higher wavenumber by about 5 cm'1.

At the same time, new bands grew at 1608 and 1462 cm'].

The
above spectral changes continued at a siow rate if the 02 was left in
the cell for several hours, but when the 02 was evacuated the riew bands
slowly decreased in intensity, eventually disappearing and the spectrum
of chemisorbed pyridine reverted to normal (the high wavenumber shift
remained) but the overall intensity was about halved. The corresponding
spectral changes for pyr‘idine-d5 are shown in Figure 22. The original
bands again shifted sfightly to high wavenumber but the intensity of the

1 1 band, and new

18

1526 cm ' band decreased more than that of the 1500 cm

bands appeared at 1567 (sharp) and 1418 cm_] (broad)., With 0, only

the 1418 cm”| band shifted to 1395 cm .. Finally, apart from complex
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1600 » 1400
cm
FIGURE 21
ADDITION OF O2 TO CHEMISORBED PYRIDINE ON Pt.

1. Infrared spectrum of adsorbed pyridine on a Pt/Si0, sample after degassing
for 1.5 h at 1500C. ’ ) .

2. After adding 10 torr of 02 to (1) at 20°C (immediate scan) . -

3. As for (2) but for 17.5 h at 200C. .

4. After evacuation of (3) for 30 min. at 20°C.

The % T scale reférs to curve 2.
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- 97 -

|
1400

l
1600

-1
cm
_ FIGURE 22
ADDITION OF O2 TO CHEMISORBED PYRIDINE-d5 on Pt

Infrared spectrum of adsorbed Pyridine-d5 on a deuterated Pt/SiOz sample

after degassing for 1 h at 125°cC. : , )
After adding 20 torr of 0z to (1) at 200C (immediate scan). /

As for (2) but for 21 h at 200C.
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changes 1in the spectral region associated with the otefinic CH stretching
modes after oxygen was added, no other new spectral features were generated,
and particular attention was paid to the regions where CN, CO, or NCO absorb.

The experiments described above suggest that a single new species
is produced when oxygen is added to chemisorbed pyridine. This will be
termed species I (for reasons that will become apparent later when the
spectrum of pyridine on oxidized Pt is discussed) and its presumed infrared
absorption bands are 1isted in Table 5. Al1l attempts to trap this species
in a liquid nitrogen trap and obtain its mass spectrum failed. The
experiments involving oxidized Pt will now be described.

Various types of oxidized Pt/SiO2 surfaces were prepared either
by adding oxygen to a reduced sample at 20°C (a condition that generated

80)

type I PtOH surface species” ), or by adding oxygen at 200°C or at 400°C,

followed by cooling in oxygen to 20°C. In all cases, a spectrum of the

type shown in Figure 23 was obtained, after the adsorption of 10 torr of
pyridine and a brief evacuation. The spectrum was very similar to that

of hydrogen bonded pyridine except that the band at 1481 cm"1 wa§ relatively

more intense and was shifted to Tower wavenumber by 6 cm—1, and there was

1

a weak band at 1540 cm '. Following prolonged evacuation at 20°C or at

550¢ (conditions which are known to remove hydrogen-bonded pyridine), the

spectrum gradually changed as shown in Figure 23-2 and 23-3. The peak

1 1

position of the 1597 cm ' band gradually shifted to about 1605 cm” , a band

], and a relatively complex profile emerged at low

developed near 1570 cm”
wavenumber with four maxima at 1481, 1462, 1450, and 1434 cm'}. The bands

at 1481 and 1450 cm'] appeared to grow or diminish in intensity at a uniform
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1
1400

|
1600

cm

FIGURE 23
PYRIDINE ON OXIDIZED Pt/SiO2

Infrared spectrum obtained after adding 10 torr of pyridine to an

oxidized Pt/Si0» sample, followed by evacuation for 30.min. at 20°C.
After evacuation of (1) for 18 h at 200¢: : ,

After evacuation of (2) for 1 h at 559C.
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rate as did the 1462 and 1434 cm“] pair, whereas 1ittle change occurred

]. Upon degassing at 100°C, all bands disappeared except for

near 1600 cm”
a weak set of bands attributable to chemisorbed pyridine on bare Pt, and
a spectrum of PtCO were observed.

The corresponding spectra for pyridine—d5 on oxidized Pt are

1 due to hydrogen bonded

shown in Figure 24. The intense band at 1547 cm"
pyr‘idine—d5 diminished after evacuation for 16 or 27 hours, the peak position
shifted to 1558 cm'] and a shoulder developed on the high wavenumber side.
After evacuation at 90°C, the 1558 cm'] component had disappeared leaving

a band at 1567 cm"]. Throughout this sequence of change a broad band at

1418 cm™! remained. There were also weak features at 1531 and 1504 cm |
which are characteristic of chemisorbed pym‘dine—d5 on bare Pt. The spectrum
in Figure 24-4 closely resembles that shown 1in Figure\22—4 after oxygen

had been added to chemisorbed pyridine—ds, except that the relative intensity

of the bands due to chemisorbed pym‘dineed5 on the bare Pt are weaker.

Discussion

From a consideration of the above, it appears that three species
are formed when pyridine is adsorbed on oxygen covered Pt. Weak bands due
to chemisorbed pyridine on Pt and of species I are evident, and a new
set of bands at 1605, 1481, and 1450 cm“] due to a new species which
will be termed speciés IT (Table 5).

Species II was only generated when pyridine was adsorbed on oxidized
Pt and the band positions and relative intensities (as far as can be
seenlfrom the badly overlapped spectra) are virtually identical

to those which were assigned to coordinated pyridine on nickel. It is
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I |
_ 1400
cm

FIGURE 24

I
1600

PYRIDINE—d5 ON OXIDIZED Pt/SiO2

1. Infrared spectrum obtained after adding 10 torr of pyridine-d
to anooxidized Pt/Si0p sample, followed by evacuation for 1 h
at 20°C. ' ’

2. After evacuation of (1) for 16 h at 20°C. : -

3. After evacuation of (2) for 11 h at 20°C. -

4. After evacuation of (3) for 2 h at 900cC. .7

5

The %lT sca1e‘refers to curve 3
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TABLE 5

; Infrared Absorption Bands due to Pyridine-h5 and Pyridine-d5

on Pt + O2 and on Pt0.

Pyridine—h5 Pym‘dine-d5
Infrared absorption band (cm-1) Infrared absorption band (cm—1)

Species 1 1608

540! 1567
1

1462 ~1500
1435] ' 14182

Species II  ~1605

1481 1567
1450

1. So assigned because of overlap with a band due to
chemisorbed Pyridine which only slightly decreased
in intensity relative to other bands when O2 was added.

2. Only this band shifted (1395 cm™') when 190, was used.
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not unreasonable that oxygen could promote the coordination of

pyridine on Pt as it did on Ni so species II will be so assigned. As
to.why dissociation to give chemisorbed pyridine is inhibited, there

is evidence81 that the major C-H cleaving sites on Pt catalysts (step
sites) can be deactivated when oxygen is present so that it is reasonable
to assume that dissociative chemisorption of the type postulated for
chemisorbed pyridine on bare Pt will be less favourable on an oxygen
treated catalyst.

The identity of species I is unclear. The fact that the 1418

1 1 18

cm ' band undergoes a 23 cm ' shift when 0, is used strongly suggests
that a N=0 containing species is generated (the frequency is too low

to be assigned to any known carboxylate type species) and indeed, this
shift is almost identical to that encountered in NOE or NOé jons, both

of which are known to have a strong infrared band near 1418 cm-]. One

must also consider bridging nitrosyl groups here since the 1418 cm—]
band is in the spectral region attributed to these species, from 1300
to 1550 cm']. Some platinum-nitrosyl complexes that contain bridging

20,21 and these are described in Chapter 3.

nitrosyl groups are known
In view of the known reactivity of pyridine at the "2" position (see
earlier discussion) cleavage of the ring and splitting out of the
nitrogen is not unreasonab]e. Further, although oxygen can inhibit
C-H cleavage, it ddes not inhibit C-C cleavage, and therefore, pre-
sumably it does not inhibit C-N cleavage. There are two difficulties

with this assignment. Firstly, it is strange that no bands were

generated anywhere near 1418 cm'"1 in the study of the adsorption of NO
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or NO2 on Pt. Admittedly, the surface is quite different when it is

covered with a pre-adsorbed layer of pyridine. Although compounds containi

"5

Pt(N02)2L2 (L = neutral 1igand) have a strong v (N=0) band near 1418 cm~
it would not seem reasonable to postulate the formation of ionic species
under the present experimental conditions. Further, there is not sufficient
experimental evidence available to permit us to make a strong case in favour
of bridged NO structures. Nonetheless, the facts strongly indicate that

a surface N=0 containing species has been formed. With pyridine—h5 the

v (N=0) band is undoubtedly hidden under the complex envelope of bands

1

between 1405-1481 cm . [Species I is almost certainly not a pyridine

84 is always in the range 1200-1100 cm"1].

N-oxide derivative; the v(N-0) mode
The second difficulty concerns the assignment of the remaining
bands of species I. If nitrogen has bgen cleaved, and bearing in mind
that PtCO is not formed, then a C5 fragment remains. (A mass spectrometric
analysis of possible volatile desorption products revealed nothing - not
even COZ)' The only conclusion is that some sort of cyclic C5 unsaturated
species remains, perhaps bonded to two or more surface Pt atoms. Such
cyclic species are expected to have several ring deformation and in-plane

CH stretching modes which would absorb in this spectral region. Beyond

this, species I has not been identified.

Conclusions

Infrared spectral data have indicated that pyridine dissociatively
chemisorbs on silica-supported platinum forming a Pt-C o bond at the
" position and a coordinate bond with the nitrogen atom such that the

molecule lies perpendicular to the surface. In the presence of HC1 this

3
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is reversibly transformed into pyridinium chloride and with Hy it is
instantaneously hydrogenated to adsorbed piperidine. The latter does
not appreciably desorb upon evacuation but dehydrogenates to reform
chemfsorbed pyridine. The same phenomenon occurs when piperidine is
adsorbed on Pt/SiO2 and confirms earlier speculation that adsorbed
piperidine is mainly responsible for the poisoning of Pt during hydro-
genation. On silica-supported nickel a different strongly adsorbed species
is formed which has been identified as a simple nitrogen-coordinated
pyridine which also lies perpendicular to the surface. As proposed by
others, the coordination of pyridine on nickel can be promoted if the
nickel had been pretreated with 02 or CO.

When 02 is added to chemisorbed pyridine on Pt two new adsorbed
species are formed which have been tentatively identified as a (N=0)
coantaining species of the type PtNOX (x = 2,3) or PtZNO, and a cyclic
C5 derivative of unknown structure. These species are also formed when
pyridine is added to preoxidized Pt, but in addition, coordinated pyridine

is formed.
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"SUGGESTION FOR FURTHER RESEARCH"

The reaction between NO and CO on N1‘/S1‘02 was studied in

; Chapter 5. The formation of a surface isocyanate species and COZ(g)

during this reaction was believed to involve the dissociation of NO into

adsorbed N and adsorbed 0. The latter decomposition reaction has been

observed to occur, at room temperature on Ni, by several author526’27’2
A similar study is proposed for the reaction between nitrous

oxide and carbon monoxide over Ni.
The adsorption of N,0 on Ni has not been studied but several

85-87.

studies of the decomposition of N20 on Ni0 have been reported.

This reaction is believed to involve the following steps;
N0 gas  _—= N20 ads

N,O ads —= N2(gas) + 0 ads
The rate-determining step is assumed to be the desorption of the Oz(gas).
w1nter88has studied the decomposition of NO over 40 metallic

oxides and has proposed the following steps;

2NO(gas) ——=— 2MNO ads

-—r

——

; 2 N0 ads ——— N2(gas) + 2 0 ads
2 0 ads e 02 gas
The rate-determining:step is assumed to be the dissociation of the adsorbed
NO into adsorbed N and adsorbed 0, with either or both atomic species
remaining adsorbed until recombination to N2 or 02 occurs.,
The decomposition of NO and of N20 over Ni0 show a general

similarity. Further, if N20 decomposed on pure Ni by a mechanism similar
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to that of NO on Ni, then the reaction between the decomposed NZO and CO
could be studied with infrared spectroscopy and the gas phase products
coulq be monitored with a mass spectrometer. Such a study could help
refine our understanding of the mechanism involved in the reaction of NO

and CO on Ni.
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