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SUMMARY

This thesis describes an in-situ high-pressure, high-temperature,
multinuclear nuclear magnetic resonance (NMR) cell for use in
heterogeneous catalysis. A multinuclear NMR probe for use at varying
temperatures and pressures has been designed and built, the circuitry
of which is described. Catalyst samples are contained inside this
probe. The cell can be operated over the temperature range -40°C to
200°C and pressure range 0.001 to 300 bar. Activation/calcination of
catalyst samples is performed in an appropriate gas stream inside the
NMR cell. Catalyst samples can be studied by NMR after running ' on
stream’ or after the admission of probe molecules.

The potential of this arrangement for application in heterogeneous
catalysis has been demonstrated by its successful use in a preliminary
study of the Cu/ZnO/A1203 methanol synthesis catalyst.

Hydrogen species adsorbed on the metallic copper surface of a
reduced Cu/ZnO/A1203 catalyst have been identified by their Knight
shift in the 1H NMR spectrum. The possible existence of two different
types of such species is discussed.

The adsorption of methanol on reduced Cu/ZnO/A1203, Cu/Zn0 and

Cu/Alzo3 samples has been investigated using 1H, 28,13C, and 63

Cu NMR
and isotopic labelling. These studies have shown the possible
existence of a physisorbed species at ambient temperature which
undergoes reaction on heating to ca 100°C. Possible assignments of
observed spectra to reaction products are discussed.

The adsorption of hydrogen and methanol on calcined CuO/ZnO/A1203,

CuO/Alzo Zn0/Al1,0, and 7—A1203 catalyst samples have also been

3" 23
studied.
The appendix describes work performed involving the attempted

preparation of organic:inorganic radical cation salts.
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11 Introduction

Since the first detection of signals in 1945 by Bloch in California
[1] and Purcell in Harvard [2], Nuclear Magnetic Resonance (NMR)
spectroscopy has become widely recognised as an important tool for
chemical and structural analysis. To date, the most widespread
application of NMR spectroscopy has been the analysis of organic
liquids and solutions using routine techniques which typically involve
NMR spectra of 1H and 13C centres. Several factors contribute to the
utility of this technique. The separations between nuclear magnetic
energy levels are typically 10-8 to 10-6 eV (giving resonance frequencies
of 2 to 200 MHz) in conventional spectrometers, with linewidths of 0.1
Hz to 200 kHz. Since the transition energies are several orders of
magnitude smaller than those of vibrational or electronic spectroscopic
techniques, the NMR spectrum reflects the effects of much weaker
interactions and slower motions with correlation times from about
10-8 s to as slow as 100 s. The radio-frequency (RF) radiation applied
during NMR experiments is quite minimal (about 103 K) and thus does
not alter the sample chemically, vibrationally, or, even, rotationally.
However, in contrast to many other techniques, the external
perturbations can be made much stronger than the static nuclear
magnetic forces. Thus one may ‘instantaneously’ displace the system

from equilibrium with virtually no relaxation or evolution during the



excitation process. With the exception of optical spectroscopy using
high-power lasers, few techniques possess this useful capability.

In view of the great wealth of chemical and structural
information available from NMR spectroscopy, it is perhaps surprising
that the application of NMR spectroscopy to heterogeneous catalysis
has been limited compared with other techniques. There are several
reasons for this;

(i)  due to the low energy of nuclear magnetic transitions, a
high requirement is placed on the minimum number of molecules in
the sample - typically 1020 NMR active nuclei are needed. Thus, to
study sub-monolayer coverages (as is often the case in heterogeneous
catalysis) the sample must contain 1 to 100 m2 of surface in a relatively
small volume. To provide this high surface area, the substrates are
commonly amorphous metal oxides, metal powders or metals
dispersed on oxide supports.

(ii) extreme paramagnetic broadening and multiple sources of
broadening giving low signal-to-noise ratios are often encountered.
High paramagnetic content may cause the spin-lattice relaxation time
(T1) of the nucleus of interest to be prohibitively short causing
excessive broadening of the order of T1-1. To extract chemical shift
information it is generally necessary for T1 to be longer than about 10
ms. The broadening caused by paramagnetic sources cannot be
removed with irradiational techniques. In many cases the
paramagnetic impurities (such as Fe or Mn) are indigenous to the
metal oxide substrate but may be removed chemically with special
preparations. The severity of this problem is, of course, dependent on
the dispersion of the impurities through the sample (atomically

distributed or clustered) and the average distance to the nucleus of



interest. Although levels as high as 0.1 wt % can sometimes be
tolerated, levels below 0.01 wt % are desirable. The broad resonances
resulting from adsorbates on surfaces containing atomically dilute
paramagnetic impurities have posed great obstacles to NMR studies.
Data acquisition often has to be carried out for 24 h or more to obtain a
satisfactory signal-to-noise ratio.

(iii) the NMR spectra of surface samples are often plagued by
poor resolution caused in part by the overlapping of broadened
lineshapes. It is sometimes possible to reduce this broadening but the
lineshapes may still overlap making analysis of the spectrum very
difficult.

(iv) because solid catalyst samples are involved more
sophisticated experimental arrangements have to be used which often
result in a non-spinning NMR experiment. This leads to increased
dipolar broadening and chemical shift anisotropy again producing
increased linewidths.

Despite the obstacles to studying surfaces with NMR
spectroscopy, listed above, the end results are usually well worth the
effort. There are several significant advantages in using NMR
spectroscopy to study chemisorption on a catalyst surface;

()  a multinuclear (e.g. 1H, 13C, 31P, 51V) approach enables
not only the adsorbing atom/molecule to be studied but also the state
of the catalyst surface.

(ii) the amount of a species present can be directly related to
the spectral intensity. Therefore, when changing the experimental
conditions, increased adsorption or desorption of a particular species
can be monitored thereby enabling optimum conditions to be

determined. It is also possible to calculate absolute site populations.



(iii) the resonance position of the NMR signal can yield
valuable information concerning the character of local electrons. The
dominant effect in the NMR spectra of metal nuclei and adsorbed
molecules in close proximity to metal particles is called the Knight
shift. This shift is caused by the interaction between the NMR-active
nucleus and the electron gas composed of conduction electrons. The
electron gas is coupled to the nuclei via the s-orbital hyperfine
coupling. Since the interaction requires a finite electron density at the
nucleus it is also known as the spin-contact term (as opposed to a
shielding effect). Theoretically, the Knight shift can either be to higher
energy or lower energy but in practice they are usually shifts towards
higher energy. The paramagnetic conduction electrons align with the
external field and thus enhance the effect of the field. Knight shifts are
typically of the order of 0.1 to 1.0% of the Larmor frequency. It is
important not to confuse Knight shift with chemical shift which is a
chemical shielding effect and can either be to higher energy or lower
energy and is of a much smaller magnitude. In chemical shielding the
diamagnetic character of non-conducting electrons results in alignment
anti-parallel to the field which results in a net decrease in frequency.
Both Knight shifts and chemical shifts are extremely valuable in
identifying adsorption sites.

(iv) if sufficiently high resolution can be obtained then both
homonuclear and heteronuclear spin-spin coupling can yield
information on connectivities between different atoms or groups.

(v) NMR spectra are sensitive to molecular motions on the
order of the linewidth which is typically 10-104 Hz for chemisorbed

molecules. Motions such as surface diffusion or hindered rotation are



usually in this frequency range and can therefore be detected and
studied.

(vi) the spin-lattice relaxation time (T1) of surface adsorbed
molecules may also be used to characterise the local environment of
the substrate. In general, the relaxation is determined by local magnetic
fields fluctuating at rates near the Larmor frequency of the nucleus of
interest. Thus the Tp is affected by dipolar interactions with
neighbouring unpaired electrons or other nuclei with magnetic
moments, exchange between adsorption sites with different anisotropic
shieldings or librations through chemical shift orientational
anisotropy. Under certain conditions a measurement of T as a
function of temperature can be used to determine the correlation time
for molecular reorientation or diffusion, average internuclear distances
and the heterogeneity of the distribution of adsorption sites on the
surface i.e. isolated or clustered. In some dilute spin systems of less
than ca. 1020 spins per cm3 there may exist a non-uniform distribution
of T1's resulting from an angular distribution of axes of reorientation
or local concentration of adsorbates and paramagnetic centres. In such
situations it may be possible to use the T1 distribution to differentiate
between dissimilar adsorbed species. A simpler use of the spin-lattice
relaxation time is in determining whether an apparent single peak is
actually a superposition of peaks of differing T1.

(vii) it is possible to focus on the environment at a specific
location on a molecule by isotopic enrichment thus virtually
eliminating background signals from uninteresting sources. Useful

isotopic substitutions are 1H-2H, 12C-13C, 14N-15N and 160-170.



(viii) there are certain species such as carbonaceous residues and
interstitial hydrogen which are difficult to observe with vibrational or
optical spectroscopies but can be detected using NMR.

NMR spectroscopy is perhaps most informative when used in
conjunction with other forms of spectroscopy, indeed in some cases the
NMR results may only be interpreted after analysing the sample with
another spectroscopic or chemical method. Although there are many
other spectroscopic techniques available e.g. Mossbauer, extended x-ray
absorption fine structure (EXAFS), electron spectroscopy for chemical
analysis (ESCA) or inelastic electron-tunnelling spectroscopy, probably
the most synergistic combinations are with infrared (IR) and electron
spin resonance (ESR) spectroscopies. This may be due simply to the
availability and simplicity of the latter techniques. ESR spectra can be
used to identify the paramagnetic centres in the sample whilst a
combined study with infra-red has several advantages. In studies of
hydrocarbons, perturbations of local C-H interactions produce large
effects in the NMR spectrum, whereas C-O bonds are better suited to
infra-red analysis. In addition, before attempting an extended
examination of an isotopically-enriched adsorbed species, it is advisable
to first scan an identically prepared sample with infrared to monitor
species not observed in the NMR spectrum. These could be isotopically
natural abundance impurities, present at levels which alter the
characteristics of the surface, yet which are obscured in the NMR
spectrum because the desired component is enriched by a factor of 90
[3]. Two very good reviews of the application of NMR to heterogeneous
catalysis have been published by Duncan and Dybowski [3], and Slichter
[4].



Several examples of NMR studies in heterogeneous catalysis are
discussed in the following pages in order to illustrate the sort of
information available from such studies and the structural or

mechanistic inferences that may be made.
12 1H NMR Studies

As is the case with organic chemistry, the 1H nucleus is the most
common subject for NMR studies of catalytic systems. This is in no
small part due to the vital role played by the hydrogen ion, or atom, in
catalytic reactions of many organic molecules. Hydrogen atoms are
found throughout any catalytic system; in the adsorbate, the surface
and the bulk. If the state of the hydrogen atoms at each stage of a
catalytic process could be determined then important information
could be obtained. In addition, because of the strong nuclear magnetic
signal, high natural abundance and the library of data available from
other studies, IH NMR is the most established NMR technique.

An example of the use of chemical shift in 1H NMR surface
studies is the detection of hydrogen spillover on Cu-Ru/SiO) catalysts
of varying composition by King et al. [5]. The TH NMR spectra showed
two peaks; the first at 8 -6 ppm which remained unchanged when the
copper content was varied from zero (5% Ru/SiO2) to 0.39% (5% Ru-
0.39%Cu/Si0y), was assigned to hydroxyl hydrogen on SiO2. The
second peak occurred at 8 -38 ppm when no copper was present and
moved downfield with increasing copper concentration. This variation
in the chemical shift was attributed to exchange of the proton between
ruthenium and copper on a time scale fast compared to the difference

in chemical shifts. Thus, a weighted average chemical shift was



observed. In physical terms this could mean that hydrogen is
dissociatively chemisorbed on Ru and spills over to the Cu surface
atoms. This possibility was further explored by spin-labelling. In this
experiment a soft prepulse at the resonance frequency of protons
adsorbed on Ru (5%Ru-0.39%Cu/SiO catalyst) selectively inverts spins
which would be at that frequency in the absence of exchange. If the
downfield shift of the proton on the bimetallic catalyst is not due to
exchange but is due to an electronic effect or susceptibility variation
then the spin-labelling prepulse will have no effect on the spectrum
because it excites a region where there are no proton resonances. If
however, the downfield shift of the protons is due to a fast exchange of
protons on Cu and Ru the prepulse will alter the observed spectrum
because even though the proton on Ru resonance is not observed on
the bimetallic catalyst, protons still resonate at that frequency and the

prepulse in that region affects those nuclei when no Cu is present (see

figure 1.1).
H-Cu PE-Ru, in the absence of Cu
;P“‘ ]\ !:; “;\& Irradiate at this frequency
b T 4= in the prepulse experiment.
Observed peak in the
bimetallic catalyst.

Figure 1.1 Possible effects of the spin-labelling prepulse

After irradiation with the soft prepulse there was a period 1 varying
between 50 ps and 60 ms during which exchange, if occurring, takes
place. The magnetisation of all protons was then placed in the x-y plane
of the rotating frame with a hard 9094 pulse and monitored along the y

direction of the rotating frame. By varying the time 71 it was possible to



determine whether exchange between protons on Cu and Ru is slow or
fast. It was found that the soft prepulse did indeed alter the observed
spectrum thus verifying that spillover was taking place. The exchange
frequency of protons on the bimetallic catalyst was estimated to be
between 10°-107 Hz. This identification of spillover from Ru to Cu has
important consequences because hydrogen chemisorption has been
used to titrate the number of surface ruthenium atoms in a Cu-Ru
bimetallic catalyst. Obviously it is not a reliable technique because of
spillover.

King and co-workers [6] also studied hydrogen chemisorption on
silica-supported Ru-Ag and Ru-Au bimetallics by NMR and
volumetric chemisorption. With these catalysts NMR indicated that no
spillover of hydrogen occurs from ruthenium to either silver or gold
in Ru-Ag/SiO7 and Ru-Au/SiOj catalysts. King et al. then used Tq
measurements to compare the spillover of reversibly bound hydrogen
from ruthenium to silica on a pure Ru/SiOy catalyst with that on Ru-
Ag/SiO2, Ru-Au/SiO7 bimetallic catalysts. The value of the silanol
proton Ti reflects the extent of this spillover - a higher degree of
hydrogen spillover being indicated by a relatively short T of the
silanol proton due either to exchange with, or relaxation by, the radical
spiltover species. The suppression of hydrogen spillover was evidenced
in the bimetallic catalysts by the increase of the silanol proton T7 with
increasing silver or gold content. This suppressive effect was found to
be stronger with silver than with gold. With these bimetallic catalysts
the amount of spiltover hydrogen was less than 10% of the total
hydrogen adsorption at room temperature and therefore 1H NMR
gives a direct measure of the amount of hydrogen adsorbed on Ru.

From linewidth, lineshift and relaxation time measurements it was
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found that incorporation of gold into a Ru-5iO catalyst has no effect
on the observed spectrum thus indicating that gold has little or no
influence on the local electronic environment of the surface
ruthenium atoms. In contrast, a comparison of the same NMR spectral
features showed that addition of silver to a Ru-SiOj catalyst has a
noticeable effect on the upfield peak due to hydrogen adsorbed on
ruthenium. These findings were interpreted in terms of the
preferential location of silver atoms on defect-like ruthenium sites
thus assisting in the differentiation of hydrogen adsorbed on the
various ruthenium sites. In this study, 1H NMR also clearly showed
the effect of residual chlorine on the hydrogen chemisorption capacity
of the Ru/SiO5 catalyst and Ru-Au/SiO9 bimetallic catalyst. A direct
comparison between clean Ru-Cu/SiOp, Ru-Ag/SiOp and Ru-Au/SiO»
bimetallic catalysts indicated that copper has the strongest tendency to
cover surfaces of ruthenium particles among group 1B metals. This
work shows that 1H NMR when used in conjunction with volumetric
measurements can not only determine the extent of spillover but also
yield information on the preferred location of other elements within
the lattice. It also enables direct structural comparisons between
various catalysts to be made.

Hydrogen spillover onto silica from a Pt/AlO3 catalyst has also
been demonstrated using 1H NMR by Lenz et al. [7]. When Pt/AlyO3
and silica were physically mixed and hydrogen admitted at 130 °C or
200 °C the hydrogen was found to adsorb and dissociate on the metal
and then spill over across the alumina onto the silica. At the higher
temperature the spiltover hydrogen then migrates and/or diffuses
across the continuous powdered silica surface. The spectra indicated a

radical-spiltover hydrogen species interacting with surface hydroxyls.
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Thus, three peaks were observed, one upfield and one downfield from
a central Hp-OH resonance peak. A single radical hydrogen atom will
give two resonances from the interaction or exchange with surface
hydroxyls due to electron-nuclear coupling. The interaction of
spiltover hydrogen with the hydroxyls (probably through the oxygen)
gives rise to a change of both the spin and charge densities of the two
hydrogen species. The result is a concomitant but opposite chemical
shift for the two species, the spiltover hydrogen and the hydrogen of
the hydroxyl. Lenz et al. also found a fourth peak in the deconvoluted
spectrum after activation of the silica which they thought may be due
to spiltover hydrogen adsorbing on active sites. This peak with an
upfield shift of & ~—12 ppm suggested that if the spillover species is a
hydrogen radical the active site must have a high electron density. This
may be due to adsorption on Pt or alternatively, the upfield shift may
be due to hydrogen interacting with a paramagnetic centre or a defect
centre eg (Si-O)- or Si-. Thus it is not only possible to detect spillover by
NMR but the nature of the spiltover hydrogen and its adsorption site
can be determined.

There are however, certain disadvantages in using 1H NMR;

(i) the anisotropy of the chemical shift due to chemical
shielding, which is important for chemical analysis is small for IH
nuclei

(ii)  the chemical shift information is often buried under the
effects of the strong dipole-dipole coupling. If many signals from
different sites are present then it may be difficult to distinguish the
signal from a specific site. For molecules which are not rapidly and
randomly reorienting, the dominant feature of 1H NMR spectra is

often the dipole-dipole interaction. This is usually the homonuclear
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dipole-dipole interaction between a proton and its neighbouring
protons. However, when dipole-dipole interactions dominate the
NMR spectrum they can be turned to advantage and used to estimate
parameters such as the interproton separation and the rate of
anisotropic motion. There are also cases when the IH NMR spectrum
can be dominated by dipole-dipole interactions with unlike nuclei. For
example, Slichter and co-workers [8] used 13¢-13¢, 13C- 1H and 1H- 1H
dipolar interactions to determine the structure of C2H? adsorbed at
room temperature on small platinum particles. Since the dipolar
coupling between two nuclei is inversely proportional to the cube of
the distance between them, measurement of the dipolar coupling of
selected nuclei gives a probe of their proximity. Slichter studied
13¢-13C dipolar coupling with 13C spin-echoes, 13C-1H dipolar
coupling with spin-echo double resonance (SEDOR - see Appendix
1.5.2) and 1H- 1H dipolar coupling with multiquantum spectroscopies
and deduced that adsorption of CoH2 on Pt/Al;O3 results in two
species; a majority species (77 + 7%) CCHp and a minority species
(23 £ 7%) HCCH. These results agree with vibrational spectroscopic
studies [9].

NMR has also been used in conjunction with other techniques.
For example, Conesa and co-workers used infrared, IH NMR and EPR
to study the interaction of Hp with platinum-group-metal/TiO7
systems [10-15]. From a study of passivated Rh/TiOp using EPR and
NMR spectroscopy it was found that on a clean Rh/TiO surface (with
a low degree of support reduction) Hp is first adsorbed on strong
bonding sites (Hg) characterised by an upfield line in the 1H NMR
spectrum at & ca -120 ppm thought to be due to interaction with the

metal electronic states at the Fermi level. Another weakly bonded
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hydrogen (Hy,) was also found to adsorb reversibly at 295 K, probably at
the Rh-TiO9 gas phase interface. This weakly adsorbed hydrogen was
thought to affect the surface electronic states of the metal thus affecting
bonds with Hg (Rh-Hg) and their large upfield shift. This electronic
effect then generates Ti3+ ions in the support close to the metal
particles due to a 'pushing' of electrons by Hy, through the metal into
the oxide. This same process leads to the simultaneous adsorption of
protons on the TiO7 support. A more detailed analysis showed that in
the presence of gaseous hydrogen Hy, and Hg exchange readily at 295 K.
At higher temperatures Hg spills over to the reduced TiO support
becoming more stabilised by interaction with existing Ti3+ ions
probably by being incorporated into nearby anionic vacancies to give
diamagnetic species (i.e. (Ti-H)3+) at the surface layers of the reduced

support. These processes can be represented as shown in figure 1.2.

Hp 473 K
Rh&=— Rh-Hy &——— (Ti-H)3+
1
295K
Hp . 295 K
Rh&=Rh-Hy, S i ]
evach
| 295K
Rh-Hg

Figure 1.2  Reaction sequence proposed by Conesa et al. for hydrogen
adsorbing on a Rh-TiO; catalyst [10-15].
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Conesa then set out to examine the role of this hydride-like
species at the TiOp surface in the Strong-Metal-Support-Interaction
(SMSI) type phenomena occurring in the Rh-TiOp system, by NMR,
EPR and quantitative adsorption techniques. By using NMR to
monitor metal-adsorbed hydrogen it was found that a loss of Hj
chemisorption capacity occurs upon a high temperature reduction only
in Rh/TiO and is accompanied by extensive incorporation of
hydrogen in the support in the form of the hydride-type species
discussed above. Both of these effects were found to be reversed by high
temperature evacuation while the amount of EPR-detected Ti3 +
increased. Conesa concluded that support-held hydrogen produces
SMSI-type effects in Rh/TiOp that cannot be explained by coverage of
the metal with TiOy species migrating from the support or by a
conventional support reduction mechanism i.e. generation of Ti3+ and
anion vacancies. He proposed electronic changes (rehybridisation)
induced in the small metal particles by interaction with highly reduced
species at the support as a possible source of SMSI behaviour that can
be reversed by evacuation or oxidation more easily than coverage by

TiOy entities.

1.3 13C NMR Studies

13C NMR studies of chemically adsorbed molecules have been
aided extensively by double-resonance techniques and improvements
in instrumentation. A great advantage in measuring 13C spectra is the
chemical shift anisotropy which is comparatively much larger than
that of 1H nuclei and therefore more sensitive to changes in the

chemical state of the atom. The homonuclear dipolar broadening in
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13C spectra is negligible at natural abundance and the heteronuclear
dipolar broadening with 1H nuclei can be suppressed easily. These
advantages due to the low gyromagnetic ratio, low natural abundance
and broad chemical shift range of 13C nuclei do however combine to
yield extremely weak NMR signals. Isotopic enrichment is usually
required which has the advantage of removing unwanted resonances.
Even after isotopic enrichment a large number of accumulations is
usually required for an acceptable spectrum.

One of the major applications of 13C NMR spectroscopy in
surface studies has been in the characterisation of the adsorption of CO
and CO» on various surfaces. When used in conjunction with infra-red
studies, the results are often very informative. A good example of this
is the work of Duncan et al. [16] who after a comparison of their 13C
NMR results with previous infrared studies of CO adsorbed on
Rh/Al;O3 were able to quantify the site distribution and describe the
adsorbed state on a 2.2% Rh/AlpO3 catalyst. Although the spectra from
the different adsorbed states of CO were found to overlap, they were
separated into two components characterised by their 13C Tq's which
were an order of magnitude different. The two species were assigned as
13CO adsorbed on isolated Rh atoms as a dicarbonyl and 13CO adsorbed
on isolated Rh rafts. A combination of T1 data with the isotropic
chemical shifts of the lineshapes led to the formulation of 13C site
distributions for dicarbonyl, linear and bridged species on aged and
freshly prepared 2.2% Rh/AlpO3 samples. 13C NMR measurements
were also able to provide information on the motions of these
adsorbed CO species. From consideration of NMR linewidths and
lineshapes it was found that at 300 K the CO molecules adsorbed on the

isolated Rh atoms undergo rapid reorientation (relative to rhodium
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carbonyl compounds). This reorientation was shown to be localised at
the adsorption site with a correlation time shorter than about 0.5 ms.
Compared to the dicarbonyl species, the CO molecules adsorbed on the
rafts are more rigidly held. There was however, evidence of CO
exchange between sites on the Rh rafts. This study is a good illustration
of the use of 13C relaxation times and linewidths to resolve a spectrum
which at first seems formidable but which ultimately leads to
characterisation of adsorbed species, site distributions and information
about motions of the adsorbed species.

Root and Duncan [17] used 13C NMR spectroscopy to characterise
the adsorption of formic acid on titania. By using chemical shift
powder patterns to measure the asymmetry in the electronic
environment at the carbon nucleus it was possible to distinguish
whether the formate anion has one or two bonds to the surface. It was
not possible however to distinguish between the two doubly bonded

species shown in figure 1.3.

H H
(l: ! Figure 1.3 Possible species
il 7N observed for formate adsorbed on
0\ /O o) O
7 R 2 TiO, by Root and Duncan [17).

Using principal chemical shielding components for formic acid on
titania it was found that adsorption is principally unidentate.
Furthermore, the chemical shielding asymmetry indicated that the
interaction between the nominally doubly bonded oxygen of the
chemisorbed formate and its surroundings is weaker than that seen in
dimerised solid formic acid but stronger than that seen in solid methyl
formate. In conjunction with the observation of the three distinct

non-axially symmetric chemical shielding components this showed
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that at sub-monolayer coverages the adsorbed molecule is not free to
rotate about the metal-O or C-O bonds, indicating hydrogen bonding
between carbonyl oxygen and surface hydroxyl groups. A physisorbed
formic acid layer was also identified using 13C NMR and was found to
be liquid-like both at room temperature and well below the freezing
point of neat formic acid. In a subsequent paper, Root and Duncan [18]
reported the application of NMR spin-labelling and isotopic labelling to
the HCOOH/TiO7 system in an attempt to characterise exchange
between physisorbed and chemisorbed formic acid and within the
chemisorbed layer. The NMR isotopic labelling experiments (12C-13C)
showed that exchange between chemisorbed and physisorbed layers
occurs at 298 K with a time constant of less than 400s. NMR
spin-labelling experiments were able to place a lower limit of 2 s on this
exchange which is much slower than the millisecond time scale
hypothesised by other workers. The authors concluded that this slow
rate of exchange shows that characterisation of physisorbed formic acid
cannot be used to characterise chemisorbed formic acid and that direct
observation of the chemisorbed layer is necessary. The NMR
spin-labelling experiments also showed reorientation of the formate
species in the chemisorbed layer at 298 K. The work of Root and
Duncan emphasises the great utility of NMR when applied to surfaces
and adsorption. Various facets of NMR were applied to the
HCOOH/TiO3 system to give a more complete picture of the
adsorption of formic acid on titania. Individual NMR techniques e.g.
spin-labelling, isotopic labelling and/or chemical shift anisotropy were
all shown to have their own place in determining what actually

happens at the catalyst surface.



18

13C NMR studies in heterogeneous catalysis are often used in
conjunction with 1H NMR again to provide a better overall picture of
adsorption at catalyst surfaces. For example, Dennison et al. [19] used
both 1H and 13C NMR spectroscopy in their study of a Cu/ZnO/AlyO3
methanol synthesis catalyst (vide infra).

Finally, a discussion of the application of NMR in
heterogeneous catalysis is not complete without mentioning
magic-angle spinning (MAS) techniques. In liquids isotropic and rapid
tumbling averages out interactions such as the direct dipolar coupling
and the chemical shift anisotropy by a phenomenon called motional
narrowing. In solids these interactions are not usually completely
averaged out owing either to the absence of molecular tumbling and
diffusion or to their insufficiency for complete motional narrowing.
The terms in the dipolar Hamiltonian which cause NMR line
broadening for solids involve the geometric factor (3cos26-1). If the
solid sample is rotated about an axis at angle 54.749 to the magnetic
field (By), as shown in figure 1.4, then (3cos26-1)=0 for all orientations
of the sample. Thus, just as for isotropic tumbling the dipolar
interaction is averaged to zero and so dipolar broadening is eliminated
giving much higher resolution. This technique is referred to as magic-

angle spinning and 54.749 is called the magic angle.

0=>5474° Figure 1.4 Magic Angle Spinning.

MAS can be applied to both homonuclear and heteronuclear cases.
Mechanical problems do arise with MAS however, because of the angle

itself and because the rate of rotation required to average the dipolar
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interactions properly has to be greater than the static band width
expressed in Hz. Despite these problems such experiments are now
routine. MAS experiments can be used for any nucleus but are
especially relevant to 1H and 13C NMR studies on catalyst samples for
analysing the chemical shift information from samples with multiple
overlapping powder patterns. Combinations of MAS with
homonuclear and heteronuclear decoupling and cross polarisation are
often used. King and co-workers [20] studied the adsorption of ethylene
on silica-supported ruthenium using cross-polarisation with magic
angle spinning (CP/MAS). They showed that ethylene decomposes at
room temperature to form strongly adsorbed species identified as
acetylide and alkyl groups. Spin counting studies showed one carbon in
the strongly adsorbed layer for each surface ruthenium atom. These
results again illustrate the potential of NMR in detecting chemisorbed
species and weakly adsorbed molecules at coverages higher than those
used in spectroscopies employing ultra-high vacuum conditions. The
application of 13C solid state high-resolution NMR techniques allows
the formation of a coherent picture of the chemistry of a relatively
complex system by determining the structure and abundance of
molecular species adsorbed on the catalyst surface. The 13Cc CcpP/MAS
technique allows simultaneous observation of the transformations of
chemisorbed and physisorbed molecules whilst direct 13C excitation

allows quantitative measurements of the various species present.

14 Other Nuclei

Metals play an integral role in many catalytic processes as either

active sites or as inhibitors. It would therefore be useful to be able to





































































































































































































































































































































































































































































































































































