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" Abstract A-‘. R

The technique of Proton-Enhanced Nuclear Induction -
Spectroscopy has been applied to the study of chemisorbed 5
alcohol molecules on magnesfum oxide (Mg0) and tungsten:oiide
(wos)Jsur;aces. -breliminary studfes.in§olved the carbon-13
nﬁclear magnetic resonance {(NMR) And adsorption studies of
“methanol on four di++erent.preparations of Mg0. High-resolution
C-13 NMR spectra have been obtained together with proton
‘relaxation‘déta‘at different coverages of methanol. These data
indicate the only significant themisorbe. species to be |
methoxide at room temperature. Coverage-dependgnt motions 6(
molecule; are demonstrated in the adsorbed layer. The adsorbed
layer is stable up to 398°C. At higher temperatures;’
decomposition sets in, yielding a.complex mixture of gas-phase
ﬁroducts. The only chemisorbed species found from high

temperature decomposition is believed to be a bicarbonate

species.

This study has been extended to ethanol and isopropanol
adsorptioh on MgQd. Both alcohols adsorb in the form of
alkoxides, which are stable’'up to 256-389°C. The de;ompositiong
of the adsorbed layer at higher temperature yields a range of
dehydration and dehydrogenatioh producfs, of béthkéaseoué and

chemisorbed varieties. The identi+1;gﬁion of the deéompositidn

. g

products by employing the Magic-ﬁnglé Spinning technigue and

€C-13 enriched ethanol is fraught with some difficulties. The



..:"%bf;«)m

elucidation of a'complete decomposition mechanism is not

possible with the present data. The preliminary‘investigation

of adsorbed alkane-diols on Mg0O has met with some success.

]

The presept technique has been applie& to theKstudy of
other catalytic systems and, in this dissertation, the
metﬁanol-woa system. The result is éimilar to thaé of
methanol-Mg0 system, with the observation of surfac;-mefhoxide,

species at room temperature. The study of the decomposition of .

-

the methanol-WO0s system at elevated temperature‘is hampered by

paramagnetic interaction arising from the reduced form of WOs

(WO0x-», Where x varies from 2 to 1).

N
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1.
CHAPTER 1
1.A. NMR Technigue'in Surface Chemistry
Lf/ The‘subjects of chemisorption and catalysis are so much

related that they are indistinguiéhable. For a better
understan&ing; chemisorption is defined'as the mode of
adsorption, while heterogéneous, or coﬁtact catalysis is its
‘interesting consequence. The maséiQ;WZQVelopment‘in recent
years pof appropriate spectroscopic technigque {such as'infared;
.Rama;, ultraviolet and magnetic resonance)ssuitable'for low
vacuum has brought the field of chemisorption to maturity as a
distinct field of surface chemi;try. Research interest in
chemisorption is very wide indeed, with no particular emphasis
toward catalysis (although often related to it). However, the

industrial importance of catalytic s}étems tends to bias the

research toward those systems of special catalytic relevance.

The molecular emphasis of modern chemisoprtion has benefited’

the field of catalysis by giving depth and scope to the
understanding of the surface chemistry of catglytic processes.
The complete characterization of an adsorbate-adsorbent system -
A J :

Y
requires the application of diverse analytic procedures.

Adsorbents are usually characterized by steady-state
measurements (such as XRD, adsorption isotherm etc.), by which
the macroscopic properties are determined. For the adsorbates,

conventional high-resplution spectroscopies e.g. infrared,

Raman, and ultraviplet are used to measure vibrations and
~ _



2.

.electronic transitions which occur in the +requency range o+f
3 —

19*2 to 19** hertz.

e

High resplution NMR studies carried out 28 Qearéago {1) dn
molecules adsorbed on:diamagnetic solid surfaces in&icated that
\proton resonance +requencies‘o+ the adsorbed molécules differ
from the free molecule values. This shift, due to a
perturbétion of the electron distribution, varies with the
nature of the +unctiqnal group, especially when there is a
preferred orientation of the adsorbed molecule with respect to
the surface. On the other hand,\sincé adsorption decreasés‘
molecﬁlarbmotinn, apart +rom_changes i'n chemieal shift, we
should observe a broadening of the spectral components whichl

will be greater or smaller‘depending on the component and

+

whether it is associated with a group fixed on the surface or

sufficiently remote for it to preserve a certain number of

- )
~—— | »

Smaller linewidths and larger chemical shifts of ‘3Q/ﬁhclei
Lo

degrees of freedom./

yield more favorable cnndi{ions for the application of
high-fésglutinn‘NMR spectngscbpy of adsorbed molecules. By
means of Fpurier transform technigue, the :3C NMR spectra and
the longitudinal.*ac relaxation times of simple hydrncarbnné
adsorbed on NaY zeolites have been studied (2). In contrast
to the *H resonance spectra of the same systems involving

i-butene and qgs-butene; the *3C spectra show separated sharp

lines (2).
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.wIn fhe last ten years, the applicatioadg¥ cpnventional 1sc
NMR spectroscopy to surface chemistry §nd caté{ysis.has(become
nearly roufiner Investigation of surface a:i&ity.and acid sites
(3,4) and monitoring‘of surface reactions (S) havé been achieved
with moderate success. HDwever; thesé resuits are based on the
premise that the_adsorbed molecules undergo isotropic rotation
at a rate of at least 10® Hz. This is because the C-H dipolar
coupling is of the order of 109 Hz and correspondfngly rapid

motion is required to average this to a small vafué, permitting

high resolution spectroscopy.

It is pbvious that this cDdentiDnalt*3C NMR techniqué will
not be applicable in the casé of stfnnglffchemisorbed species
which exhibit a more rigid étructure and iimited freedom of
motion. However, what is lécking from a coMblete picture of the
adsorbate-adsorbent system is the analysis-nf these low
¥requenéy dynamic properties of the ;ystem; that is, a
description of ény Drjenyétinnal influence the adsorbent may

have on the absorbate.

L
1

Recent developments in high resolution solid-state NMR (6)
have shown that C-H dipolar ;gupiing can be suppressed by high
power irradiation of the protons and high-resélutinn *56 spectra
obtained. Combining this with crnss—polarization (6-8),‘the
senSitivity (signal to noise ratio) can also be incfgésed. The

application of this high power decoupling plus



cross-polérization (CP)‘techniqué in surface chémistry and
polymers is still relatxveiy new (9-12). The main difficulty in
- these exgeriments’is.that the 13C chemitél shitt aﬁisothqpiesi
can be large, thus overlapping powder patteéns result +far ;

species conteining more than one carbon. This may also

‘aggrevate t': sersitivity problem, althcugh the use of

[y

selectively zhrichked *3C compounds (1lc) could selve this
1 AN .
prcblem. To optimize the sensitivity further, pressed pellets

of the adsorbent would increase the sample density, thus

4 .
¥

allowing more adsorbate tc be intreduced.

4 .

To sclve the problem of.overlapping *SC chemical shitft

aﬂisotéopies5 magic-angle spinning 1s the splution. However,
all the conventicral spirners are not really designed fortthe
study of adsocrbed systems., The reason is that most intereséing
8ystems (catalytically) are sensitive to the presence_o+ air and
water and must be prepared oh a vacuum line., GSome researchehg

. (13-1%) have attempted the transfer of adsorbed %ystemsiinto
~

convertional spinnersg inside a dry-box. This technigue only
works for those systems in which the sensitivity to air and

water are low or none at all, In some cases, a drastic change

-

in the *3C NMR spectra were observed (13b, 135) due to the

intrusion of air. Frevious MAS attempts using sealed samples

t

Y16, 17) met with "experimental difficulties".

2

We have recently developed a magic angle spinher (18) 1in
3 .
: e
this labeoratory, which permits reliable spinning at 3kHz of

L3
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samples sealed in glass tubes. Stable species or surface .

reactions could thus be monitored with a drastic improvement in

resolution (18).

1.B. Alcohol Decomposition

The co\ve?sion of alcohols to hydrocarbons is a remarkable

reaction. The industrial potential of the reaction is

o

, . i
tremendous,; especially after the discovery by workers at Mobil

0il of the selective catalytic conversions of methanol to high
pctane gascline over zeolite catalysts (19-21). This revives a

new interest in the surface chemistry of zeolites and the

>

32reral conversions of alcohols teo hydrocarbons over other

o §
.

catalysts {(22).

There is clearly a diversity of opinion concerning thg
mechanism of iritial C-C bond formation, and a wide gap
separating thsory from experiment. Because of the high
exothermicity and fast kinetics of the methanol transformation,
cla;sical metheds of mechamism elucidation e.g. trapping of

.

intermediates, tracer, and kinetic studies, have failed to

i

nrovide urequivocal answers. Direct observation of the

transition state seems beyond reach at present.— 7~
ST ; f

. / o~

1.C., Scope of this Study v \

This dissertation focusses cn two aspects of beterogeneous
: : S
catalysis: difference in catalytic activity dug/io the

ditferent methods of preparation, and the extﬁét of
. . o
) - - %
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a)

rratalytic conversion of reactant at different fémperétures. The

systems under invéstigat;on are the methanol, ethanol and

~

- isopropanol adsorbed on Mg0 and WOs.

' The analytical tool used is solid state *SC NMR (6)
éﬁploying cross-polarization (CP) and high power C-H décﬁhpling.
We have successfully modified our high-resolution 14kG

spectrometer for this pubpose’(see Chapter 4).

A p}eliminary study b+ methanol adsorbed?on Mg0 performed in
thisalaboratory'(ZS)‘has shown great promi;e. We are able to
observe an axially symmetfic powder pattern for the adsorbed
spec{gs, at low coverage of methaﬁo}, which resembles that of -

maghesium methoxide. As coverage is increased beyond 6[1mole/m=,

another mobile species is obserCEG\\\ﬁf'aPPEars as an isotropic

peak superimposed updn the Underlying powder pattern. From its

~chemical shift, we conclude that this could be a mobile methanol

species on the surtface. v “

To study the differences in the methanol-Mg0 systems +from

4

different preparations, we measure the proton relaxation

parameters at various coverages of methanol and the

v

"~ corresponding *3C CP spectra. We have also extended this to the .

v

chemisorption of ethanoliand isopropanol on MgD.

It is well knohn that basic oxides have high activity in

catalytic dehydrogenafion of alcohols. To investigate this, we



v

treat the alcohol-Mg0 systems at successivély higher 7.
temperatures, and monitor fhe stable surface species by *3C
spectra. Overlapping powder patterns resultedﬁin the 3C CP
spectEaAdue to the presence of more than one surface Qpecies as
the aicohols decompose on the surface. Identificatioﬁ of the

conversion products in, the ethanol decomposition is done by

MAS/CP technique using'selectiﬁitely 13C-enriched ethanol.

a

For comparison of our present results and toltest the .
applicability of the CP technique to other catalytic systems, we
;ttempt the characterization of the alcohol-W0s systems. WOs is
a well knowh acidic Dxidg which catalyzes the dehydration of }
alcohols; In this preliminary study, we intend to study the
interaction of methanol with the WOs surface, and to investﬁgate
the decomposition pfoducts ery this system at elevated

temperatures.



CHAPTER 2 .

-This chapter sufveys the work done so far on Mg0 and WOs
surfaces. The list is by nb means exhaustive and complete. It
selects studies pertinent to the chemisorption of alcnhuls,‘tn

the catalytic activities and selectivities due to different

preparation methods, and to the acid/base characteristics of

these oxide surfaces.

2.A. MqQ

There are several methods of prepanati&n for high surface
area Mg0. The conventional ones are from the thermal
decomposition of the hydroxide, éarbonate Qrvoxalate.
Comparison Df'dif%erent preparations of Mg0 relative to
catalytic activities r.3ve been detailed (24-28). It is agréed
that MgO prepared by different routes has different surface
morphologies, and thus the catalytic activity and selectivity
vary. Other +act6rs, such as the temparature and length of
cal:inatioq<time, aﬁd the atmosphere‘in which the ﬁrecursor (+or
Mgl) is heaggé also have gheét effecfs on the aﬁtivity of the
resulting product,(29,'36); Pretreatment of ﬁgo witthz or 02'
also atfects the cétalytic selectivity'as detailed by Davis

(31). : -
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As a member of the alkaline earth metal oxides, My0 shnwé
sukface basicity (32-36). Some acidity is also'bbserved in the
case of MgO calcined at hi;; tempgrature ca. 1908°C (32, 37).

The presence of several types of basic centres at the surface of
partially dehydrated magnesium hydroxide has beén discussed'by
Krylov et al. on the basis of studiesvof adsorption and'isotnpe
exchange of carbon dioxide on Mg0 and on patially dehydrated
magnesium hydroxide surface (38)., The basic centers are
believed to derive from the 0%~ ions}adjatent to the surface -0OH

groups (39).

Adsorption stud{es related to the catalytic éctivity on Mg0D
have been scarce. These few studies included alkene
hydrogenation (27, 44), alkeng and alkane opxidation (41, 42),
acetone adsorption (43), acetonitile adsorptibn (445, and the

aecomposition of methyl! formate (45),

L —

On the other hand, the interaction v% alcohols with Mg0 has

N

been. widely explored (31, 46-54). The general concensus is that
Mgl is a:very selective dehydrogenatiqn-catalyst. -However,
dehydration activity is osserved when the.catalyét is,
coﬁtamrnated with carbon dioxide, which may result from an
incomplete decomposition of a carbonate precursor (53), or

]

during the various steps of preparation. |

Studies o+ the catalytic conversion products of methanol on
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Mg0 include IR spectroécopy (4>, 48), mass spectfometry and +;ow

.system (4%9). Infrared spectroscopy has revealed éevenal
adsorbed épecies formed from mefhanollon Mg0. These include
phvsisorbed metharol plus sevefal ch;misorbed metho%ide species

‘(48, 4%) at room temperature. These methoxide species persist
on the surface upon heating until 38@° C, at which temperatuhé,
tormate is observed on the surface. Mass spéctrome@er analysis
of desorbed species indicates Hz, CHa, Hz0, €O, Ha2C0 and COz
(49), similar to the result from Noller and Ritter (54). At
even higher temperatures, surface carbonate is observed. This

possibly results from the reaction of carbon dioxide (from

decomposing surface formate species) with the surface.

-
i
L

For etharol adsorption, the general consensus indicégés
that the ethanol is chemisorbed orn the Mgl surface as an
ethoxide species which 1s stable up to 15@° C., At 25@° C, the
ethoxide»species dehvdrogenates to acetgldéhyde and hydrogen,
along witﬁ some dehydration to ethylene (51, 353). fAt much
higher temperatures,’1,3—butadiene~is pbserved, alpng with some
hydrogen. This ?esult conforms to the intrinsic dehydrogenation
activity of MgQ, and !,3-butadiene arises probably from the
dehydration of lhe reaction products of anﬁther ethanol
molecule with the aldol condensation product of acetaldehyde
{36). Desorption at 29Q;C reveals acetaldehyde and CO=2 only
(31). This contrasts with the observation of ethanol, water and

ethylene in the desorption study by Parrott et al. (58). This

L4

seems to indicate different catalytic activity on Mg0 surface



due to different preparations.

Propene‘and acetone are the major products from adsorbed
isopropanol on Mg0 at elevated temperatures. This result was
obtained via temperaturé programmed desorption studies in the
ifange of 360—?SEO:C (=@, 54). However, TPD study emp10§9

~

tlow-system analysis, and pays no attention ta'iSSDrbed species
mhich inform us of dehydrogenation or dehydratlon‘activities.
The authors in (54) also prepared a series 0f silica-magnesium
oxides, At >89 mole %.MgD, the desorption products are‘the same
as for PQre Mgl at theé same temperature. This may indicate the
dehydrogenation or dehkydration of alcohols taking placé in the
basic centres of MgO. Studfes o+ adsorption of other Hﬁgﬁ
molecular weight alcohols*on Mgl (see, for example ref. (31))

7 usually focus on kiretic data and percentage conversion, rather

thar the characteristic of adsorbed species leading to

decomﬁosition‘o+ the1ori91nal alcohols. .

To summérize, past studies indicate that Mg0 can act both
as a dehydrogenation and dehydration catalyst for the alcohol
decomposition. Infrared spectroscopy has provided intormation
or. the structure of surface species, although there are
quesiions toncerning the assignment‘of the observed bands (57),
among other problems (such as the assumptioé of an invariance of
extinction coefficient of molecules upon adsorptfnn etc.). It -

is the intent of this thesis to shed light on the structure and

type of slow-moving species (usually chemisorbed species) on the
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/ 12,
{ _ .
Mg0 curface, upon the adsorption of a}cohois. -
) . /
g .
i
!
According to Krylov {28), tung;%en oxide at its highest

oxidation state i.e. WOs, ii/ihiigfdration catalyst for

af&ohols, althougksome degydrogenatian activities were

'2.B. WOs

-

observed. WOs has been scarcely studiedf The existence of
several forms of tungstern oxide, WOs-.x ‘x varies from & to 1),
anmnd the generally low surface area Dflthe prepared WOs make the
study of WOs slightly diffﬁcult {because cf the amount of

adsorbate per gram of W0z may be too small ta be detected).
Most of the studies on WQOs wer; carried out with WOs supported
on Si0z, Alz0s, Mg0 and TiOz (59). These supported WOs
catalysts are found to be extremely active in the metathesis and
isomerization nf alkenes. The active sites on these metathesis
catélyst have not Been elucidated. O0One school of thought is the
precurso% for the active site in metathesis is a surface

compound, and not the "free" oxide as such (&8). However, nc

detail of this'surface compound was given.

In view of ali these catalytig activities, WOs is thus, one
component of industrially important catalysts. Tungsten ogide
itself is known to catalyze the oxidation of 1-butene to carbon
dioxide (61)., Tungsten oxide reduced with hydrogen was reported B
recently to catalyze the isomerization and hydrocracking of ji

heptane, the dealkylation of isogrupylbenzene, and the

dehydration of isopropanol, wheré the variation of catalytic
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actign with the change in oxidation state and acidic property ot

tungsten oxide was studied k62, &3).

‘/V'

5

W0x can be reduced to lower oxi es elé. Wla, 96 s WOo 90;

WO0=2.>2 and WOz by Bydrogen at élev Yed temperatures. All ot
these oxides are stoichiometric but have different structures
(64). It was prcven reCeﬁtly that the blueioxidéADf tunﬁsten;
woz.a7,AiS a selectivé déhydration catalyst for a series of
alcokols (65). Pretreatment in hydrogén or oxygen did not alter

theidehydration selectivity but did alter the alkene

distribution.

This blue oxide of tungsten, which is stable to ﬁeating at
44¢. C for a long period of time (&2) will contain a‘c;mbination
of tungsten at the +5 and +4 states fin addition td the +6
state), This creates another problem for our NMR'study of the
surface. No doubt, tqngsten at the +4 or +5 states may bg
pagamagnefic, and the '3C NMR spectra Dbtainea will be br;;dened
due to electron dipnle interactions, and there may be shifts in
the chemical shifts of the carbon nuclei under investigation»

(68) .

Since the electronic magnetic moment is about 1099 times
greater than nuclear mom?nts, a}l spectral information may be
obscured by this electron-dipole broadening. This effect may
hamper the investigation bf the tungstan oxide surfaée by NMR

spectroscopies.
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To summarize, WO0s has not been extensively studied déspite
its catalytic importance. 'Hopefully, NMR spectfoscnpy with the
cross-polarization and strong‘decoupling technigue may give some
insight into the catalytic activities in relation to the

adsorbed species present, on the tungsten oxide surface.
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CHAPTER 3

-

3.A. Theoretical Backgqround

It is not the intention of this dissertation to build up
the subject of NMR systematically from first principles.
- Rather, it discusses concepts at levels appropriate to the

interfacing of solid-state NMR to surface studies.

High-resolution NMR in liquids Has been proven to be a
useful tool'fnr structural and dynamical analysis of chemical
systems. However, it is less successful in the study of éolids
(the réasnns will be discussed‘later). So, why is there a need

to try high-resolution NMR in solids?

There are several reaions for performing high-resolution
NMR in solids. A pragmatic one is that the sysfem of ihterest
need not be dissolved in any solvent to obtain a high-resolution
NMR épectrum. Consegquently, the signal to noise ratio (S/N)
could be much better in a solid sample i+f {ts solubilgty is very
small in the appropriate solvent., A mnre\fundamental variation
of thié theme is that the physical and even chemical properties
o4 a molecule will, in general, not be the samé for a solid and
a diésolved sampte. Thus extrapolation may be required to draw
conclusion about molecules in a solid from a high resolution NMR
spectrum in solution. So, why isn’t solid-state NMR done

»

conventionally? Jhe reason is well known: the direct nuclear

magnetic dipole-dipole interaction is averaged to zero in
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liquids due to rapid'trahslational and rotational diffusion,
no such moti@ns arg available tovsolids, and their absence
leads to spec£fal broédening. This dipolar b;oadening is
normally in the order of several kilohertz, compared to the
few hertz required fér the resolution in the speptral structure
due to chemiéal shifts and spin-spin couplings. _We can see
Athat it is a real feat to bring solids into the realm of

conventional high-resolution NMR.

This'nuclear dipolaf interaction contains a wide range of
information pertaining to lineshapes (67), spin;diffusioﬂ (68),
spin temperature (69) etc. IIn addition, it can be used in
b;th structural and dynamical studies, as iﬁ wide—line
dipolar structures (70) and by second-moment and spin—lattice
- relaxation studies of motion (71)... However, the above informa-

tion could only be obtained via complicated mathematical

analysis.

)

If it were possible to suppress this\dipolar broadening
(by techniques to be discussed .later), a considerable increase
in information couid be obtéined, such as the interaction due
to chemical shift anisotropies and indirect nuclear spin-spin
couplings. This type of interaction is generally obscured in
liquid systéms due to averaging to zero, but because of the
restriction of molecular reorientation in solids, such aniso-

tropies (e.g. chemical shift anisotropy) are preserved.



A simple examgle is the benzene molecule, which is a
planar hexagon. At the corner of the hexagon, where there is a
carbon atom, the effects of the chemical bond should have a-
dirgctinnal character guverned by the‘shape of the molecule.,
The covalent bonds thch hold the mo]e&ule together are made’dﬁ
of electrons, and the nuclei on the molecule feel the effects of
bonding (and other) electrons in thé.form Df‘additiunal small.
mégnefic tields induéed by the experimental +field, which give
rise to the.welf known chemical shifts. Since the site at the
corner of the hexagon is not tetrahedral or D+ hi9her symmetry,
the chemical shift must depend on the orientation of the
molecule with respect to the external magnetic field. Such
chemical shift tensor properties could only be obsgrved when
thisibenzene holecule is "frozen", or in the soli fqrm. In N
liquid benzéne, when the benzene molecule reorients itself
rapidly, the directional character at each carbon nuclei changes
rapidly also, and all these chemical shift énisutropies are
"averaged" to a scalar value (the isotropic ;hemical shift

I3

usually observed in high-resolution NMR).

There exist to date, several approaches to bring solids
into the realm of high—resolution'NMR. These can be discussed
in terms of the Hamiltonian for the Qtruncated' dipolar
‘interactions (72) in a substance containiné twa huclear species,

I and S of different gyromagnetic ratios ¥ and ¥
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[11 v:Hao = /\u:; o+ \:B;s + ﬂ;s where
: Nx : |
n = &R g&% Yey 2 %(Cossc;)(fc'f:; - 31&{[;3)

W, = 3R 2 1 (0056, (55073 Sy Sey)

<

Ny Ns ‘
:Hors = sztbf'sﬁ"\2 I I i %(Céseam) IF}SM?

= m=l

The technjgues and their effects differ according to the nature
of the sample and to which part of equation [1] they choose to

affect.

In the magic-angle spinning (MAS) experiments {73-73), the
© 's are modulated rapidly giving (P,_(coSG(t))>=o , for all
i, j, my, nj so'that Qii dipola; interactions are erased. At
the same time, all other anisotropic intéractionS‘Which are
transformed as -second rank tensors, such as the anisotropic part
of the chemical shift, is also removed. Howevef, it was pointed
out by Maricg and Waugh (76) that this is not possible when ihe
homonuclear dipolaf interactidns are coupled wifh other
interactions (such as those arising from guadrupolar nuclei).
In multiple-pulse &MR (77-86), in an appropriate reference
frame, it is the I spins wﬁich are modulated, leaving
(3Ia,(ﬁ)1i}(t)- T‘-'ij ) =0 . Thus the dipolar interactions are
fully removed only in single-species sample (Ng=O ). Dipolar

interactions from unlike spins ( H;g ) can be removed by strong

'

¥ irradiation of these spins at their resonance freguencies (81).
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; The enisotrnpic chemical shift is; however, not lost. Both
methqde (MAS and Multiple-Pulse)yhave met wikth considerable
sdccess, despite some experimental difficurties;.

In this dissertatinn, we are mainfy interested in the
dauble-resonance egperipen£s and the pbnton—enhanced NMR of
dilute spins in solid (6, 82), and a combined technigue of the

proton-enhanced NMR with magic-angle spinning (MAS).

4

3.B.1.Double Resonance Experiments (82),

To start with, we Ennsiderba system of abundant I'and rare
S epins ti.e. Ny Ng N the number of spins). E&ch. spin
system is coupled to theAlattice and aeproaches the lattice
tempefature with the epin-lattice relaxation time Tyx and T
respectively, as shown in Figure 3.1,‘;r1 and T, are the
spin temperatures of éﬁins I and S respectively.

The I and S spins may be coupled by some interaction
represented by the cross—relaxation time 1}5 . 'Applying'the
concept of spin temperature (6%c, 75, 83, 84), and using the

high temperature approximation, the spin density matrix can be

written as:

[2] p= Z'O-81) where
Z = Tr{1} = D% (5™

Th% quantities of interest are the energy, magnetization

and entropy, which are given by:

[
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31

Schematic representation of an
abundant I spin reservoir and a rare
S ‘spin reservoir, which are coupled

to the lattice by their spin-lattice

relaxation timés T and T The

11 1s°
couplihg'between the 2 reservoirs as

represented by the cross-relaxation

time TIS can be varied at the -

Experimenters discretion by a suitable

applipation of rf fields.

L3
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I3al Energyv ‘; E =+’\Tr{{93d}_ :--Bf\/TY:H}
[34b~J Magnetization M= ho 'Tr {,P']';} = X’S'}

»

[3c] Entropy | S = -k Tr {‘P 163 £3

?
In the caseé of Zeeman interaction with a magnetic field

Ho, these guantities reduce to:

(41  E = -f-C-H,?

[ab1’ My-= (- C-Ho C= LNI(E+)¥*h
[4c) S = constant - R-B*.C- Ha
After waiting several times 7T,y , T, the I and S sbins

reach the magnetization, in a static magnetic field:

[53] MOI* BL . Cr . Ho and

[Sbl Mog = B -Cs-Ho

where (3, is the inverse lattice temperature.

Double resonance can now be achieved by the following

steps:



>

(i) Cooling the abundant I spins system.
This can be achieved e.g. by locking the spins in a field
Hz<¢{Ho. 1In which case:

<

(6] Moy = B Cy-Ho = Bz Cy- Hy with

ﬂz/(sl- = L“‘G/Hl, >> |

There are two basic approaches by which a spin system is
cooled, they are schematically representé&‘in Figure 3.2. There

are.

- e

(a) Spin-locking (6-8, 83-88) in the rotating frame with a

field M,y = 2Hg cos(wrt) .

[7] Br

Ho 6'-/H|I

M;

Br- C1- Hy j ='@I'C1'Hn‘a"

The inverse spin temperature (3; will approach the
inverse lattice temperature ﬁh with the time constant T

the spin-lattiCE»relaxation time in the rotating frame.

(b) Adiabatic demagnetization in the rotating frame (ADRF)
(89) by turning of+ the H,x field adiabatically, leaving the

'spins in the "dipolar field® H/; , where

[8] Tr{ Hp*) = »? HG® Tr {Ib}i

Br-He g Exz-fr-CroH

Hux
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Figure 3;2 a)-b)

Schematic representatioh of different means for

reducing the spin temperature in the rotating

frame. | 2

(a) Spin‘locking;

(b) fAdiabatié &emaghetizatioﬁ in the rotating
frame (ADRF) aﬁd Jeener-Broekaert two pulse

&

experiment;
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Phe “inverse spin temperature ﬁ: vnll approach tﬁﬁ invgﬁéel
lattice temperature B_ with the time constant Ty s the

spin-lattice relaxation time in the dipolar state;

2

A different way of achieving a dipolar state was proposed
by Jeener and Broekaert (99), ahplyihg a 90 -1t - 45% pulse
sequence. Sjnce this process is not'adiabatic, a somewhat
smallgr inverse temperature ﬁ& is achiev ; and from

ref. (&6%9C).

(91 By & 0525 :," B

LT

nevertheless, this is a very/E;RVenient method for cooling the

L

The next step i% double-resonance is:

abundant spin system.

(i&) Bringing the I\and S spins into contact.

‘Since tﬁe 1 spiﬁé are Eold and the S spins are hot, there
will be a calorimetric effect (86), and energy exchanée may |
proceed with the time constant Tzg . Only if Tzg << Tipx

Tiex , is this energy exchange' nsiderable and can be

utilized for a double resonance effegt. Rapid energy transtfer

is possible only under total energy conservation. No such
transfer is possible in the laboratory fgame. However, in the

rotating frame a matching of the energy lgvels is pﬁﬁé%%le as

shown schematically in Figure 3.3, allowing rapid transfer under



Figure 3.3

25a

Pictorial representation of level
matching in the rotating frame
(Hartmann-Hahn condigion) for

‘ ’ ’ e
spin = 1/2 systems.
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energy conservation (in the rotating frame) if the Hartmann-Hahn

condition (7, 8%)

(161 Pg-Hig = 1 -Hu for I =S = 1/2 or

W5 = Wt

. ‘ L
is satisfied, where Hjx and His are the rf fields in the

rotating frame of the I and S spins'respectivgly. Of course,:
these fields may be effective fields, and then the @,y , QW

becomes the "effective freguencies" Gley and wes

respectively.

As will be shown later (Section 3.B.III), the transtfer

rate can be expressed as.(91,92).

3

~ ] ) l _ X._1‘ Is
[1173 ADRF«iise. (“_r;: hooae = SN Os My Japge (@es)
and : :
. ' ~
1 - 3 . __‘___ — ' - . I3
[121 S‘pxn locking case: Tﬁ)SL_.-?:gm"'GS sm G My~ Ts (A W)

C\)es, Wex > I«

' o
where jan Q@ = SLhE +onO< = 15
} C\)ox-éol Wog — g

Awe = Wes - Wer
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and where M-fs is the second moment of the I-S{ ctoupling

"Hamiltonian. The spectral distribution function for the cross-

s

relaxation process J(w decreases monotonically to zero for

increasing & , i.e. with incfeasing mis-match of the

Har tmann-Hahn condition. his results in a drastic decrease of

the transfer-rate J7,, . McArthur et al. (91) have used an
intuitive approach, based on the experimental déta to expres
the functional form of Japar(Wes) as

[13] J-ADRF (Gdeg)= % Tec eXP("CQOS 'Cc)

where T. 1is the correlation time. A more general approach

using the memory function technique was applied by Demco et al.

(22). e ) \

The spin temperature occurting in a single I-S cdﬁfﬁit is

shown schematically in Figure 3.4. Assuming Z/Diéﬂ inverse spin

temperature Bi and a zero {Pverse temperature Bg at the
beginning of the contact (t = @)e¢*neglecting spin-lattice
relaxation, both spin temperatures will finally reach the same

value E& assuming exponential relaxation as: ,
(141 Brt) = (Br-Bs)exp (- 1) + PB4

(151 Bs@&) = Be[1- e*p(-t/—r,,)J“

™~



Figure

3.4
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:

Time evolution of I and S invérsg‘
spin temperatures /31 and /GS,
when the spin sys*cms are brought
into contact at t = O. Initial
condition: /31 A 0 ‘ﬂs = 0.

A final inverse spin temperature

A3

is rsached after several TI

f S*
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Assuming energy conservation

b4

[141 ﬁI -C;[ - H11 + 6.5 i CS ‘ \HS?‘ = B.{ [ CI'H; + Cs’ "‘{S.L J
\\ .
b

5
and with PBs=0 , egn.[15] leads to
[171 B-F/ﬁI x '/( ) where

. 2 N
r1e1 € = Gs Hc*/Cx Hy®

»

~

is the ratic o4 t.x\e>heat capacities of the S and T spins.

»
If the Hartmann-Hahn conditicn YsHs = ¥y He is
satictfied, one obtainas
r1o1 € = .N._S_.i.(_s_i.'_).. Z<

N T(x+9)

. ) «) :
with Mg =BF’CI' Hy and Msf =85 .Cs - Hs ‘s the

final 1 and § spin magnetization reatches

201 My P - |-;'-€ M, and

210 ¥ - ‘% |i€ Mos

_ « . , '
where M,‘) is the initial magnetization of the I spins and

Mos is the Zeeman magnetization of the S spins. Since € is
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a very shéil number of tHe'order of NS/N& s bne~may.write
l/(1+€) = 1-€& i.e. according to egns. [26] and [21], the I
spin magnetization does not decrease very much in a single

cdntact, however, the S spin magnetizatign\may have been

increased if .356% >1 .

In order to achieve a noticeable destruction of the I spin
magnetization, multiple contacts (6,86,87,93) have to be
penformed; as demonstrated in Figure 3.5. .The.I spins are
spin-locked in the field H,z , whereas, the é spins become ‘
polarized in the field H,;s which may be éﬁ effective field in
the rotating frame. The pulsed Hyg field is of duration t.
with 'a spacing T . Coupling betwéeﬁ the I and S spins is
achieved, whenﬂthe His +field is tufned on and sthe I and S
spins-are decoupled comsecutively, then Hg is_turn;d off. A

;

+rée precession of the S épins can be observed durng this time.

However, it should be pointed out that thelmult{p}e
contact techniqueAis not suitable to the study ot surfaces. The
proton spin-lattice relaxation time iﬁ the rotating frame (Tjer )
of adsorbed épecies is usually short, thus the spin-locking
perioé cannot bé held infinitely long for multiple Fontact to Ee
e++ectivé. In some of our experiments, *3C enriched adsorbates
are used, thus multiple-cnntact (for S spib magnetization

enhancement) is really unnecessary.
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Figure 3.5

T\jlah

Pulse timing of a typical-double
resonance experiment in the

rotating frame.
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-

3.B.II Cross-Polapization of Dilute Spins
Pines, Gibby and Waugh (6,8?) have designéd a techniéue
_utilizing the double-resonance concept, to obtaih high |
resolution spectra of raré spins in solids. The technique is
called "Proton-EnhancedrNMR'Df Di{:;} Spins in Solids". The
timing of this technique is shown hémqtically in Figure 3.5.

After polarization of the I spins in'ca. Ty s the

I magnetizat}on is spin-locked at reson;ﬁce along Hix in the.
I rotating frame (;s in Figure 3.6). The S spins are brought
,into contactvwiyé\¥he I ré;ervoir by applying a resonant His
such that the{g;rtmgLn-Hahn condition (eqn.[106]) is'satistied.
The spin systegégggﬁéligpidly to equ:librium cau;ing a small
decrease in M1 and %}érowth of Mg along their H, fields.
This is indicated sEﬁémafTEal{y in Figure 3.5 by the curves
inside‘the H, irradiation bl6£;;.‘ The +hs field is then
remoged and the S free‘fnduction de&ay {(f.i.d.) observed. while
continuing the I irradiétion for spin decoqpling. The pulse

spacing T is large to allow the S spin magnetization to

decréasé{fully to zero. The S spin magnetization between the

\

- X
pulses is observed and successive S spins f.i.d. are accumulated

in an on-line computer and Fourie:\:>3h5¥ormed to obtainbthe S
spin spectrum. Since the I-fiéld Hixx is kept on during the
S spin f.i.da the abundant I spins are decoupled, resulting a

high resolution spectrum of the S spins.

s -



Figure .3.6

Double-rotating frame transformation.

" In the laboratory frame (a) the rotating

compdnenfs of the I and S rf have

amplitudes Hiiﬁﬁﬁls and angular

frequencies @, COS. A rotating

frame transformation R = exp[-it(wely 20es5p) )
is then performed which rotates the I

spins at @ and the S spins at w

I S

about the Z axis. In this frame (b)

we can imagine the I spins in their

L= -
Al

rotating frame experiencing a static

along X and the S spins in

field HlI.

their rotating frame experiencing HlS

along X . The effects of H of I spins

1s
_) »"\\‘ X )
and HlI_dh~S spins can be reflected if

Wr-wWg is much longer than the S and 1

spectral widths, as is normally the case.

4
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Double Rotof(ng

= l Frofné ' Z
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The S spin magnetization after the k-th contact can be

‘expressed as (4-8,85-87,93a):

(227 M® = 3 (1ie)t Mos = B e RE o . - REKI
v s . Ts ]

since the Hartmann;HaAn condition is satisfied invthis

’experiment. The‘cbntact time, tw is in the order of

milli—secuﬁds, whereas, d: may be on the order of a few

hundred milliseconds, depending on the desired spectfal

resolution, the total co-added magnetization after N contacts

may be expressed as:
v N
(231 Mg™ = -53- Mos 27 e~ RE
5

)\ - We can now estimate thé sensitivity of the single-contact.
cnpss-pnlarization experiment (6). The firs£ step is to aésume
that the quality factor of the probe @, filling factor and
detector bandwidth can be represented by a constant K.

Therefore, the signal voltage at the béginning of the
non-equilibrium S-spin f.i.d. is K-Mog . The accumulated

voltage after N cross-polarization is then, from eqn. [231].
(241 Vs(N) = K-( B3/, ) Mo 32 eRE

3 N h:‘
This signal is, of course, maximized by ¥aking N-—>o0 ,

however, successive signals decrease in amplitude in the

presence of constant noise. If the rms noise voltage in the
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bandwidth of the detector is Vﬁg s the accumulated signal to

-

noise is (&)

‘ | ) ‘ 2 N - 2
(251 (SA Do = (;s{ KC":;)W’_(EE e-ke)

This is maximized for

[261 N- € A~ I3

i

tor which

[271 (S/N der ~O+I(KI)€ ( KoMos H*
Vs

For a single—contac(tEFag??ﬁnlarization experiment, eéch
cycle of cross-polarization and signal recording requires a time
of the order of Tis + 15: » where 13: is the decay time
corresponding tb the obtainable fréquencylresblution 6;
{ Js-Tz;E ly) . Since “Tzs 1is usually very short, it can be
neglected‘in comparisén to ?3: . Anuther practical‘proﬁleﬁ
that may arise is that the I-spin magnetization decays with a
characteristic spin-lattice relaxafion time in the rotating
frame TTer (517;) ;Erespectjve of the desired loss to the 5

system. When this is the case, it is necessary to_repl§£; € in

eqn. [231 by 125" /Tier - //

A The cycle can now be repeated, only after a time cafﬂf,

{/ so that the I spins can become repolarized.
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(N.B. TuT~£Tix to obtain optimum signal (94)). The efficiency
of the gross-pblarization experiment can then be discussed in
terms of a figure of merit Qcp which mqgsures the overall rate

at which signal energy climbs out of the noisé:

(281 Qep = (") (SN e

Now we are in the position to méké a.direct comparison
.betwgen the efticiencies bf the crbss—polarization experiment
and tﬁe drdiﬁary equilibrium f.i.d. (Bloch decay), since’the
time dependences of the recorded signals are i&entical. As

above, we can write

1291 (SN)pa = (T2 Kv-‘:‘as

L

Since this experiment requires « time ca. T,g between

repetitions, we can define

[3.@]\1 - G{-id\ = (TIS)" (s/N ) Fid

On the basis of ;he above, we can define a gain in
sensitivity resulting from use of the cross-polarization

technique of

[31] CP = chfd = (04’)(%)EFFS*T;:’:1)
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- Choosing *H as I spins and *3C as S spins, we can then
estimate the four time constants. Tas® is about @.01 second,
Tis is usually much longer than Tt s which in turn is usually

large especially if

longer than or equél to Tiex - Given this and %1/y5 = 4 ,
we coqld‘see that 9Cp could become quik&

Tzt > Tiex through appropriate off-resonance irradiation (95).

A'poinf'of interest to nofé is that in the case of a
multiple-contact cross-polarization experiment, the gain in
sen;itivity is much higher. This arises because the
| cross-polar{zation is repeated until the I—s;in magnetization
has been largely or fully trans#erred to the é-system. In doing
so, the Hi has to be left on for periods of several seconds,
which requires that Tiex be relatively long. The gain in
sehsitivity in a multiﬁle-contact cross—pol;riéation expetriment
will then be (6):

\
’ 2 T,
[32] 9(? = (0'4') €., (%) -_r;'fr")

Using the éame tH and *3C systems as examples, where
€= Ns/h;x ~  Use . Sep is in the order of 18 even in the case
of Tyf ~Ts . In fact Tis >> Tzt , and will become more
so if paramagnetic doping is employed to speed relaxatinﬁ, since
there is more efficient diffﬁsion of spin energy among the I

o~

spins.



3.B.111 Cross-Polarization Dynamics

= In our experiments on surfaces utilizing crosé-
polarizatiqn,vthe I spins are cobled by~£ﬁe spin-locking method.
Therefore, in this section which describes the variation of the
inverse spin .temper-atures\ By and Bs of the I spins and

S spins respectively in the "mixing” part-o{ the cross-

polarization experiment, only the spih—locking case will be \
discussed. The other basic cross—poiarization expériment USing

ADRF is excellently discussed in references (6,82).

As shown in Figure 3.4, for the initial § spin-
temperature, we assume ﬁ%==c> » and the I spin-temperature

is described according to Section 3.B.1. For the spin-locking

case, H,;y > kﬁ& ideally

[33] Br - B He

Hu

! -~
I+ we invoke energy gonservation in the rotating frame, we can

write
\
(3417 4 ) = O )
P v e & Bs
where g’ = NsSCs+1 4% - g &2
Nr I(z+1) o
7
“‘f N
with o = SshHis __QDes

01 Hix Werx 5\
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A

The S Spin—temper‘atdrﬁe ﬁs is relaxed ‘with the time constant

7

Tis towards the instantanecus 1 Spin—temperatubé which results

in the following coupled differential eqn. (91):

A

s

(3521 4 Bs = - —T'-(as- €x)
‘ 15

135b) Br = - £ (B, -5$)~ L B:

d ,
gt T1s Tiex :

The nature of T[yg and its dependence on His wil}l be
discussed in more detail later. Notice, however; that an

expression for C/ﬁ}s has been quoted already in eqgn. [121.

Thesé coupled differential equations [35] are straight forwardly

o ,
solved under the initial conditions:

BS (o) =0 Pr (o) = B 1o

~ e'°°4t/Tts‘ )

[34a] Bs(t) = Bro (a:_a_)(e-a't/Trs

[36b) Pz (&) =Pro (5‘_.:_-:-)[( -ae YT _(1ma)e ]

T, AT1s /Tiex é]
i 2 s -
where Qs 2_( +€ + -r,et )[ ( | vr€a? 4 ll‘/T.ﬁ )

¥
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The variation of the magnetization Msr(t) . of M
S spins with the coupling time is - - : ‘__\

[37a1° Ms(®) - Bs(t) His o B2 Bs ()
: Mso - AL Ho Js. Qro

L

“where B;(ty 10 must be inserted according to egn. [37al.

The S spin magnetization reaches a maximum at time

[37b] +tpm- T35 0 (S
me IS n(3)

-

*

Notice, that for large values of “Tiex #/Tyg , one ha# to wait
-a long time compared with Tixs for the S spin sigqal to ‘reach

its maximum. However, remember that already 93% of the maximum

'

signal is reached after 3T1s . We turn now to the maximum
S spin magnetization Mg obtainable at time tm for a given

value of \' Applying egns. [371,  we obtain

v

Mso

\ .
. : a- -2
R e

In the case of negligible I spin relaxation ( Txs Apeq << Ui \

tm=00 ) we obtain

J

[39)] Meoo - Pe His - O A
) Mso BL Ho Is (1+€a?)

However, in practice, f6r large rf fields at the S spin
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r

Y

resonance ( K >>| )y the cross-relaxation fime Tys becomes
CDmﬁarable to the I épin relaxation time in the rotéting frame:
Tiex and egns. [37a,38] have to be applied.»:

We can now discuss some special cases nfyeqn. [361:
(i) E=0 i T“/'Wex =0 s l.e. vani'shing heat capacity of the S

sﬁins;'negligible Tiex relaxation of the I spins.,

o

[40a] Bs(t)= (V- e /T ) Byo

B P

(ii) £€=0 ‘; -EVT'wx X0 i.é, same as (i) but Tex relaxation .

of the I spins non-negligible,

-t
[46b] Bs(6) = = (1- e~ V15 ) e “Tier . Bro

Ay )= ( e-t/‘n") B1o

where A = T?"f-/-r,‘,I

This case is usually met under extreme dilution of the
S spins and with matched Hartmann-Hahn condition (0(:1) , but

with short Tiex relaxation time.

(iii) €40 A=0 , i.e. non-negligible heat capacity of the S

— spins, but negligible T,ex relaxation.

N



42,

Bot) = s (1= e ) By,

. |' s QU+ ENt, .
[41b] B;(ﬁ:,'_:? (1+¢€e Ts ) Bo

t
%

o o

This case is uéually’ﬁét, no matter if the Hartmann-Hahn

.condition is matched or unmatched, as long as Tre << Trez —

-
2

)rIn the single-contéct cross-polarization experiment, €
usually becomes ;arge and 1if the Hartmann-Hahn condition is
not matched ch>;l )y Tis 1is comparable with Ter or A=1
i.e. egn. [36] has to be used. This has been demdnstrated by
.thevsfudy on adamantane by Pines (94) and onh CFsCO0Ag by Mehring

(92).

3.C.I. Magic-angle Spinhning (MAS) Technigue(75)

It is well established fhat the rapid rotation of solid
spécimens harrows their NMR spectra, if the axis of rotétié% ié-
well chosqn.ahd tﬁe spéed of rotation is fast enough, the
,anisotroﬁic broadening intaractions are largeiy removed frdw the
central spectrum. The rotation of sdlid specimens at high speed

was first used by Andrew, Bradbury and Eades (73a) to study

motional narrowing effects in the dipolar broadened NMR spectra ;

P I
i

of solids and to test the principle of second mome?t invariance
with respect to rotation. It will be shown later that the

central region of such a spectrum is narrowed by a factor

I-;-: (3cos? @ -l)q’f ' where [o is the angle between the
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direction of the axis 54 specimen Eotation and the direction D{
the laboratory magnetic field, Ho. It was independently
~recognized by Andrew (98) and by Lo&e(??) that when (34 ig
chosen to have the special value, often‘called the "magic”
angle, cos~? (b?i ) o; 54544’, the reduction factor is zero, and
the dipolar broadening may largely be rembved,<as experiments

E]

confirmed (9%,106). Subsequently, it was shown by Andrew arnd

Eades (1@1) that high épeed rogation about the magic axis sQould.
be similarly éffective in remo&ing spectrél broadening arising
f£rom anisotropy of the chemical shift in polyc;ystalliné or
amérphous specimens. Resolufion 0of chemical shift fine
structures by this technique‘was provided by Andrew and Wynn

{73b).

3.C.11. Basic Theory of MAS Technigue(75)
The total Hamiltonian which describes the NMR spectrum

=

of a diamagnetic solid may be\written as the sum of five terms:

‘[423 ﬁ‘-"*\-:H; +1‘¢ -+ :Hs) + 33 + -.ija,

~

~

which are reSpectiyely the Zeeman, chemical shitt, magnetfc
dipolar; indirect electron-coupled, and electric quadrupuﬂ%r T
interactions of ihe nuclei. To the interest of this section,
only lhe/last four terms will be discussed.

The chéﬁical shift term <He is the modification to

the Zeeman interaction caused by the electron screening of the

—— o

-

~.



(453 My = 57 j'[‘;-'fﬁj -'fj ‘ | . Q__\/ )

e —— : .
———— ———— 5 .

N 3 ', .
\‘ \ e Ll

» X . .
\

nuclei, rwhich in gener-ai‘,\‘is/a’r;isotrbpic_,» and is given' by

1431 Hefn= 32 Du LT He

in

-~

where ’& is the screening tensor of.-nucleus i. Hp is the
y ~ ;

truncated magneiic dipolar interaction between the nhuclei: .

. a3 e -—
(443 o = 55 .Z,:I.“Di& T,
7 . ' ‘
2 s g (3ere LT 3T
: = T F 85550 (Gese )L -3%;T) '
N
ﬁb" being the truncated dipolar. interaction tensor. My is

N

the indirect electron-coupled nuclear spinsinteraction, which in —

—

general is anisotropic:. \9

| “
v

N
where 'J';i. is the electron-coupled nuclear spin interaction

——

C == N o : o
tensor. Both :Dié and '3'1} represent bilinear interactions K

i

! - /\ . - .
betaueen the spins, however, 1);,} is an axially symmetric
‘ i N ) . N . — . B
traceless tensor, 31) is not necessarily axially symmetric,
nor is it traceless. Hgq is only non-zero for nuclei with spin
number greater than 1/2 in a non-cubic environment, and is given".

- e

by: i | . ,

(461 Hafy = }E_’. . [311;, -12 +Na (Li, + It;f)]/41(21+1 N



where P; 'is the nuclear electric quadrupole coupling constant

given by -
[471 P = e*’Qq /h

e iswthe nuc}ear electric quadrupolar moment,e% Sig the ;’z’
component of the electric field gradient tensor. Y. is itk
ésymmétry parameter, and x’', y', 2’ are its principal axes.
Since in our study of surfaces, we did not study any spin >1/2,

we will deleté the discussion on the guadrupolar interaction.

pHo"

)

When the solid is rotated with uniform angular velocity
¢y about an axis inclined at an angle (3220 Ho, all the
anisotropic terms in H become time-dependent with periodicity
co} . Thus the Zéeman term in not.atfected by the motion, but
in general, all the otherf}our are affected, and can be treatedf

as perturbations (since they are small compared with the Zeeman

term) and the time-dependent Hamiltonian H'&) is

. » .
s K 14 4 /
481 @ = H 1) « By ) + H ) + Hg (¢)
The'individual effect upon the specimen can now be
considered (75). Since the chemical shift tensor components are

small compared with unity, we need only'retain Cﬁb} (defined

later). | ' - /4\\

-
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[49] ':Hc/h = Ai_’; 27 b,c 0':%% Ho -.[3, | s
The chemical shift tensor 6’? may be divided into a symmetric

/\. . . /?
tensor §* and an antisymmetric tensor & where

°

% L]

P

P
=z (o~ 6")

tse1 ot =L (oL +&) 5 &

in which '5‘:7 is the transpose of ’6’? 3 I+ the principal
\ « S ® )

values of G¥  are oy s O s O:3 and the direction

cosines of its pr*inc'(ipal axes with respect to Hs are Ay

q

Nz s Tz then

, 2 2 2
[S511) 0:73 = 7\.(,4 OZI "‘7\17_ 0’@2 -+ 7\1'.3 665
‘ * B »
Since the isotr‘opi‘c average of each 7\""‘ is 1/3, the average

value of 0_{” in a normal fluid is
_— Pal
(521 O =5 W{&} =6
/ N

where &, is the scalar chemical shift encountered in
high—resalution NMR sbectra of fluids. When the rigid array 6f
nuclei in a solid is rotated with angular velocity &, about
an axis inclined at an angle ﬁ3 to Heo, and at angles

N e
7(.‘.. v Xia s Xaia to the principal axes of 6;" s

we have
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[531 Aup = €08 cosXip + SinBsinX;pcos(rt + Wy,

where Mmp is the azimuth angle of the pth principal éxis of éi:

at t =.ﬁ. Substituting eqné; [531 and [511 and taking the time

(g

(541 Bg, = 4sin’pTr{&} +% CS“’SQ'S-'.)% Sup cos” Wep

average, we have

ponse&uently, when (3 is the magic angle sec™* /3 , the

time-averaged value reduces to

~which is the same as for a liguid, and in this case the mean

~value of X, becomes

1se1 We/h = 55 2 % -0i Loy - Ho

The time-average of :Hg for an isotropic +luid'is’zero:
'since the isotropic average of cos"(eié) is 1/3; +dr this
reason, the magnetic dipolar interaction makes little
contribution to the NMR spectra of fluids and is usually
ignored. #or solids, rotation imparts a time—depeﬁdénce to

coséhiﬁ, which may be expressed as

(571 €osO ()= cos Beos /513 + Sin A sin /36'3‘ cos(wt +¢())
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where ﬂ(} is the angle between the axis of rotation and
"rf) s and ¢‘J is the azimuth angle of ?c*' at t = @. Thus

the time average of c¢os?@:;(t) is
u 2

(58]  €05%0:4(t) = cos BcosPiy + 5 sin"B sin’By
L= 'Z',— ( BcosB-1( 3cos™Bq - 1) ~ 5

“Thus the time-average value of My isy from [58] and [44],

1591 Hp =-',:'(3cos"/s—t)_§'- 8—:;5:. 2()-".-}'3(3605’&-}-')(.?;'3}*31;51;;)

L ¥
In particular, wnen B is the n;agic angle, we see then Hp is

zerp.

When considering the electron-coupled nuclear-spin

interaction [Hy , it is convenient to divide the coupling

tensor ":]'\ into three parts )
. . A A ~ ~ o
! (683l T =TJ1 ~+ J* - J¥ , where

[égbl  J = Tr{ﬁ'\} , and

4
3

}' Cteecy TP =L (3.7 )-71

o~
(68d1  J¥ =
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in which fﬁ‘ is<the,tran5pose of f?'. {he 5u+¥ixes i,j have
been omitted for clarity since f? is in general"differeet {er
each ngg)ear paif igje The term J7T in [éﬁa] gfbes rise in [449)
to tHe k+amilian}“‘ interaction 3’;} if) s expreésing the scalar
coupling between the nuclei. Clearly ff; is tracelesé and
"symmetric while ff? is antisymmetric end_traceless. Thus tﬁe
isctropic averade of 6"\ is 5:3’-‘7}(?}:3’ s where J is the
scaler coupling constant encountered in high resplution NMR

spectroscopy of liquids. The contribution of this term to

is therefore 27 )j}_‘; i :—[;
Lcé

) P
Rotation of the solid specimen only affects J*™ and
Tt . The symmetric component J* differs from the dipolar
term in that it is not necessarily an axially symmetric
tensor. For one particular nuclear pair this component of the
interaction ;H;/h is

-

[611 Tl ’ 5:'; T} =dz‘; 3;(5 IM Im = Co(nCﬁn jn Im Ilﬁ

4

. | -
where J,, are the principal values of the tensor J¥ and

Can + Cpn are the direction cosines of the principal axes of

P . .

J* with respect to the laboratory axes o , (3 referring to 7
the x,¥,z in turn. Rearranging eqn. [é11 and truncating as +orA
the dipolar interaction by omitting spin products which do not

contribute to the observed spectrum in first order, only the
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following are left:

(621 T.'_ -J* T", = '2"'- 3‘3{(3C;3")1'nj’ (C;z “C}?)}{i‘TZ—SI%Tz’}

where the asymmetry parameter nj is defined as

\63] Dy =(32-3.) /75,

taking TJ3 > J, ¥ J; . When the solid is rotated, the

direction cosines C?" become time—deeifdent and the average

values of their squares is

B

(641 Cyt =L (Bcosp-1)(3cosMin-1) +

4
(<]

*

where fh\ are the éngles'between the axis of rotation and the

- ’
three principal axes of J*. The result follows in the same

manner as in eqgn. [581. When B is the magic angle, Csnz is

1/3 tor all values of h , and the time-averaged value of £621

is zero.

N
With the antisymmetric part J' of the tensor T , for

one particular nuclear spin, this interaction from eqgns. [45]

and [6@a] is B SN

[65] j:ﬁ IMsz = (Co\a Cap ~ Cab 'C@O)J:; Im IQ‘B

i



B | 5}.

f

where Ao , B refer to the laboratory axes ¥,¥syZ and a,b refer
to any convenient set of axes in the molecules x’,¥',z’, e.9.
the principal axes of J*. Truncating as before, and taking the

time-average of the cosine products, the average anfisymmétric

interaction for one nuclear pair in eqn. [45] is

s,
v

[66] \)';‘3'[?“1,3 = A (Tix T2y - Liy Tax ) B
where A is a scalar antisymmetric coupling constant between

huclei 1 and 2 given by:

(671 A= b sinet, sindz sin€a sin§y { cos(Eia ~E26)-cos(En-£20)}
where o, , ™o are the angles betweeé the rotating axis énd
laboratory axis x,y respectively, '§a s ‘gb are the angles
between the rotation axis and the molecular éxes a,b
respectively. E&aa is the aiimuth angle at t = @ of molecular
axes a relative to the plane containing the axis of rotation and
the laboratory axis & . When @ is the magic angle, eqgns. [66]
and [&7]1 are not necessarily zero, and rotation about the magic

axis does not in general remove the contribution of any

antisymmetric part of 5 +rom Id .

In summary, when ﬁ3 jé the magic angle, the dipolar

tarﬁ ZXp and the quadrupolar term Mg vanish, leaving
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681 H/p = (:H;,»V +He + Hyd/h

= _,_21:“ g ¥: (|..o‘" )I‘Z H, + ZE&}Z’J‘-J' Ti T) + Aiz (ch 13;-1.3]21:)

Considering the time-dependent part of the Hamiltonian

<H(t) and taking the component “Hp(t) in [48] as example, from
eqns. [44] and [58] the time-dependent part of the truncétedl

dipolar interaction is ‘ -

[691 Hpth —-3_} ,2;';3 3.5 nf(?;f;-ﬂ;ﬁ,— 5){ sin 26 sin2

P xcos(wr +@5 )+ S sin*Bij Cos 2wt + B4 §

This perturbation thus consists of two terms periodic in wr
and in 2@y , and in a similar way, it could be shown that
all +qu componentg’of ‘CH’&) have terms periodic in wy and in
20y . By a variety of approaches, it has been shown (99,
192-167) that thesebtiﬁeidependent‘perturﬁatinns generate
satellite spectra set on either side of the central res&nancé
spectrum at integral multiples of COn/ZTr . Such satellites are
observed and are resolved when the #requency of rotation is

[N

comparable with the D%iginal.linewidth.

3.D.I. MAS Combined with Proton-Enhanced NMR (CP/MAS)

So far one has studied how high-resplution NMR can be
apﬁlied to 'solids. Proton-enhanced NMR removes the dipolar

broadening, leaving a rich source of informationlte.g. chemical

+
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shift anisotropy) for crystals,’ In polycrystalline or amorphous -
substances, thisrcreatéé a oblem:ﬁsin:e the powder patterns
,ar}sing from n-equivalent rare spins overlap, p;éventing
resolutioﬁ aﬁd interpretation of ﬁherindividual resonances.

However, it has been shown (198) that the ﬁowder
patterns can be collapséd to‘sharp lines by spinning the sampleA
about the magic axis at a fréquency Wy which exceeds the
anisotropy linewidths Acs but is still too low to remove the
dfpolar broadening directly.

A possible conflict seems to arise between the
requirement of line narrbwing by rotatioh and those of the
spin-exchange process by thch the rare‘spins are polanizeéi the
latter'depends on an effectively static dibnle-dipnie |
interaction dHis between rare and'abundent spins, gnd the
sample rotation can render this interaction oscillatory. This

v
teature is unimportant, when |Hzx | >> hAws . This»is true
éihce the modﬁiatinn of Hig 'by I1-1 dipolar fluctuations
overwhelms the additional coherenﬁ‘mndulatinns by relatively
slow spinning. However, sometimes whgn fcor>> | M| ,‘then

there is an interplay‘betwéen the sample rotation and the

conditions necessary for transfer of polarization.
' ~

e

3.D.I1 Theory of the CP/MAS Technigue(189)

Transfer of polarization between rare (S5) and abundant

'(I) spins is mediated by the dipole-dipole interactions. The
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only part of thesebwhich remains secular or nearly‘so when |
averéged over the rapid precession induced by thevstat;:M}ield
Ho and by the resonant radiofrequency fields is (?Z,72,84):

-

1701 My -- %‘%?bu(i-i - 3730 I3¢) | .

Cr7tal Hig

n

VV‘IS Cos At + VI; sin At |
17101 Vis = - ZhI}; btz (Ixt Sxn~+ Tyn Sya)

[71c] VI; = - é g) bnk (Ixhsyn - th SXH)

with VA= W\ ~-,s the deviation frn‘m’ Hartmann-Hahn matching
condigion (7) and

(/ ., -3 y g

(7141 bij = wHHrg> P, (cos O:;) . -

-]

%

The conrdinahevsystem for eqns. [78] and [71] is the double
rotating frame (118) in which the :-axgé for. both species are
parallel to the respective rotating fields. The observable of

interest is <53> s the spin—anked‘rare spfn\Cilarization

acqui/id at the expense of the abundant I spin éighbnurs.h

{

»

For an S spin with a single neighbour, eqgn. [71al would
lead to an oscillatory behaviour of {()) . With many
neighbours present,‘oscillatinﬁs at an enormous number of

(

. .
frequencies interfere,)and (S,(t)> guickly takes on the
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character of an exponential appfoach to a final equilibrium
value determined by the initial temperature of the I-system.

(This is also aided by the I-1I spin—ffips induced by the i),

\The secular transfer of‘polarizatioh requirés that
\ , ~— _ . \
. :Hhs\_o+\[7lal, as modified by :H;; have a time-independent
part, that is, the explicit oscillation of\{he experiﬁéntally
) variable frequency A must be effectively eancelled‘by some
corPESponding Fourier component hidden in Vs . In a
stationary sample having ro V&: {defined similarly as for
Vis except\thét it is between like abundant spins), nd such
additional time dependence exists, and secular transfer would
occur only for A =mﬁ; The effect of Var is to proddcé
“dipolar fluctuations" (91) of near-neighbour‘moments I oOn
account of their mutual flips with moré distant neighbours
<, | expressed Bf terms of the type T+p=13p embodied in [7¢].

Sauch fluctuations, impressed on Vrs through [71], have

— RN

characteristic frequency o' bpg¢ , the factor &’t¢1, and
with Rf indices supressed) being a recognition of (i) the

reduction factor 1/2 in [7€1, and (ii) the fact that not all of
. L3 . !
- Hyr is effective in causng spin flips which modulate Vis
{91). Secular IS transfer now occurs for AT O‘th,‘tﬁ'-o . The

presence of many neighbbours resultsin a dense spectrum f(A)

centered at A=0O and having characteristic a bg_g . .

N ‘ ‘-?
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i

The effeét of sample spinning is to ihtrbduce additional
oscillatory dependénces ta :H!t‘ and ZHrs . For spinning about

the magic _angle at frehuency WOr

(721 by () -:,5?6-’ cos(wpt — de) + ﬁf;) cos (Zeort -2"&‘,‘)

with ]
(n \ o .
(7381 B = VZ B Hry sindi cosBy

\. )

I

(2) -
(7301 Piy = % ¥jh "zf sin” ¥u

Here 5}} is the angle between”ﬁ%, and the spinning axis and éﬁ}

is an initiat azimuth of 7%5‘ about the axis.

~
The direct effect of [721 on Hys - through the bpe is

o cleér:"??fs becomes 199% amplitude modulated (with center band
ssi

suppre n) so that secular IS transfér occurs in the
neighbourhood of A= @y ; T 20r but not around A=0O .
This is true“regardlesé of the size of :H:g . The relative
amplitudes of cross-relaxation peaks f(* Z2Wr ):f( 2<Jr ) depend

: s ,
on structures, e.g. for V. perpendicular to the spinning axis
. ’ 4

£( '!Aa%vr)=ﬁ.

The other effect o4 [72] is to modulate the
characteristic frequencies (xtbhg which dy;y imposes on
His . Each of the peaks f{ Ty )y, f(T20r) mentioned above

is split into FM sidebands at multiples 64 e 3 With modulation
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. . ’ ' o S
/1nd1ces &+ the type ﬁ"& /C-Jr ; /Za)r . * A gualitative
feéture of importance is that these sidebands, and the I-1

L

interactions in which'they originate, are required to restore
L \

secular transfer for A= 8. - F*ﬁ

The relative amplitudes of the AM sjldebands are
estimated from the rms values of ‘6(') and” B® of 1731

over an isotropic powder distribution: < . )/(ﬂm S=bis

. % ™ ,
The single effective modulative index 2?=c1~b/20, can be

obtained from the cross-relaxation spectrum of the static

sample.

We can undé?stand why MAS has so little effect on
cross-polarization transfer rates on systems with strong I-1
dipolar interactions (1ﬁ8); Such systems have an f{ A ) with a
width subslantially greater than the practical spinning speeds.
Thus the AM associated with spinning prodﬁces sidebands which
for the)mgst‘part #all completely within (A ), while the FM
has such a high modulation index fhat no additional sidebands of
significén( intensity are produced autside of £ A ). The net
effect is an f(A) which is substantially the same,*hhether
spinning or non-spinning. This behaviour has been contfirmed
expéﬁimentally for "a wide variety 04 solid polymefs (108). in
these systems, the full I-I interactian.is of fhe order of‘

23 kHz, so that a full width‘gt half-height of fié) ) of about
6 kHz is likely. Magic angle spin%ing at 3 kHz produces

sufficiently little modulation of f% ALi that the observed
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crbés-polérizationc::gbsfen rates (for both progbnated and

non-protonated carbons) change much less than a factor of 2,

Wwith no indication of a strong dependence on small Hartmann-Hahn

o

mismatches. ‘

-2
w3

An interesting case arises when iz is small

({Hhwy >> | Hept ). This was illustrated By Steiskal et al

(169) in the study of adamantane. It was found that there is an
interplay between the sample rotation and the conditions
necéésary for transter bf polarization, espgciall;%when the

<

Hartmann-Hahn condition is not met. The magic-angle spinning

has a tendency to redistribute the overall raté of polarization

(instead ot changing it), and intermolecular cross-polarization

is possible.
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CHAPTER 4
4.A. Apparatus - General description . o

/ \\"_
This section describes the necessary modifications of a

commercial high-resolution NMR épectrometer so that tH-13C

solid-state cross-polarization (CP)\Sxperiments could be

performed (111). The spectrometer used'was a TT-149 +from
Transform Technology Inc., which is acgyally a hybrid device,
comprising a Varian HA-68 magnet, a slightly modified Bruker

WP-68 console and a Nicolet 1686 computer, with probes and . "

intertacing logic provided by Transform Technology Inc. This

spectrometer by i{self providas 5@ watt power at 15 MHz for 13C,

~a 13 watt *H decoupler which can be pulsed, an&'a pulsed

deuterium lock. e

\4.A.I. Probe

It is desiradble to have a large volume probe since this
\N\_‘_,/

modificatiop has the intention of providing.fécility to study
dilute spin systems, surface—adsorbedrspecies in our case. For
comp;tibi]ity with other instrumentétion existing in‘our
laboratory, Qe decided to use 12 mm sample tubes. Since it was

known that surface species would have short proton T. values

' (66,¢Y1£*114), it was desirable that a high duty cycle be

achieved to take full advantage."However, this implies possible
probleﬁs with radiofrequency power dissipatioh in the probe,
particularly for ihe necessary high field decoupler. Power

dissipation may be’kept within reasonable bounds by use of a

\
y

S
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single coil for both observe and decoupling freguencies. This
in turn generates isolation problems, but there exist designs

) ‘\.__..a'-\\
(115, 116) of singlecoil probe which-pvercome -this problem by

: " _
the use of resonant cables. 0Of the two, we have chosen the

design by Stoll, Vega and Vaughan (113).

The designed sample coil is 1.3 cm in diameter and 2 cm
long ‘wound on a thin-wall pyrek glaés tube which accomodates a

12 mm sample tube. The coil is comprised of 7 turns of (2.5 mm

x @.24 mm) silver strip. ~This is connected and double-tuned as
described ih (115). Computer simulation of this ciréuit,
including expiicitly the effects of the quarter-wave cable at
both frequencies, showed tha£ it is possible to select nearly

correct capacitor values, and to achieve tuning with very little

=

trial-and-error adjustment. It showed fﬁrther, as did initial
experiments, that the performance of this probe désigp is

‘eritically dependent upon losses in the capacitnrs and

———

quarter-wave cable. .We have th%}efnre used low-loss cable (117)
fogether with high Q@ fixed po?célain (118) and variable teflon
(119 ;épacitors. ‘With these compbnents, we estimate that the

major. power loss is in the cable, and comprises 26-25% of the
dAnput powér at ééqh trequency.

N Y

The coil is cooled by a flow of air at ambient
temperature, which impinges rédially‘nn the coil from a series

o~

of orifices. Nnrﬁally, a flow of 8.7 litre/sec is used.
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‘In addition, a small air flow passes axialiybbegween thélsample" e

tube and the coil support.
The probe is fitted with anvexternal deuterium lockr
This consists of a 5 mm tubejcontaining D20 (dapéd with CuSO4) l
which is wound with a coil. Tﬁe coil is tuned to 9.2 MHz,
matched to 58 Dhms;and connected to the pulsed lock circui{‘of
the spectrbméter. Use of an external lock precluaes field
shimming by maximizing.the lock signal meter reéding. We héveh
restored this facility by lockiﬁg, for shim purposes only, on
the protons in a ligquid sample (usually benzene). This is\
accomplished by mixing the lock»transmitteh’output, wjth a
56;81 MHz locaf oscillator, and feeding the resultant sdm to the
proton channel of the probe, as indicated in F}gure 4.1. The
resultant nuclear resonance signal.is mixed down to 9.2 MHz in
the same mixer and activates the spectrometer lock circuitry'ih
normal fashion. The signal from ﬁeat protonic liqﬁids is

sufficiently large that the losses on two passes through the

mixer are not important.

41A'II- &-F. PDNEI". ‘

o

With the above probe, the Bruker power amplifiers will

@

produce fields of about 39 kHz ( ¥ H./QTT ) at both 15 apd ———__

68 MHz, which are minimally adeguate for solid-state wérk.

-

However, there are drawbacks which make external power \

»
amplification necessafy. Fifst, although the *3C field :55 the K\\\\

above value 1ren judged by fhe T/2 "pulse length, the/aﬁﬁlitude 7
¥ . ’ 4 o
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Block diagram of the modified
spectrometer. Original components

are enclosed in block at left.
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of this field falls by abput & factor of 3 over a‘pulse;tiﬁe of
. o * . .
1 ms. This, of course, is intolerable for cross-polarization

-

experimenté, in ﬁhich.the Har tmann-Hahn conditjon shddld\bé\met‘
for times-nf this orderf The effect is undnubtedly»dﬁe to | ?
insufficient power supply capacity to the Sﬁ;watf émplifier.

Our solution is tb ;xtract the 15 MHz signai gt‘fhé iﬁ w&tt

levgl (see Figure 4.1) where‘drnopfis slight, ahd to prqvide~

external amplification.

P
re -

In fhe case of the &¢ MHz decoupler, ;here'are no droop
problems, provided it is operated at full power. Howexerg ah
attempt to establish the Hartmann-Hahn condition using the
decoupler Dutpdt level control is unsuccessful. This is because
the control uses a +eedback'circuit which senses the r.f. Dugputl
level, and whi® has a time constant of about 5 msec. Thus, r
when the decoupler is pulsed on,_the initialloutput is full
powér, decaying with the above time constant to thf level F
determined by the control setting. Since we require a higher®

field in any case, we operate the decoupler at full Dqtput,:and

employ an.external amplifief.

'

The power aﬁplifiers used are home built brnad—bénd
amplifiers based on power VFET devices (128). The 15 MHz
aﬁ;lifier uses four VN&4GA transistors, and caﬁ provide 358 watt
output with 1€ watt input. The 640 MHz amplifier uses two
BF3@-35 devices, and provides 8¢ watt output nith‘lﬁ watt input.

Each amplifier is provided with a power supply having high
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Current capacity and large output capacitance, to give less than

5% amplitqde droop wWith typital pulse lengths. Our practice is
: \o estdﬁTT;;<the matching tondition‘by'operating the 68 MHz

amplifier at full power, and varying the d.c. ihput to the 15

£l

MHz amplifier to achieve matching. Our r.f. fields are than

{

typically 7@ kHz at each freguency.

An additional pair of crossed diodes was added in

.paraliel wiéh the i?istiﬂg péir in the receivér input crréuit,
- These are probably unnecessary, ;s we have had no problems. here
with -pulse length up to 29 mse&lat full. power. Thg Bruker diode
box in the transmitter lead was deétrbyed:at,an early stage of

this project, and was replaced by the diode network shown ‘in

Figure 4.1.

4.A.111 Decoupler Phase Control
The minimum requirement is +or M4 phase shifting on the
decoupler to provide.spin—locking. In addition, it is highly

-

desirable to pﬁﬁvﬁde an additional 1r phase shift so that

N a

"spin-temperature reversal" (116) maylbe performed on alternate'j
polarizations. These shifts are provided by the unif shown in-
F}gures}4.2 gnd'4.3. Doubled—balancéd mixefs (121) are used to
provide T phase shift b? polérity reversal, and /2 éhiftlby
switching in a quarter-wave cable as required. This unit is

in?orpora edtin thé low power 6@ MHz system as ;hown"in Figqure

4.1. Switch S1 disconnects the noise modulator, and substitutes-

the phase control unit “in iis place.



Figure 4.2

Figure 4.3

. *
Ed

Block diagram of the phase shif

[

Phase shiftg¢f schematic.
nicegt

ter logic.
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Spin-teﬁperature reversal }5 selected by operating —
switch 2. In this'mnde, the»phase‘nf the pkntnn /> pulse
is changed by 182 degreeg_nn alternate 5c;ns, and ghe cohputer
Add/Subtract line alternated high and low respectively. This

. b
has the effect (110) of accumulating signals which originate

A
®

from proton polarization, and Eancelliﬁg all othersf This is
neariy'imperative when studying pélycr}stglline samples of high
anisotropy, since the high-8 probe gives a'spurinus ringinéifnr
about 100 ljsec which can otherwise cause severe baseline ./
distortion.

"4.A. IV Control Logic

The 5pet£rdmeter is normally controlled by a Nicolet 293
pulse controller. This is basically a series of six
\ programmable timers, which can be controlled by the computer,
together witﬂ some associated logic gateé; A'patch panel is
provided to permit variable interconnections of these
components. Our aim was to implement grﬁss-pnlarizatiqp
. equripents with nﬁ chaﬁges to the Nicolgt‘softwarer(NféFT
version lﬁﬁa) and'with mi%fmum repatching of the 293\patch

panel, so that reversion to the standard configuration could be

simply achieved.

These six timers are adequate for routine use only i.e. .
in normal single-contact or multi-contact cross-polarizations,

proton T,,fand pfnton Tie measurements. For tarrying out .
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\ complicated pulse sequences e.g. *3C T, measurement, delayed
decoupled expehiment etc., we have built a programmable pulse
generator in conjuction with the Nicolet 1080 computer to
.replace'thg Micolet 293. The pulse generator is capable of

.

producing almost any conceivable pulse sequence.
‘ _ .
4 o . o

4.B.. Magqic Angle Spinner (MAS)

In the later part of this project, a magic angle spinner
4 o

for vacuum-sealed samples was built in thi; laborafory.. The
details of this design have been published (18) and won’'t be

elaborated here. ‘This.spinner.permits reliable spinning, up to

3 kHz of samples sealed in glass,tubes. The glass tubes used -

are the Wilmadigrade S87-PP NMR tubing.

L

4.C. Preparation of Catalysts
4.C. 1 Mg0 B

Four kinds of Mg0 were prepared. -Mg0-(1) was madelfqom
M3CO0=. 3H=20 preha%ed by the co—péecipitation of solutions ot
" 3.6 M Mg(NO3) 2. 6H20 and #.8 M NaHCOs (123). The‘carbonate was
then washed, dried and decomposed in vacuum at 5@6=C;in a tﬁin
bed. The Mg0-(1) so prepared has a surface area of 1135 m#%/g and‘

é bulk density of 8.3 gm/cm™,

l"19l>37-(2) was a Ni fj,:d,gped,,m:ge—,—f—:n_j.ﬁ*'fﬁé’t’ the 7p7r7'-7c737t7c7)7nﬁ
spin-lattice reiéxation time (Tiw) of the MgO-alcohol system
would be shprtened as the' Ni** act as paramagnetic centers. The
Mg0-(1) prepared adei was soaked in a solution containing

L
: \
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Ni(NOz).,,4H20 to provide a concentration of 19 ppm of Ni** or’
Mg0. This Mg0-(2) was then dried in an oven at 119;c with
constant stirring,uand then calcined at 50@°=C for 26 hours in

¢ air. The Mgh-(2) has a surface area of 115 m®/g9 and a bulk

density of @.2 gm/cm™ | ' e

Mg0-(3) was prepared from the decomposition of Mg(OH) =2

T

.

(reagent grade from Matheson, Coleman and Bell) in vacuum at
300°C for 29 hours in a thin bed. MgOL(S) has a surtace area of

228 m2/9 and a bulk density of 9.6 gm/cm>

Mg0-(4) was prepared +Hom5M9C204.2H;0, abtained frbm the
‘co-precipitation of solutions of 9,5 M (NHa) 2C204.H20 and 3.5 Mo
M9(N0=)z.6HzD. The oxalate was dried and then deromposed at
390°C in,vacQum, after which it waé further heated at 496°C in
air. This %urther calcination was deemed necessery when Dn;
batch. of Mg0-(4) was found contaminated with some un-de;gmposed

ippurities. Mg0-(4) has a surface area of 209 m2/9 and a bulk

density of 9.6 gm/cmS,

4.C.I1 WOs

There exist seVeral commeé;ial specimens and laboratory
preparations of WO0s. The usual preparations of WOs consist of
calc;nation of ammonium paratgngstate at 5@9=C (62, 63),
decompbsition of tungstic acid gel (122) etc. We have adopted

Davis' method of obtain}ng Wos (69).
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To a .63 M solution of ammonium meta}ungstate @s
(Kpch—Light 2%.9%) was added dropwise cuncentrate& hydrochl;ric
acid until précipitatidh was complete. The yellow tungtic aciQ‘
~was washed with water ten times and filtered, then dried at
,/////////IIH?C. This was then +0116wed bg decomposition at 36@°C in
a thin bed under vécuuﬁ tor 4 hoﬁrs,“ The WOs thus preparéd was
bright vellow Qith a éurface area ot 33m®/9 and a bul? density
of 1.2 gm/cms. We have tried other ammonium tungstates (e.qg.
ammonium paratungg}ate frﬁm Matheson; Coleﬁan and Bell), cr usng
concéntrated nitric acid in this preparation. Either the
tungstates have low solubility in water, or the prepared WOs has

a very low surface area (<18 m2/g), which is not suitable for

surface studies, utilizing NMR.

e

The WOs prepared above tended to tgrn green upon
storage, so we treated the WOs in 0Oz at 3@88°C for 2 hours and
then degassed cefore introduction of the absorbate. The WOs so ¥

) -

treated always returned to the original yellow color.

4.D.1. Experiments

All surtace area determinations were done by the BET

method using Na at 77°K.

Samples of the different kinds of MgO and WOs for static
studies were loaded into 12 mm o.d. NMR tubes to a height of

about 2 cm. For the Mg0 samples, they were slowly heated to
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S80=C invvacuuh for 22’houps, fD; out-gassing and removal of
surface water. Measured amounts of the desired adsorbate were
then allowed to adsorb onto the oxide from gas phase at room
temperétd?é. The samples were then sgalgd off and allowed to
stand for several days at room temperature befofe NMR
méasurements. Some samplé; were re-run after a period of 2-3
months to check fof reproducibility which was always found to be
excellent? Samples ftr magic-ahgle spinning were of aboﬁt
1.5 cm in depth in a 5 mm o.d. NMR tube, and were treated in the
same manner."In the case of alcohols having lessithan 28 mmHg
vapo; préssuré at room temperaiure, a different tééhnique was
used. Measured samples of adsorbent and adsorbate were degassed
and sealed in opposite ends of a £w9@coﬁpartment tube. The tﬁo“
compartments were then brought intolcommunicatién by breaking a
breakseal, and fhe whole apparatus placed in an oven at a |
temperature (usually 58 -.1lﬁ°C) at which‘the adsorbﬁpe had a
vapor preséﬁre of 19 to 199'ﬁmHg. The apparatus was left in the
oven for soﬁe hours and then allowed to cool. 1In 'no case was
any liquid alcohol visible after this treatment, and since the
amount bfigas phasé alcohol wauig be negligiblé, even at the
vapor pressﬁre of thé liquid, we éssume that essentialy all of
the al;ohols were adsorbed on the solid sample.

The WOs samples‘werg prepared the same way except inlthe
pre-treatment prochure. Two degassing time periods were used:

WOs-(1) for 2 hours and WO3-(2) for 19 hours, both were

out—gassed'at 39@=C, After the degassing procedure, both
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WOs-(1) and WOs-( were activated with 02 (ca.208 mmHg) at
388°C, for 2.5 hours. Samples were then degassed again for
#.5 hour at the same temperature and then the desired adsorba‘e

introduced.

In order to iﬁvestigate the conversion products ot
alcohols on Mg0 and wb;; another series Df‘eXpériments with thev
same samples were undertaken. At least three samples having
di++e;ent coverages of alcohols on Mg0 and WOs from each
preparation were raised to successively higher temperatures.
This was done by.placing the s?aled NMR sample tubes inside a

"~ tube furnace (178-18g°C, 380-320°C, 485-566<C) for three hours.

They were then cooled and left at room temperature for se¥§5gl

days before NMR measurements.
' '

M o

4.D.11 NMR _Measurements

All *3C NMR spectra (single-pulse, CP, MAS-CP) were
measurgg at 15.48 MHz on tﬁe‘modified TT;14 spectrometer
described earlier. Sinéle-contact Har-tmann-Hahn ch;s-
polarization waé used withrradiofrequency fiel&»strengths
ranging from 48 KHz ( ¥Hi /fon) to 78 kHz. ”Spin-témpe;ature
reversal” was used on alternate polarization, so that observed

signals arise only via cross-polarization from protons.

The pulse sequence used was shown in Figure 4.4. The

—_—
——

proton pulse is typically 5 Msec to 7.5 Msec at field

strengths varying from 78 KHz to 49 KHz. Contact time ts either
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Fiéure b Pulse Sequence.
(a) Pglse diagram‘of the single-contact
cross-polarization experiment.
(b) Pulse diagram for the proton T

relaxation experiment.
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1.5 or 2 msec. Proton T, were measured for all the MgO-methanol
systems an%lfpr some treated at!e]evated temperatures. Proton
Ts ﬂas‘alsn measufed fDF‘SDmE ethanﬁl- MgD"systems.T These
were measured by the cnnVentiDﬁal‘18z=~‘C—9ﬁ° sequence at
78 kHzr field ;trength.‘ The pulse delay in the sjﬁgle—éontact
c;oss-polarization experiment was then set 4t about ;.5 Tid »
qu‘systems with egtreme]y short Tui,\we s the pulse delay at
about &.3 sec, so Eﬁgt no damége may DCCUP'tD ihe probe. The
same procedures were applied to alcohol-WOs systems;
Proton - spin-lattice relaxation times in the rotating
frame ( Ty ) were measured for sbme selected methanol MgO |

samples in which 69% *3C-enriched methanol was used. The pulse

: sequen&e‘fnr these experiments was shown jn'Figure 4.4. In the

sequence shown; one sees that a relaxation period (a to b) of

length T is inserted between the beginning of *H spin-lock

condition (at a) and the béginning of the contact period (at b)
(at which time the Hartmann-Hahn conditinh isiestablished).
During the‘berind‘t rotating-frame H sﬁ;n-]attice relaxation
occurs, hence, by observing the *3C intensity at . the end of the
contact perinwd as a function of T , aﬁe can obtain a measure

of Te y, for those protons involved in cross-polarization with

e

I.SC.

L1
1
hl
i
Y
~

The cross-polarization times (Tcn) were measured for the

same samples for which the proton Tip were measured. This was

~

hs
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dbne by observing the résulting 13¢ signai ﬁhen the contccte
times were varied. ‘ . ' 1 N
%

| (V/ Some of the spectra shown in this dissertation were
‘,haﬁd-fraced from the original. Usually, free induction decay
signals were storéd Dh the Nicoletb2§4 disk accessory with
Memorex hard diﬁks, and spectra could be plotted on'qrdinak?
8-1/2" x 11" ﬁapers after Fourier transformation. However, we.
suffered several disk-drive crashes and most of the disk mempry

¢

was wiped out.

/

4.E... Estimation of Errors and Experimeﬁtal Difficulties

Sample preparations werg carried out with a conventional

mercury diffusion pumped vacﬁum.lihe. ‘The sample breparation
area had a gas burette ﬁalib?ated by weighing empty and +Q11_o+
distilled water. The ﬁ%nometer was of volume compensating type
and allowed for a méasurabréfchange in volume of 38cm®. The
manometer was mercury filled. Height differences in the
ménometer'were measured with a'met;r ruler and accurate tb b 4
g.3mm. Pressure readings were then accufate'to $0.6mm of Hg.
A

Volumes of those parts of the vaggum”Fa;k calibraEgd by
helium and nitrogen expansion were AEcuréte to‘iﬁ.l%; Volumes
of samplé thes were determined by nitroéen expansion to $0.2%.
In order to save time in measuring the volume of each sample

tube, several were Q;ﬂe at once with the same external

dimensions, then the volume was measured by nitrogen expansion.,
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The differgnce was found‘to be within @.1cm™ which was taken as
the error in measurement in subsequeﬁt calculations. The amount
of gas adsorﬁed on a éample wasrcalculate& from the pressure
drop on allowing the gas into the sample tube containing the
adsorbent. (A1l gases were assumed to be ideal.) Amounts Df

gas adsorbed were‘then accurate to about ®*{% for low coverages

“and <10% for high coverages.

Sinc9~the adsorbents (Mg0 and W0Os)® were not stored under
an inert aimosphére insjde‘a déssicatér, surface area was
meaéured-fﬁ( each individual sample after treatments {(degassing
or agz}vating with oxygén).% It was found that there was little
variation in the surfééevébgg bbtainéd'even over a‘sto;age
period of morelthan a year. The érror in the surface area

‘determination was estimated to be about +1%.

:xe proton relaxation data were measured by‘least
squares fitting the amplitudes, A (F.I.D. intensity or the
height of Fourier transformed spectrum) as a function of delay

time T, accordingﬁto: ’

(4.1 A =a +b exp(—’c/ﬁ;) a,b = constants

Points to fit the eqn. [4.1] were measured with an error
of from S5 to 15%, and usually 8 to 12 points were used to ¥it

the exponential. ‘ P
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Standard deviations of fit were generally Df the order

of 5%, with the stéhdard deviation of the slopeﬁ§¥ the line

being of the same orders—

The incurred'efror in the\fit does not causeAgreat
| problem in this dissertation because the purposes of theSeﬁm
measurements are, (i) to obtain a general relaxation mechanism;
(ii) to detect paramagnetic contribution to the relaxationj
(iii) to obtain a rough estimate of the optimum repetition rate

" in the *3C CP experiments. All three purposes do not require an

’ L ]
exact measurement of Tim.

Tie and T, measurements are to ensure tﬁat the
mixing time (of 'H or t3C) is not too loné or short ‘
respectively. Conseguently they onlyﬂserve.as ;,guideline for

~-the ~ CP experiments, and‘exact values are‘nnt required.
Signal/noise problems we?e cdﬁﬁnnlin this study. The
use‘?} 13Cc-enriched adsorbates enhances the signal/noise ratio,
however they make the edge of the chemical shift powder pattern
less sharp. Fa; ordina;y adsorbates, tﬁe powder pattern
obtained is sha;per,<but it requires a muchkldnger time for data
acquisitinﬁ. Since the g}gnél/noise’ratio is proportional to
the sqguare robt of numberhof contacts, it would take 4 times the

number of contacts to obtain a signal that doubles the original

signal/noise. One would encounter problems like field drifts
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(¢ + lppm) 5nd@£?subsequent loss of lock if the experiment was

Crm REC :
run too long {in excess of 24 hours),

For the chemical shift measurements in the *3C CP)MAS
experiments, the errgglisvestimatéd to be 1955 £hah * lppm.;ﬁiﬁe
errors mé?”arise +roﬁJagslight field drift (<f;ppm), residuafé fi;
lihewidth jca; i ppm) ;from magic—angie missétging or

overlapping 6+'ﬁesonance=3(18)). -

4,F. Reagents

‘ The methanol used in these experiments was of

spectroscopi¢ grade from Fisher Scientific, and was stored over

molecular sieve type 4A. The ethanol used was déuble distilled
| &

=

from 95% ethanol over magnhesium and stored over mnlecu;arugieye
types 3A and 4A. Thq,isopropandl,An?buganol and acetone were
from Fisher Scientific (suitable for electronic use), and were

stored over molecular sieve types 3A and 4A. All the

[N

alkane~diols and acetaldehyde were from Matheson, Coleman  and

Bell. They were distilled at reduéed pressure and stored over

molecular sieve 4A prior to use. Carbon dioxide used in some

~experiments was from Canadian Liqﬁid Air Ltd.

t3C-enriched methanol and COz were bbtaihed‘frnm Merck,

B

Sharp and-Bohme Isotopes and were vacuum distilled before use



8

mwm*ﬁﬂﬁﬁ :

78.

ethanol-2-*3C were prepared from their respectivgw?ﬁf’ﬁ% x
- =3

Two 96% 1=C—enrichéa“ethanols, ethanol-1-13¢ dg

13C-enriched sodium acetate precursor from MSD Is&%ﬁ%es,

according to standard procedure (124).
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7~ CHAPTER 5

g //;3
5.A.1. Methangj/énd CO0> Adsorption Isotherms <.
— -

——

In order to observe the difference in the surface
chabacterisiiﬁs of the four prepérétions,of MgQO, édsorption
isothermgbwere doge for methanol and €Oz at room temperaturé, as
shown in Eigures 5.1, 5.2 and 5.3. For those data in Figures

5.1 and 5;2; the Mg0's were degassed at 35€8°C, but at 3@6<C for

those in Figure 5.3. -

-

Essentially, all isotherms show typé 11 adsorption
characteristics. The methanol adsorption isotherms are
basicélly the same for all preparations of Mg0. There is a

21 B 3

slight deviation for Mg0-(4) whose isi%germ lies slightly higher

P

than the others.

The COz isotherms (Figures 9.2 and 5.3) show fathe? more
variation with preparétion and dégassing conditions. For both
methanol and COz, a substantial chemisqrbed population is
acﬂ;;Ved at lower pressure than one was able to use, and a more

loosely-bound population is observed which increases with

pressure.

'Quantitativély; it can 59 concluded that the
chemisérption level oy MgO is 6-7‘pmole/m2 for methanol and
1-2 /Amole/mz for CO02. Since €02 is slightly acidic, presumably

it will adsorb on the basic sites on the Mg0 surface. Thus, if
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Figure 5.1

»a

Figure 5.2

Figure 5.3

A

80a

Adsorption isotherms of methanol on
all preparations of MgO at room
temperature. Samples degassed at

500°cC.

Adsprptipn isotherms of CO‘2 on all

5;bpeparations of MgO at room
t%ﬁgeratu;e. Samples degassed at
500°¢C.

[

Adsorption isotherms of CO2 on all
preparatibns of MgO at room

temperature. Samples degassed at

300°cC.

Legend: O: Mg0O-(1)

O: Mg0-(2)
&5: Mg0-(3)
v: MgO-(4)
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methanol and CO= both adsorb on the same site, then,only
one-quarter of the active sites are basic. However, this
estimatero+ bas{c sites is 18 times bigger than that reporied by~
indicatot’titration (323)! To;investigate‘+urther into this
aspect,‘the 13C NMR spectra were‘measured for'9ﬁ% 13C—enricﬁed
CQ; adsorbed on all Mg0’s. The static *3C CP spectra are shown
in Figure 5.4. |

Magic-angle spinﬁiﬁg (Figure 5.18) for COz on MgO-(3)
reveals a single peak at an isotropic shift Qf 161.6:ppm. This
is certainly consistent with a‘bicarbonat; structdre (or a
carbonate species which is in close proximity to surface —OH
groups{. One finds, for example, NHaqHCNs at 162.5 ppm and BaCOs
at 169.5 ppm. | |

MAS spectroscopy,)using 79° pulses on *3C rather than
tross-polarizaiion yields a much weaker spectrum with the same
chemical shift. This indicates that most of the adsoﬁbed CO=2

must be near enpugh to a surface proton for effective cross-

polarization.

For bicarbonate formation on the surface the following

mechanism is proposed:

T
O0=C=0
c H A e
+ O @) o
| T e |
[5.1] Mg . Mg . Mg Mg
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Figure 5.4 13¢c cp spectra of 90% 13¢_enriched

co, on all preparations of MgO. -

. RF field = 40 kH=z. Contact time = 2 msec.

Repetition rate = 1 sec-l. 10,000 coﬁ_gpts.

(a) 2m7O‘Mmole/m2 of 602 on MgO-(1)

, on MgO-(2)

(c) 2.09,umole/m2 of CO, on MgO-(3)

(b) 2.46[Jmole/m2 of CO

(d) 2.98}Jm01e/m2 of 002 on MgO-(&);»
95,000 contacts.
All samples were degassed at 5OOOC for

22 hours.
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‘This simple mechainism would iﬁdicate that the’COz adsorption
occurs with participation D+'sur+ace ~0H groups. This would
explain partly why the equiliﬁrium adsorption level of methanol
is 4 times bigger than thét of CO2. Since there are Dply

3 /.lmb'le/mz of surface -0H groups on Mg0 under the degassing
conditions at 5¢0<C (125), and there are about 18 Umole/m? of
Mg=* on the (199) plane of Mgdfsurface s these will give ample
sites where the methanol could adsorb. Therefore, it could be
concluded that both methanol and COz adsorb onto the

Mg=+ si£es on the Mg0 surface, but COz requires an additional

neighbouring surface -0H group.’

As the degassing temperature is lowered to 366°C, one
would expect the surface -OH groups to increase, thus the C0=
adsorption isotherm on Mg0’'’s at room temperature would increase.
However, this is the case only for MgO-(1) andVMgD—(z), while
MgO-(j) and -(4).show a decrease. This might indicate nearly
complete coverage of the surface by -0OH groups, for the MgO0-(3)
and -(4). This would inhibit COz adsorption if CO= requires
adjacent Mg and MgOH sites as propdsed'above.

S5.A.11. Measurements of Relaxation Times and éross-PolarizatiDn
Times
Proton spfn-lattice relaxation times (T;H) were measured
for all methanol-Mg0 samples Before 13C CP NMR spectra were

taken. These data are important, as mentioned before, to

+ -
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deteQmine the optimum repetition ﬁeriod,-which is about

1.25 Tan. Tig\qsre also measured for some selected samples with -

which higher temperature studies were done, as shown in Table
2.1. A cqnsistent trend toward faster relaxation at high
coverage is found. This is to bedexpeéted if dipole-dipole
interaction is the major contribution to relaxation, as is the
case +or‘most adsorbed.systems (66, 114,h126). Tﬁe r‘:
dependence of this:dipolar intergction would obviously lead to

taster relaxation at higher coverage. Possible changes in

motional frequencies, however, preclude a quantitative

assessment of this. ‘ ' ///

It will be noted that there is some variation of
relaxation time between the various oxide preparations. This
might arise either from varying levels of paramagnetic
contaminants, or from variations in @%@‘motional state of the
adsorbate, ahising from differences in surface chemistry. The
latter explanationrié favored, as it is difficult to understand
the coverage gependence of relaxatién rate, if surface
paramagnets determine the relaxation process.

In Table 5.2, the Tin values are shown for some
ethanol-Mg0 systems. The same trend is observed as in the
methanol-Mg0 systems; i.e. faster relaxation at higher coverage.
The same variation in relaxation.times between the various MqO

preparations is also observed. These observations can be

<
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TABLE 5.1

TlH of all Methanol-Mg0O Systems

and Selected Samples treated at Higher Temperature

Coverage T, (sec) TiH(SeC) TlH(sec) TlH(sec)

ggmolg/mz) lgT - 170% -  320°% 500°C
MgO-(1) - 2.,09* 0.55 |
3.63*  0.31 h
b, 31+ . 0.50 0.56 0.51 .  0.38
5.92 '0.15 0.21 0.24 0.10
7.0k 10.16 . 0.25 0.19 0.13
8.42 0.14 o.go} 0.21 0.02
MgO-(2) 2,21% 0.15 o
3.37* 0.22. . 0.36 0.32 0.27
: V4
L, L48* 0.05
b,97* 0.12
6.23 0;05 0.06 0.10 - .0.02
7.24 0.08 |
8.43 - 0.06  0.06 0.06 0.24
9.44 0.06
- Mg0-(3) 1.22% 0.39
| 2.79*% 0.19
4,55% 0.07 0.12 0.18 0.07
5.70 0.04 0.09  0.08 0.08
7.73 0.04 0.08 0.07 0.11

8.64 | 0.05 ‘ ‘ o
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Table 5.1 (continued)

VNG S
MgO-(4) 2,99* 0.82 o
4,11 0.83 :
4,98%* / 0.83
~_ 6.21 0.68
"]1
¢ 7,07 | 0.62

8.18 ~ 0.51

* denotes 60% 13C—enriched methanol was used



Proton T

MgO-(1)

MgO-(2)

e

Mg0-(3)

MgO-(4)

1

Table 5.2

Data of some Ethanol-MgO Systems

Coverage

‘. (ﬁlmole/mz)

Proton T

(sec)

1

87.

4,21
5.14

© 5.88
vV 6.91

8.01

k.92
 5.81
6.14
7.22

8.23

4,19
'5.42
6.11

7.19

h.o2
4.93
5.79

8.00

0.25

0.06
0.06

0.11

0.83 -

. 0.83
0.72

0.60
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attQ}buted to the reasons given above (for the methanol-MgQ

systems).,

I

In Table 5.3, Tin, Te y and Tcw are shown for some

selectedmﬁe;hanol-Mgo systems in which 68% *3C-enriched methanol

was used. These were measured at a field strength of 44 kHz for

H and *SC. xﬁrpton Tie in general is much shorter than the
Tin for the séme system, except for one case in MgO0O-(1). For
Mg0-(1), the Tj¢ data show nbﬁ-exponential relaxation, which
can be Eesolved into a sum of two. exponentials whose decay times

are given in the, table.

A

&

The general shortness ot T , relative to Tin for the
protons, indicates considerable lDw-fréquency motion in the
adsorbed layer. It cannot be accounted for by répid methyl

grnuﬁlrotation.

However, it should be noted that the measurement of
proton Tiw and T is not selective, énd the measured value is
.the bulk value of the methyl prntons of the methanol, and the
protons on the surface ~0H'groups.‘ The selecfivity is masked
because of the rapid spin-diffusions among,profons during the.
cnﬁtact time (in the order of msec). fhis is certainly the case
when the paramagnetic contaminants on the surface are acting as

N\

-a relaxattion sink. } v

-

C

~
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Table 5

: AS

1H? 'ﬁf and T

e3>

for some

CH

Selected Methanol-MgO Systems
o :

N

\

.//Mgo-(l)

Mg0-(2)
Mg0-(3)

MgO-(4)

1

T

/

Tip

T

lCoverage 1H CH
Lﬁlmole/mz) *(sec) (msec)’ (msec)
2.09 0.55 12,66 0.11
3.63 0.31 13,380 0.13
2.21 0.15 47 . 0.12
4,48 0.05 7 0.21
1.22 0.39 47 0.12
2.79 0.19 21 0.11
2.99 0.82 25 0.14
4.98 0.83 11 0.10

89.

TR



The cross-polarization times are short and relatively
consistent for all samples. Clearly, this indicétes a -
substantial static component DPEihé intramolecular 1H-13C
dipnlar/cnupiing.

<

.. Figures 5.3 show the 13¢ CP NMR spect&a of a typical
methaﬁol-MgU!system as the contact times are varied. At very
short contact time, fhe 13C résonance is "split” in the middle .
‘showing that some of the adsorbed speci;s for which the methyl |
rotation axis lies along the magic-angle do n0£ receive adequate
cross-polarization (127). Contact times aQé varied up to

2 msec, at which value the !3C CP experiments are usually
‘pérformed. No diholar oscillatiogé (7, 92, 127, 128)’werei’
pbserved at short contact times. Plots of *3C signal intensity

vs contact time are shown in Figures 5.6 to 5.9 for each

preparation of Mgd.

Generally, the contécf times uéed iﬁ)the lfC CP
exﬁeriments {1.5 or 2 msec) are much greater'than the longest
Ten in all the methanbl-MgD systems, so that the carbons-are
cross-polarized to an equal extent. Also the contact time is
much shorter than‘the 119 s SO that the spin—iocked proton )
magnetization does not decay significantly ﬁ}thin the contact

period. This permits good gquantitative !3C CP analysis of the

- methanol-Mg0 systems.



Figure 5.5

b
3¢ CP spectra of 2.79 fmole/m> of

60% 13¢_enriched methanol on MgO-(3) at

91a

different contact times. R.F. field—= 40 kHz.

Repetition rate = 2.5 sec_l; 512 contacts

for all spectra. All spectra are
normalized. Contact times (Aisec):
(a) 30; (b) 100; (c) 150; (d) 200;

(e) 250; (f)ESOO;’ (g) 750; (n) 1000;

(i) 1250; (j) 1500; (k) 1750; (1) 2000.

1
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3
Figure 5.6 Plot of 13c FID signal vs contact times
for the saéple of 2.09/Umolé/m2 of
60%-13C-enriched methanol on MgO-(1).
The error bar indicates the associated

uncertainty. .

Figure 5.7 Plot of .1C FID signal vs contact times
for the sample of 2.211umole/m2 of
60% 13C-enriched methanol on MgO-(2).
The error bar indicates the associated

uncertainties.

Figuré 5.8 Plot of 13¢ rID signal vs contact times
| using data from Figure 5.5 (2.79f4m61e/m2‘
of 60% 13C-enriched methanol on Mg0-(3)).
Associated error is included inside the A .

13

Figure 5.9 Plot of '°C FID signal vs contact times

Nfor the sample of 2.99Iumole/m2 of

: 1 .
N 60% 3C-enriched methanol on MgO-(4).
\\\\\ The error bar indicates the associated
‘ uncertainty. -
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[

5.A.1I1 Summary . | N

It was established that there exist slight differ?hEes
‘among theA+our Mg0 prepared differently. This was indicated by
their methanol and COz adsorption isotherms. Although they all
showed type II characteristic, their adsorption levels var{ed.
This implies.a difference in the surface characteristics on the
MgD from the four prgparations e.g9. surface morphologieé and

concentration of surface -OH groups.

Although there appeared variations in the T,n and
proton Tis measured for each different preparation of Mg0, a
consistent trend of faster relaxation at higher coverage is

found for both adsorbed methanol and ethanol. This indicates

e

that a dipole-dipole interaction isvthe major contribution to

‘relaxdtion. However a guantitative assessment of this is

impossible—due to~possible change in motional frequencies.

\
|
The differenﬁes in the relaxation times between various
. s

MgO preparatiansycé%ld be attribqted to varying levels of
paramagnetic contaminants or from variations in the mot ional
state of the adsorbate (due to the differences in surface
morphologies). Thus, Mg0-(2), which is Ni**-doped, is expected
to have the shortest Tin. However, Mg0-(3) which was prepared

from the decomposition of Mg(OH)z (which has <(@.91% of heavy-

metal, from manufacturer’s specifications) showed the same

Y
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skortness in Tiw, this probably indicates some variations in

motional state of the adsorbed methanol.

‘Also, noting that thesg Tin and proton Tie measure-
ments are the bulk values (protons on the methoxide and those on
the surface -0OH groups) Dniy, it is difficult to make any

guantitative assessment of these,

Comparing the proton T values obtained for MgO-(1} and
~(2),‘fhe same trend is observed. ThiF probably indicates N .
W

considerable low-fregquency motions in the adsorbed layer.

5.B.I. 13C spectra of Adsorbed Methanol

Fiqures 5.19 to 5.13 show spectra of static samples, for
various coverages? on each preparation of MgO0. In general, for
all cases, a broad power péttern 15 observed in thé region
expected for a methoxide species. At low coverages, with which
i3C-anriched methanol was QSEd, it Causgd the edges of the
pattern to be less sharp than previously reported (23). ’This‘is
because the *=(C-13C dipolar,cdupling amounts to a few hundred Hz
éor the enriched samples and gives a linewidth of this
magnitude, convolved with the powder pattern.

05 all samples, an isotrpopic peak appears near 5@ ppm at
high coverages. This presumably represents the appearance of
loosely-bound methanol once the available chemisorption sites

have been filled. It is well known that only in highly
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Figure 5.10

95a

13¢ CP spectra of methanol adsorbed on MgO-(1) at

various coverages. R.F. field = 70 kHz. Contact

time = 2 msec, except (a) which is 1.5 msec.

(a) 2.09*IUmole/m2, rep rate = 1.54 seg?l, S;OOO contacts
(b) 3.63*10m01e/ﬁ2, rep rate = 2.94 sec-l, 6,000 contacts
(c) 4.31*ﬂjmdle/m2, rep rate = 1.82 sec_l, 2,000 contacts

(d) 5.92 ﬂmole/mz, fgsﬂrate
(e) 7.04 Fmole/mz, rep rate

(£) 8.42 Fmole/mz, rep rate

* indicates 60% 13C-—enric ed

-~

6.25 sec_1

1

5.56 sec” T, 285,000 contacts

5.56 sec—l, 66,000 contacts

v

90,000 contacts

méthanol used.

"
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L

)

Figure 5.11

3¢ cp spectra of methanol adsorbed on MgO-(2) at

.

diffetent coverages. R.F. field = 70 kHz. Contact
,/ v ? - -
~"time = FTB sec.

5 sec_l, 6,000 contacts

Il

(a) 2.Zl*f1mole/m2, rep rate

(b) 3.37*ﬁ1mole/m2, rep rate = 8.33 sec—l, 64000 contacts

1

, -1 -
(c) 4.97% pmole/mz, rep rate 10 sec , 2,000 contacts
(a) 6.23 pmole/m2, rep rate = 12.5 sec'l, 336,000. contacts

(e) 7.24 mole/mz, rep rate 12.5 sec—l, 480,000 contacts
rep

I

(f) 8.43 pmole/mz, rep rate

* jndicates 60% 13C?enriched methanol used.

s

“

et ?

12.5 sec'l, 465,000 contacts
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Figure 5.12

13¢°cP spectra of methanol adsorbed on Mg0-(3) at
different coverages. R.F. field = 70 kHz, ‘Contact
period = 1.5 msec, except (c), (d) and (e) which are

.2 msece.

(a) l.22*[1mole/ﬁ2, rep rate .

]

Al

(b) 2.79*}Jmole/m2, rep rate

i

(c) 4.55*}1mole/m2, rep rate

il

(dl 5.7O-ﬂmole/m2, rep rate

14.3 sec-l, 350 contacts

97a

2.56 sec—l, 6,000 contacts

6.25 sec?l, 5,400xcontacts .

14.% sec”™t, 39,600 contacts

(e) 7.70 Pmole/mg, rep rate = 14.3 sec_l, 86,000 contacts

(£) 7.73A1mole/m2, rep rate = 12.5 sec"l, 430,000 contacts

* ijndicates 60% 13C—enriched methanol used.
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Figure 5.13

13¢ CP spectra of methanol adsorbed on MgO-

different coverages. R;F. field = 40 kHz.
period = 2 msec. Rep rate = 3.33 sec_l-
(a) 2.99*/}@ole/m2, 14,400 contacts

(b) 4.ll*ﬂ1molé/m2, 8192 contacts

(c) 4.98*}1m01e/m2; 8192 contacts

(d) 6.21 /(Amole/m?‘, 429,000 contacts .
(e) 7.07 pmole/mz, ‘2;35,000 contacts

L3

(f) 8;H3ﬂnwle/m2, 244 000 contaéis

* indicates 60% 13

C~enriched methanol used.

| 98a

(4) at

Contact
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symmetrical molecules e.gq. adamantane, that narrow resonances

{

are observed in the '3C CP spectra (18%). Rotation about tﬁe

1

o-C bondior the Mg-0Q kord in the surface methoxide species, even’
in the cnfrect +regusncy ranrnge, the powder battern would not
collapse into a narrcw resonance as the case here. This may
indicate the presence cof some methoxide'speciesdwhich possess'

accidental degeneracy in the chemical shift compenents due to

special symmetry or motion, or both.

7

Magic-angle spectra have been obtained for a sample of
methannl -Ma0-(3) (Figure 5,18). Thest show a single peak having
a width of 88 Hz. The position of this peak shifts from 49.3

ppm at 1.3 Mmole/m® tc 5€.3 ppm.at ?.é/uhoie/mz.
3 <

-

. All ot these data are consistent with only two

=TT

chenmisprbed species or MgO at room tenperature - a relatively
- R ‘
rigid methoxide and a mobile_species which appears at high

» T -
-

coverages, The fairly minor differsnces amcng diftterent

preparations can be accourted for by varying populations of the

S
-

two speciéé and by motional diffsrences. A change 1vn nuﬁbérypf,
chemisorptich sites with preparatibn will of course wvary the
relative proportions of species at the higher coveraées;

. )
Motional variations between preparations can be i1nterred at all

coverages from thke proton T, data above. These will partially

average the powder patterns from chemisorbed species, ieading to
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the small di++ereﬁces in the adsorbed layeﬁ if different

preparations yield different local geometries for neighbouring

adsorption sites.

5.B.II. 15C NMR. Measurements of Adsorbed Methanol Treated at
’ ] — B . 525
Elevated Temperatures

The *3C CP spectra of the methanol-Mg0 systems at room
temperature and after heating (179, 328, 3586=C) are shown in-
Figures 5.14 to 5.17. The spectra shown are those in which &8%

' ()
t3C-enriched methanol was used.

Essentially, the spectra of the adsorbed species
remained the same until being treated at 399°C. One striking
feature is(the gradual sharpening of the methoxide powder

= pattern as the tempehafﬁre is raised. This is more pronounced
.+or MgG-(2), -(3) and -(4) than for Mgg%(l). This is perhaps
due to the "recrystallization" of the adsorbed layer on heatlng
and cooling. PoSsibl} a more uniform layer is achieved by
thérmal créssing of activation barriers. A similar effect is
observed in the magic-angle sﬁectra on MgD—(3).‘ The linewidth
cecreased from 868 to 4¢ Hz on heat1n9 to 3g@=C and re-cooling as

seen in Figure 35.18. . & .

The svectra of all methanol-MgO systems treated at 584<C

—

showed a low +ield respnance with the complete disappearance of

the methoxide species.



Figure 5.14

101la

13¢ CP NMR spectra of 4.31A}mole/m2 of methanol

(60% 13C-enriched) on Mg0O-(1) treated at different

temperatures. R.,F., field =

70 kHz.

Contact

period = 2 msec, except (a) which is 1.5 msec.

(a) Room temp., rep rate = 1.82 sec-l, 2,000 contacts

(b) 170°C (3 hrs), rep rate
(c) 300°C (3 hrs), rep rate

(d) 500°C (3 hrs), rep rate

1l

1.43 sec—l, 7,600 contacts

L,17 sec—l

9

" 1.72 sec_l, 5,900 contacts

38,800 contacts

v

w
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Figure 5.15

130 cp NMR spectra of 4.97 fimole/m> of methanol

(60% 13C-enriched) on Mgorzz) treated at elevated
temperatures. R.F. field = 40 kHz except (a) which

is 70 kHz. Contact period :'é msec excépt (a) which

is 1.5 msec. |

(a) Room temp., rep rate = 10 sec-l, 2,000 contacts

(b) i7o°c (#hrs), rep rate = 10 sec'¥, 10,000 contacts

(c) 300°C (3 hrs), rep rate = 10 sec—l, 2,400 contacts

(d) 500°C (3 hrs), rep rate

2 sec'l, 20,000 contacts
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v

- V4
13C CP NMR spegtra of 3.55,umole/m2 of methanol

Figure 5.16

(60% 13¢_enriched) on MgO-(3) treated at elevated

temperatures. R.F. field = 70 kHz. Contact

period = 1.5 .msec.

-~ -

(a) room temp., rep rate

i

14.3 Sec—l, 350 contacts

(b) 170° (3 hrsj, rep rate = 6.67 sec_l, 6000 contacts

(¢) 300° (3 hrs), rep rate

il

.10 sec_l, 3000 contacts

(d) 500° (3 hrs), rep rate 10 secjl, 26,000 contacts

I.».j
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Figure 5.17

130 cP NMR spectra of 4.11 Mlmole/m® of methanol

(60% 13¢_enriched) on M§O—(4) treated at elevatéd
temperatures. R.F.‘fi;fd = 40 kHz except (a) which

is 70_kHz. Contact time = 2 msec. . |

(a) Room temp., rep rate = 3.33 sec_l, 8,192 contacts

(b) 170°C (3 hrs), rep r?te = 0.83 sec—l, 2,347 contacts
(c¢) 300°C (3 hrs), rép rate = 0.83 sec_l, 78,357 contacts

e
P

(d) 500°C (3 hrs), rep rate = 0.83 sec” ', 103,100 contacts
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Figure 5.18  12C CP/MAS spectra of
(A) C02"(9O%.13C—gnricﬂed on Mg0-(3).
(B) Methanol (60% 13C-enriched) cn MgO-(73).
(C) Sample (B) heated to BOOOleor 3 hours.

(D) Sample (B) heated to 500°C for 3 hours.

g Field strength = 60 kHz.
Contact time = 2 msec. Rep. rate = 2 sec” L.
o ‘ , _



105b

wdd
001

00c
1




pu IS ,

106.

: .
From the position and anisotra&y of this resonance, it

%

clearly contains sp= carbop and is presumably a carbonate or

formate species. The magic-angle spectrum shows'é single line

‘at 167.4 ppm having a wi@th of 116 Hz. With the MAS technique

one was able to per+orm.a deléyed decoupling experiment (129,

'138). The resonance intensﬁty of this species i5 reduced to 58%

by a decoupler qelaygofrzﬁﬁjpsec. VThis—strongly suggests a
proto; two bonds afsfant from the carbon (139).. Given the
chemical shift, bicarbonate ié the obvious species. It is most
unlikely that this is a formate species. A detouplér‘déiay
experiment on ammonium formate shows decay to 50% in 25 psec and
to 5% in &4 lisec. For the M0 surface species, the intensity 1is
>?3% after a 60 Msec delay. These Eesults clearly exc]ude ihe

possibility of a surface formate.

e

-~ S

It may appear that the chemical shift powder patterﬁs
whichwéreattributed to surface bicarbonatelspecies (spectrdﬁo
(d) in Figures 5.14 to 5.17) are quite different from the
chemical shi+t'p0ﬁder patterns sthn +o; COz in Figure 5.4 )
{which were also attributed to bicarbonate species). It was
demonstrated by Stejskal et 31. (11a,b) that adsorbed COz shows
different anisotropies at different loading leveli on Na*-
mordenite. This may be the case for the preéent NMR
observation, that due to different conceﬁtration or surface

morpholbgiss that different siéns of the anisotropies were

observed.
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Conventional single-pulse 3C NMR spectroscopy doné oh

some‘sélected samples revealed a wide range of a?ﬁﬁhes and

A -

alkenes and CO= on MgO, when ihe methanol¥M90 was heated tD'SQﬁéC
for 3 hours. The resolvable resonances, relative to TMS, are |
—lb.é kCH4), 4.2 (C2Hs), 11.6,'15.4, 23.6, 116.5, 117.5, 126.6,
'133.8 142.4, 158.3, 16%9.1 (COs~~ )'and 183.9 (®0). These were \
not observed.ih the CP experiments, indicating them.tp be highly
mobile species, probably no more than bhyéisorbéd in any case.
Gas chromatography and mass spéctrometer analysis Df<the gaseous
pfoducts (or easily-desorbed surface species) reveal
hydrocqrbnnsvrangingifhom C; to Ca (bntﬁ saturated and
unsaturated) anq large amounts of CO and H=.

} \

S5.B.III. Sygmarz

; J"/ ~.

s SN ‘ '
\ The 13@ CP spectra indicate that the first monolayer
Eﬁ'—:&/f )

of the methanol-Mg0 systems consists mainly of chemisorbed

species - with‘a powder pattern similar to tha@ obtained from
magnesium methoxide. As the coverage ingreases, physisorbed
methanol appears as an isotropic peaK/éuperimpos;d on the powder
pattern. This isotropic peak has a<;3C chemical shift of

Y

49 ppm, very anse to the *3C chemical shift of methanol in

liquid form.

It is conjectured that the physisorbed methanol
molecules reside on less active sites on the surfacev(i.e. sites
with lower energy of adsorption). The force of interaction

would be greater in magnitude than hydrogen-bondng or Van der
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¥

Waals +ofces, otherwiée these ph?sisonbed molecules would behave
more like a "liquid" and not be obseryed by the 3C CP
techniqdéﬁ It is +urther spgculated thatvthese physisorbed
molecules either rotate very slowly (a few kHz) to averaée out
the chemical shift anisotropies but not fast enough to average

out the C-H dipolar couplihg, or, intermolecular

cross-polarization plays an important role in the :3C CP spectra

A\

The adsorbed methoxide species are stable up to 3g@°C.

(23).

When the saﬁples were treated to 596°C, a_Ipw—field resonance
appeared on the 13C CPsspectra% which was believed to be.a
bicar?onate species - the only chemisorbed species on the
surface, Therefore, MéO from all preparations dehydrogenate
the methanol to CO= {(precursor for the adsorbed bicarbonate
species) and Ha (from gas-chromatography énalysis). It was also
found that a wide range of alkanes and alkenes plus carbbh

: monoxide\wére produced aslside—products. This prdbably involves
some very complicated mechanism in their'forﬁétion, especially

in“the initial C-C bond formation (19-21).

5.C.1I. 13C Spectra of Adsorbed £thanol on MgQ

The study of adsorbed ethanol on MgO by conventioﬁal.
technigues has been scarce (31, 58-54, 5S7b, 131). The general
consensus is that the ethanol éhemisorbed on the Mg0 surface as

an ethoxide species, which is stable up to 156°C, At about --

25@°=C, déhydrogenation sets in to yield acetaldehyde and
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hydrogen (53), along with ethene (probably from the‘dehydration
of ethanol). At still higher temperatures, 1,3-butddiene is

observed along with hydrogen. The formation of TE3-butadiene

probably arises from the reaction of 3-hydroxybutanal

/"\

{self-condensation product D+ acetaldehyde) with another surfaﬁa

.
ethoxide, with water and another acetaldehyde as byproducts e

(132). Most of these}products were identified via infrared

spectroscopy, and by gas chromatography with mass spectrometer -

>analysis. | , X *§>
Figures 5.19-5,22 show the static SC CP spectra of
VDrdinary ethanol adsorbed on the four different preparations of
Mgpﬂat varying ﬁoverages. At low coverages, the observed powder
;étterns resemble those of magnesium ethoxide. In general, at
ébverages of 6 Mmole/m= and uh, there is a slight bfoadening of

both the metﬁyl and methylene chemical shift anisotropies. This

we attribute to the poséible existence of more than one

A

chemisorbed ethanol species, which Superimpose on each other due
; | '

to the proximity of their chemical shifts.

; ¢
. / .~!
—_— /f‘\\,\ ~ /

The methylené’carbon Showéméﬁ/qﬁtisymmet;rc powder
pattern due to the lack o+ aﬂsymmetry axis, which is to be
expected.. Its poﬂdep«p’}f?rﬁ“udéfféps with that of the methyl
resonance, thus the 633 (the)hlgh field component of the
- powder pattern) is obscured. ﬁn the other hand, the methyl

resonance shows almost an isétropic pattern, probably dug to



Figure 5.19

1;Oa

13¢ cP spectra of ethanol adsorbed on MgO-(1) at various

coverages. Field strength

(a) 4.21/Umole/m2, rep rate

(L) 5.14 /Umole/mz,
(c¢) 5.88 fimole/m>,
(d) 6.91 ,Umole/m2,

Je) 8.01 ﬂnmle/mz,

-
rep

rep

rep

rep

rate
rate
rate

rate

i

70 kHz. Contact time = 2 msec.
4 sec_l, 192,800 contacts
5.3 sec-l, 252,100 contacts
4,2 sec_l,_24,700 contacts
-1 ,
5 sec , 30,969 contacts

5 sec-l, 266;605 contacts
EOR
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Figure 5.20

13C CP spectra of ethanol adsorbed on MgO-(2) at

various coverages. Field stréngth = 70 kHz. Contact
time = 2 msec.

(a) 4.92)Umole/m2, rep rate = 10 sec_l, 343,800 contacts
(b) 5.81.ﬂmole/m2, rep rate = 10 sec_l, 140,100 contacts
(c) 6.14 ﬂmole/mz, rep rate = 4.2 sec~l3 203,900 contacts

(d) 7.22 umole/m®, rep rate = 10 sec 1\ 129,000 contacts

(e) 8.23Q?mole/m2, rep rate = 10 sec l,-141,800 contacts
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Figure 5.21

130 CP spectra of ethanol adsorbed on MgO-(3) at
various coverages. Field strength = 70 kHz.
Contact time = 1.5 msec. Rep.: rate = 10 sec~l,

-
e

except (¢c) which is 2.7 sec_l.giw’wn
(a) 4.19 IUmole/mz, 321,760 contacts :
(b) 5.4EIUmole/m2, 468,400 contacts
(c) Gsll.pmole/mz,‘113,800 contacts
(d) 7.l9IUmole/m2,\47,212 contacts

(e) 8.92f1mole/m2, 6,647 contacts

112a
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Figure 5.22

113a

13Q CP spectra of ethanol gﬁgorbed on Mg0-(4) at various

.coverages. Field strength %0 kHz. Contact

time

= 2 msec. Rep. rate = 2.5 séc_l

is 3.3 sec-l.

- (a)

,(b)’

,7<c)
~(d)

4,02 /umole/m2 ,
4,93 ,Umole/m‘?‘ ,
5.79 Mmole/m>,

8.00f}mole/m2,

120,000
143,400
300,000

222,400

contacts
contacts
contacts

contacts

except (d) which



113b . -

|
0



g\\;gﬁLéf
“114,

some limited rotation about the C-C band axis, but not fast

enoughgﬁo'that it could be observed in the CP spect;um.

o
5.C.II. *3C NMR Measurements of Adsgrggd Ethanol Treated .
at Elevated Temperatures N

Figures 5.23 to 5.26 show the static *=C CP spéctra of
one selected sample'o+ ethanol-Mg0 system from each preparation
of Mg0 when treated at,elevated temperatures. At 18@-°, bbth
carbon resonances in all spect}a are broadened, probably due to
the fdrmation cf more chemisorbed ethoxide species which

o

overlap. As the samples were treated at 388°C, the spectra shéw
e ) .

H
a narrower methylene resonance,kﬁut-a corresponding broader

methyl resonance, for all samples. 4

. If both anisotrbpies had narrowed, then they could b§
atiribgted to surface "recrystallization" on heéting and cooling
as was proposed for the similar situation in the methanél-MgD
systemrtréated at 3@@-=C,

—

Ih addition, there appears some feature in theﬂspz-
carbon region in all spectra from different samples. It is
suspected that some of tﬁe surface g£hoxide specges may have
decomposed atvor below 388°C yielding other products. However,

due to poor resolution in the spectra, these decomposed products

cannot be identified.
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Figure 5.23

3¢ cp spectra of—8 Ol/(,(mole/m2 of ethanol adsorbed

on MgO-(l)_;reéted at elévated temperatures. Field ~

-

-~ -

stren§;h;:fﬁb\kHz except (a) which is 70 kHz. Contact
! / \\'\‘\_ -

time (=2 msec except (ad)-—which is 1.5 msec.

(a) Room temp., rep rate = 5 sec-l, 261605 contacts
(bffigﬁoc (3 hrs), rep rate = 2.5 sec-l, 120,000 contacts
(c¢) 350°C (3 hrs), rep rate = 1.7 sec”™ ', 226,900 contacts
(d) 500°C (3 hrs), rep rate =‘l sec_l, 368,900 contacté
(e) Same samp¥€ as in (d).l'Single-pulse 3. »r

spectrum, rep rate = 0.67 sec-l, 16,695 scans.
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Figure 5.24

13¢ ¢P spectra of the sample of 7.22 Mmole/m> of

~ethanol on MgO-(2) treated at elevated temperatures.
Field strength = 40 kHz except .(a) which is 70 kHz.
Contact time = 2 msec, except (a) which is 1.57mse§.

(a) Room éemp.3 rep rate = lO.Gksec—l, 129,6OQ contacts
(b) 180°C (3 hrs), rep rate = 5.0 sec_l, 293,400 contacts

(c) 350°C (3 hrs), rep rate 2.5 éec-l, 125,000 contacts

1l

(d) 500°C (3 hrs), rep rate = 3.3 sec-;, 4il 600 contacts
(e) Same sample as in (d), but single-pulse 13¢ NMR,

rep rate = 2 sec-l;ABQ 626 scans.
\ \
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Figure 5.25

13¢ Cp spectra of 7.19 Mmole/m> of ethanol adsorbed on
MgO-(3) treated at elevated temperatures. Field
strength = 40 kHz excepﬁ,(a) which is 70 kHz. Contact
time = 2 msec, except (a) which is 1.5 msec.

(a) Room temp., rep rate = 10 sec-l, 47,212 contacts

(b) 180°C (3 hrs), rep rate = 2.5 sec“l, 60,000 contacts

]

(¢) 350_C (3 hrs), rep rate = 2 sec™ !, 114,600 contacts

-

3.3'sec—l, 214,475 contacts

(d) 500°C (3 hrs), rep rate
(e) Same sample as in (d). Single-pulse 3¢ nvr spectra

at rep rate = 3.3 sec-l, 66,620 scans.
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,ﬂ\* | ' \
Figure 5.256
13¢ Cp spectra of the sample of 8.00 umole/m> of ethanol
adsorbed on Mgé%?&) treated at elevated tempcfaturé.
I'ield strengfh = 40 kHz, Contact time = 2 msec.
(a) Room temp., rep rate = 3.3 secvl,v222,400 contacts
(b) 1807C (3 hrs), rep rate = 1 sec—l’ 78,369lc0ntécts
(¢) 350°C (3 hrs), rep rate = 0.6 sec-l, 37,298 contacts
(d) 500°C (3 nrs), rep rate = 2'sec—1, 749,000 contacts .
(e) Same sample as in (d). Single-pu%§§>4sc NMR at )

rep rate of 2 sec-1 and 68,359 scans.
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When treated at 59@0<C, all samples turned to a greyish-
color, distinctly different from the original white”color of the
MgO. _Tﬁe 13C CP specfra, in all cases, shbw twq major
resonances at 2@ and 128 ppm respectively dqwnfield from TMS,
éxcépt for ethaqol-MgO—(3) which reveals another resonance at
5@ ppm downfield from TMS also. It appears that most o; the
Qriginal ethoxide species have decompﬁsed,(yielding mainiy
hy;rocarbons (of both saturated and unsaturated categories),
except for ethanol-Mg0-(3) system, in which somé alkoxide
speciés {at ~ 60 ppm) still\remained. The single-pulse *3C NMR -
spectra {(e) in all figures (for the same sample treated at |

S8@=C) pevei} the same resonances, indicating that the surface

N

spécies have short carbon T,, and they are probably

2
i

hydrocarbons.

5.C.III. 23C CP/MAS Studies of A rbed Ethanol on M ﬁ

‘ Two sqpples, each containing ca. 9.2 gm of MQD-(3) were
‘tightly packed into 5 mm o.d. tubes, and 4.3 x 19-° moles of‘
either 9ﬂ%\13C-enriched ethanol-1-1*3C pr ethanol-2-*3C was
adsorbed onto the MgO (corresponding to a coverage of
113 Mmole/m#®) from gas-phase at room tempegature. The 3¢
CP)MAS spectra of these two samples at roo:\kemperature and
after treatﬁent at elevated temperatures are shown in Figures
5.27 and 5.28 respectively. Correspondng §ingle-pulsel13C_

NMR/MAS spectra were also measured for the same samples at the

various temperatures are shown in Figures 5.29 and 5.3d.

N\
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Figure 5.27

120a

13¢ CP/MAS spectra of 90% 13C—en(:iched

13

etkanol-1-"-"C on MgO0-(3), at roo

temperature and tfeated at elevafed

temperatures. Témperature is designated
on the lefit-hand-side of the spectra,
and the heating pefiqd was 3 hours,
unless otherwise specified. All spectra
were normalized for the number of _
contacts wifh respect to the spectrum
recorded at room temperatufé. Field
strength = 60 kHz. Rep. rate = 2 sec™ L.

Spinning rate = 1.8 kHz. Contact

time = 2 msec.

i
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4

Figure 5.28  13C CP/MAS spectra of 90% l>C-enriched
ethanol-2-17¢C on Mg0O-(3) at room
temperature and treated at elevated

temperatures. Designation and

normalization same as in Figure 5.27.
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Figure 5.29

o e

122a‘

| I

13C MAS NMR spectra of the same

sémple as in F;gure 5.27 treated at
elevated temperaturé. De%}gnatiOn

and normalization same és in Figure 527
Rep. rate = 2 ;ecfl. Decoupler on

during acquisition.
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Figure 5.30

;l23a

b

13c MAS NMR spectra of the same
sample as in Figure 5.28 treated |
at elevated temperatures.

Designation and normalization same

as in Figure 5.28. Rep: rate = 2 ij_l.

Decoupler on during acquisition.

{
.

-
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No change was observed at tfeatment temperaturés below
25d°C, so only one réprasentative spectrum is shown in,e#ch
figure. _In general, temperatﬁre was raised in incfements of
SE“C, and the samples were heated at that'temperature for three
hours, except at 275°, 39@° and 468°C, at which tbmperatﬁre, the
‘samples were‘heated for another 1& hours, after th® iﬁitia{

heating for 3 hours.’

(i) Room Temperature to 200°C
From Figures 5.27 and 5,28, the resonance of the
surface ethoxide spe;ies appear at 20 and 58 ppm downfield\+rom
TM3 for the methyl and meth?lene carbon respectively. wﬁile
there isba small difference in the chemical shift (ca. ilppm)

for the

ethylene carbon, the chemical shift of the methyl

S

resonance| is significantly different from the methyl resonance

l

at 22.5 m for magnesium4ethoxide in the polymeric form.(133),
or the methyl resonance af 12.3 ppm +pr liquid ethanol (134);
The downfield shift of 2.7 ppm for the methyl resonance of the
surface magneéium ethéxide and the 5.2 ppm “for the magnesium
ethoxi¢ge polymer relative to the ligquid ethgnol is probably due
to the spatial interaction of the -CHs group with the

neighbouring Mg2* ions which serve to deshield the methyl
resonance.

~ The picture of cthemisorbed ethano()gg Mg0 is then a
tightly bound ethoxide species possessing'gharacteristicsﬂ

between that of liquid-like ethanol and the magnesium ethoxide
N : .
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polymer. It alsorimlies th;t the -CHs g9roup of tHe adgorbed
ethoxide spécies lies Very close to the surface and more
specificall; in close pfoximity with immediate Mg®* neighbours.

This could occur by rotational hop about the Mg-0-C. bond.

The resonancé at 17 ppm in Figures 5.28 and 5.38 (on the
hiéh field‘shoulder of the 2¢ ppm résonance), is attributed to
physisorbed ethanol'moiecules on the Mg0 surface. This
resonance eventually disappeared when the sample was tréated at
280°=C, which probably inQicates a complete conversipn of the

physisorbed ethanol to chemisorbed ethoxide species.

{ii) #5¢=C, 3 hours

New resonancés'appear in both spectra as shown in
.Figures 5.27;and'5.28. 'The -CH=z group gives rise to new
resonances at 63 and 28 ppm tFigure 5.27), and the -CHs group
gives rise to new resonances at 39 and 12 ppm respectively ‘
(Figure 9.28). Noté'!%at in these two parallel experiments,
only one carbon of the ethanol was enriched with 96% *3;, so it
will be this carbon that was observed. Any new resonance(s)
observed havejto originate from this carbgn, while the other
carbon!}containing only 1.1% hatural abundant *3C) will be
obscured in the noise. Combining the two spectra would then
imply that some of: the chemisorbéq ethoxide species are

converted tc one or more compounds having *®C resonances at 12,

20, 39 and 43 ppm dowh#ield from TMS upon heating at 258<C for
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3 hours. The surface ethoxide remains as the major species in
the sample.
The identity of this intermediate is suégested to be
an adsorbeq n-butoxide species. The *3C chemical shifts have

-

been measured/forjadsorbed n-butanol bn.MgG ;nd thef are 64.49,
41.3, 26.1 and 13.2 ppm downfield#‘r‘p{n TMS at a c~ove“ra9:e~ of
3.44 lmole/m=, As the coverage is increased to 7.26 umole/m2.,-
Eherg ;ppears a new resonance at 36.4 ppm, while,ﬁhé original
peak at 41.3 ppm éppears as_;‘low—fieidjshoulder at 4ﬁ.6'pﬁm.
The chemicai shifts of 64.6, 356.4, éﬁ.l and 14.1 ppm are very
close té the literature values of 61.7; 35.3, 19.4 énd 13.9 ppm
reported for liguid n—butanal (134). This suggests tﬁat as £he’
n-butanol is adsorbed on thé4M90f5ur+ace, both the a&- and

/3 -carbons adjacent to £he -0H group experience a deshielding“
efcht from the surface Mg®* ions, so that the resonances at
64.6, 41.3, 26.1 and 13.2 ppm are oSseEved.‘ As the coverage is

increased, physisorbed n-butanol appear, yielding the .extra

resonance at 36.4 ppm for the /3-carbon./’"

For the formation of this n-butoxide intermediate, the
following mechanism involvihg two ﬁeighbouring adsorbed ethoxide

species is proposéd:

CHs
H,), CH
HE SRCHEIAN (Qa)yCHs
) vt o o° o o . o . -
15 teH 7 — — | |

|
H 8 Mg

)
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{/// This mechanism is practlcal because :{a) it involies a
51xj?embered rlng lntermedlate which is stable, {b) MgO is known
" to bé\a dehydrogenation catalyst, and the lone pair of electrons

A\

on‘the/O atom can abstract the acidic proton from the methyl

group, {(c) the 6bserved‘;zg,EP/MAS spectra agree with the given
mechanism:\wheﬁ/gkﬁanol—l—*ac i1s used, this will give rise to‘
labels at tke C-1and C-3 carbons on the resulting n-butoxide
species an{ sonances at 63 and 20 ppm respectively, and indeed
th;s is observed in Figure 5.2?} Conversely, when ethan&%—Z—‘ac
is used, this will éive rise to the C-2 and C-4‘labels on’the
resﬁlting n-butoxide and resonances at. 41 and 13 ppm
respec{ively, és shown in ?igure 3.28.

The single-pulse *3C NMR/MAS spectra in Figures 5,29

"and, 5.30 show essentially the same resonénces as those in

Figures 5.27 and 5.28. - [ )

(iii) 275=C, 1& hours
3

) . Further Fhanges in the spectra in Figures 5.2?7
and 5.28 occurred when the sampies were treated at 275=C tor 16
‘hours. The resonances corresponding to the Dbiginal surface
ethox?de species (at 58 and 20 ppm)!'and the n-butanol species
(at‘g3, 3?, 2@, 14;ppm) still persist in the spectra, althPugh
the résonances corresponding to the ethoxi.de sﬁecies have gone

a

down in intensity,
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New resonances include one at 181 ppm and é series of
peaks in the rang;‘+rom'24 to'ésappm in Fié;re 5.27, and a
series of resonances from 5 to 49 ppm iﬁ.Figure 5.28. The
resonancesrat 181 ppm (Figure 35.27) and the 24 ppm fesohance~
(Figure 5.28) probab;y corresbond to a su}+ace acetate species.
Magnesium acetate has isotrdpiq shifts at 181 and 25 ppm,
according to the;study in this labor;tory and that of;Ganapathy
et al. (135). However, present spectroscopic evidence is
insufficient for a positive identification, élthough infrared
data has strongly suggested the conversion of €thanoi to an

acetate species at 335°C (448).

The rest ot the resonances in the spectra in Figures
5.27 and 5.28 are attributed'to the products of reactionfbefween'
ethoxide and butoxide, and between twn_butanol speciesson the
Mg0 surface, to yield a mixture of straight-chain or
branchedlﬁhain alcohols. The mechanism of formation would be

similar to that for n-butoxide proposed'above, for exampleﬁ

SBo
[5.3] ?f ‘: [ /C“'l _, HS ? (I)(cu,),cuj
M9\'C-‘-)/MCJ - M O/ ( n—hexoxide_) '
| C{HQE oty cHy
. c‘)”/!c‘.%\ciH ?)3 . ‘ T/H O(CHz)léHCOtﬁg) \
= Mg\?)/ ™ R B v ™ (3 mdhylhéphaxié-)\
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In keeping with the six-membered ring intermediate,
the followng alcohols are possible reaction pboducts: n—Hexanoi,
- n-octanol, 2-ethylbutanol, 3-methylpentanol, 3-methylheptanol

L J
and 2-ethylhexanol. Most of these alcohols do not have reported
-

13C chemical shift data, so they are calculated by the formulae

from Ejchart (lgéfaind Roberts et al. (137i, with the chemical
shift data from tﬁeir respective alkane precursors (138). These
data are listed in Table 5.4. From the broadne of the
resonances observed, it is speculated that most (if not all) of

the alcohols listed in Talle 5.4 are present as reaction

products, and their '=C resonances bverlapped.

As was mentioned above, that both the o - and
A -carbons of the alcoh;ls experience some deshielding effects
upon adsorption on the surface,;therefore,.without the spectba
of the ;ppropriate reference alcohols on Ehe Mg0 surfacey it is

impossiblg~to identify all resonances on the spectra in Figures .

5.27 and 5.28.°

' It is also suspected that some decomposition has set
in to yield some hyrocarbons at this experimental condition.
This arises from the observation of the rgsonance at 5 ppm (in

Fiéﬁres 3.28, 5.29 and 5.39). Only ethane has *3C chemical

shifts so far upfield. This resonance is not observed in Figure

S.27, probably due to inadequaté S/N and resolution.

i

. 4
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For comparison, the 13C CP/MAS spectrum of adsorbed
acetaidghyde on Mg0o at room temperature was.measured. 'The
resonances at 3@ and 199 ppm corresponding to free acetaldehyde
(124) are ﬁissing in the épectrum (see Figure 5.31). A;ratheh
complicated spectrum”is Dbserved; with major peaks at 22, 43,
67, 93, 134, 138 and 181 ppm dnwnfiéld from TMS. It was
suspected that acetaldehyde has probably undergone some reaction
on the surface. The‘resonances‘at 22 énd 97 ppi pﬁbbably
indicate the formation ofhaldoxan {the trimer of acétaldehyge)
(139). The same resonance at 181 pbm observed earlier is also
present in this spectrum. Two explanations can be proposed,
first, that the carbon?l carbon on acetaldehyde experiences a
chemical shift chénge of 18 ppm -upfield (!), ind second, that
the acetaldehyde is Dxidfzed to an acetate spec}es upon
adsorption on the Mg0 =surface (while the methyl resonance of
this acetate species is obscurred qnder the 22 ppm resonance) .
The second explanation is favored in view of the complexity of.
the spectrum, which inditates polymerization (to aldoxan); |
dehydrogenation (to yield olefinic compounds with resonances in
the 138-138 ppm regqion), reduction to alcohols, indicaied by -the

resonance at 47 ppm) and probably some oxidation (to the acetate

species at 181 ppm).

Returning‘to the present system of adsorbed species
treated at 275°C for 16 hours, if some of the adsorbed ethoxide
species were oxidized to the acetate species, some acetaldeﬁyde

s

i - /
intermediates would have been observed, that is, via the



133b

— O

wad

,r | | | ” ,, \ | L8t
/ \\x(/\\ | Oti




134,

following mechanism:

X -H tol _
[5.5] CHsCH, OH (ads.) —= CH3CHO (ads.) —— GH3 COOHGds)

For the discussion given above to be correct, either the
concentration of the surface acetaldehyde species has to be very
low (below detection level), or the hal+—li+éib+ this
acetaldehyde species has to be very short (unobservable beyond
16 hours). Since the reaction condition is quite vigorous

{(275°C for 16 hours), the second explanation seems to be

reasonable.

V .
The !3C single-pulse NMR/MAS ?Eizira shown in Figures

5.29 and 5.39 exhibit little resemblahce to the *3C CP/MAS
spectra shown in Figures 5.27 and 5.28. The obvious difference
is‘the presence of the resonances in the 12§-159 ppm région
(corresponding to sp?® carbons). Obviously, this indicates the
presence of some physisorbed olefins which posées relativgly
high fheqhency motions (compared.to the chemisorbed specie;).
We propose thaf some of the surface alkoxide species may have
decomposed at the C-0 bond to yield.a variety of olefins such as
ethene, 1-butene (from dehydration of n-butanol), cis and
trans-2-butene (from isomerization of 1-butene), and other
branched-chain alkenes (from their respezz;yeAbranched—chain
alcohol precursors).; The resonances at 141 and 145 Epm are

attributed to olefinic carbons with alkyl group substituents

(139). These alkenes may have arisen from the decomposition of

J
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the branched-cﬁaih alcohols listed in Table 5.4. The resonance
at 5 ppm (which'was attﬁjbuted to ethane earlier) gives
additional evidence fhgé decomposition has taken place on the
sur%ace at this experimehtal conditions. Howevér; the
possibility of these sp2 carbons being aromatics could not be
ruled out, althougﬁlthe.mechan}sms of +0rmation‘would be very
complicated.
e

The complete iden{i+ication of all the resonances in
both spectra is hampered by fhe inadequate resolution andhthe
lack of reference materials. However, from.the relati;;
decrease in intensity (or the assence) of the resonances in the
40-79 ppm region in Figure 5.29 and in the 35-59vppm region in
Figure 5.34, it can be concluded that‘ﬁost of the physisbrbed

alcohols have been reacted, or converted to chemisorbed species

(observed only in the *3C CP/MAS spectra).

(iv) 38@°C, lg hours
Althoughkno spectra are shown, there is a
complete disappearanﬁe of‘the resonance at 38 ppm (in Figur
5.27) and at 20 bpm (in Figure 5.28), implying that all su:Elge
ethoxide species have been convebted. No new resonances are

pbserved.

(v) 4@8=C, 3 hours ¥
Both samples turned a slight greyish color

after the heat treatment. The two resonances at 191 and 195 ppm
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in the spectrum in Figure 5.27 indicate the presence of ketones. '
This could arise from the further oxidation of the alkoxide
species on the surface. the tﬁat this ketone species would
have to be quite inert on the MgU'suE#ace. The i’C CP/MAS
spectrum of adsorbed éce@one is showq in Figure 5.42.>,From the
complegity of this spectrum, it is sugpected that acetone
probably undergoes some reaction on the Mg0 surface yj%jdﬁhg a
variety of products. - From this experience, the propoéé&jw
“"ketone®" species probably contains bulky alkyl groups as

protecting groups.

The possibility of these résonances belonging to an
ester species is ruied out. The 13C chemiealrshifts of most
esters l;e between 160 to 18¢ ppm (134)% and a downfield shift
of ca. 29 ppm (to yiéld:resdnances;;t 196 ppm in the Qresent

spectrum) is unthinkable.

2R Cthlex of the type Mg-CO (terminal carbonyl) could
not be exclud¢d although it was found that carbon monoxide does .
not adsorb on the Mg0 surface in any appreciable amount, and no
13C CP spectrum could be obtained. Mefal carbonyls have
anisotropies of about 4Gﬂ ppm (18). The spinning rate'(ca. 1.8
kHz) used in this experiment is nofvfast enough to average out
the whole anisotropy, and one would observe the first sidebands

at about 120 ppm on either side of the resonance at ca. 199 ppm

(if it was a Mg-CO species). Since ihese sidebands are not
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observed in the present specfrum, the possibility of a Mg-CO

species could be ruled out. _ | $

The resonances which were originally assigned as the
& —carbons of the sur+353£§2koxide species in Figure 5.27 have
all disappeared after treatment at 408<C for 3 hours. However,
the resonances which were_attributed to the other carbons on the
aliphatic alcohols still persist in tge 29-35 ppm region, with
an additional‘peak at 26 pp%. One cod?ﬂ suggest that the
decomposition of the surface alkoxide species is complete at

this sfage. This is also supported by the huge increase in the

intensity of the resonance at 1835 ppm (the acetate species),

'l

Resonances corresponding tofplefinic‘hydrocarbons or
aromatics are stiligpbserved“in the spectra inLFigures'5.29 and
5:39 (no such resonéﬁces in Figuré§'5.27 and 5.28). The"scr
»MAS/NMR spectrum in Fi9ure 5.30 indicates the presence of

A

methane at 11 ppm upfield from TMS.%;\
/ : kS
(vi) 45@=C, 3 hours

There are significant changes in both t3C CP/MAS
spectra as shown in Figures 5.27 and 5.28. In Figure 5.27, only
the acetate resonance at‘182 ppm remains the same. The new
resonance at 14% ppm probably corresponds to a carbonate species
next to a surface -OH group, or a bicarbonate species, wﬁich
arises from the decomposition of the acetate species. The rest

of the resonances at 129, 29, 27, 19 and 8 ppm are probably a
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mixture of saturated and unsaturated hydrocarbons.

In Figure 5.28, a very broad peak in the olefinic
regioﬁ Tllﬂ-14ﬂ/ppm) appears fn the spectrum. Coupléd with the
other resonances below 350 ppm, this nrobably indicates a wide:
range of unsaturated and saturated h&drocarboﬁs, aé/in&fhe case

in Figure 35.27.

3

There are- no essential changes in the *3C NMR/MAS

spectra in Figures 5.29 and 5.34. : '

(vii) S5@8°C, 3 hour

Both samples turned a dark grey”co}or after

“ -
v B T

this treatment. In Figure 5.27, the resonance at;?ﬁl pﬁmﬂw

) ~
.
PR

R

probably cprresponds to a bicarbonate species, priginatinéf?rom
the carbonate species discussed earlier. The’broad patterns
(centered at Lé? ppm) are probably the remnants of olefins (or
aromatics) which afe still quite tightly bound on the surface.
In Figure S5.28, only a broad resonance centered at 130 ppm
remains. It is speculated that the prev;ously tightly-bound
hydrocarbons are either distilled off or they became physisorbed
on the Mg0O surtace. ' it
=™

The broad.resonance centered at 139 ppm raises some

specul;tion. 13C CP/MAS stu&ies on coal (147-149) showed two

broad resonances, in the aromatic region (110-150 ppm) and the

aliphatic region (19-50 ppm). Inspection of the coal spectra

R
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and the present spectrum éhow close resemblance in the aromatic
region. The aliphatic region resonance is absent in the present
specfrum. This tends to suggest a graphite type species in the
MgO sample. However, :SC NMR study obh graphite (15¢, 151)

revealed two broad resonances centered at ca. 17¢ ppm downfield

A
\

and ca. 5¢@ ppm upfield from TMS respectively. FWHM of each
resonance is about 78 to 168 ppm wide. This leads to the

. , : !n-b/
speculation that the black color in the Mg0 samples (developing
into an overall greyish color with the MgQ) are due to condensed

aromatics, on the way to become graphite.

The single pulse »3C MAS/NMR spectra in Figures 5.29
and 5.38 show three distinct resonances, at 16 and 5 ppm
downtield from TMS, and 1@ ppm upfield from TMS. They probably

correspond to propane, ethane and methane respectively.

5.C.IV. Summary

All the room temperature 3C CP spectra of the

}

ethanol-Mg0 systems show a narroﬁrresonance for the methyl grqdp
and a relatfvely Broad methylene resonance. The '3C CP spe;tf}
of the ethanol-Mgl samples treated at higher teﬁperatureé are
not very informative. This is because of the broadness of the
anisotropies which obscure aﬁkahahges."
| o
However, employing Ehe CP/MAS technhique and

selectively *3C enriched ethanol enable one to }nvestigate the

mode of édsorption’of ethanol on MgO, and identify some ot the
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intérmediates as the ehtanol-Mg0 system was treated to

- , . Y
successively higher temperatures.

It is found that the chemisorbed e£hancl on MgO
behaves somewhere between liquid éthanol and solid magﬁesium
ethoxide polymer. This is substantiated by the chemical shift
change of the -CHs resorfance of ethanpl upon adsorptionion MgO.
This chemisorbed ethoxide species is stable on€§52?§90 surface
up to 250°C. At this treatment temperafure, a n-butoxide

species is observed on the surface.

" At slightly higher temperature and a Longer duration
(275§C, 16 hours), the spectra become very complicated and
overlapping resonances are observed. It is postulated that
these resonances at high field are products of cross-reaction
between the surface ethoxide and n-butoxide species. A low
field resonance is also observed, this ‘é attributed to a
surface acetage species. The mechanism of its formation is

uncertain, since no acetaldehyde intermediate was observed

(probably below detection limit).

The t3C MAS/NMR spectra of these samples show some
resonances in the spZ-carbon region (120-150 ppm region). This
could be attributed to some physisorbed unsaturated

hydrocarbons, or aromatics,

All the adsorbed ethanol (chemisorbed or otherwise)
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disappears when the samples were treated at 3@08°C. At ‘this
5ta9e¢ the conversion products (from ethanol) are mainly some
higher alcohols (Ca~Cs), acetates and some unsaturatea

hydrccarbons (olefins or aromatics).

At 4QQ°C, all sﬁrface alkoxides E%ve decomposed,
-
vielding a Vahiety of hydrocarbons ;in fragmented or polymerkt
form). Small mole&ular weight hydrocarbons (e.g. 6H4, CzHa) are
also observed. Beyond thisktemperatufe, decomposition of all
surface species has been completed. Major species cohsist.of
small molecular weiéht hydrocarbons (methane, ethane,'propaﬁe),

bicarbonate species (from surface acetate species) and some <\

aromatics on the way to become gfaphite.

It should be pointed out that isbgope scrambling'ié
not observed in all the spectra shown (Figure 5.27 to 5.34).
This probably rule§ but any cigfocation intermediates in the
de:ompositibn of e%%anol on the Mg0 surface. Following the
transformation of the C-1 of the adsorbed ethanol, it clearly
indicates that-thiéécarbon remains on the Mg-0-C bond viz.
ethoxide, higher mdiecular‘weight élkoxides, acetate and
bicarbonate (or carbonate{/;peciesT' This probably demonstrates

that the decomposition of ethahol an Mg0 is mainly a surface

reaction, or the reversible re-adsorption of gaseous species

/J(!after distilling off) does not occur.

-—

H -

T
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S.D.1I1. Adsorption of Isogrggaﬁol on MgqO

The *3C CP static spectra of‘isopropanol adsorbed on
all four preparations of Mg9O0 at different coverégeé are shown in
‘Figures 5.32 to 5.35. All spectra showed a methyl carbon in the
9-50 ppm region and a methine resonance in the 59-8¢ ppm region,
downfield from TMS, Thé;ﬁethyl resbnance is very 5hérp and
narrow (A&~10 ppm) at low coverage for MgO-(1), -(2) and -(3),
but wider +or Mg0-(4). The chemical shielding anisotropy for -
this Fesonance is consistent,witﬁ%the methyl resonances in

ethanol and diethylether (82). Isopropanol adsorbed on MgO

surface as an isopropoxide species, is depicted below:

“\
HC  CH : o
L. N \Cv/ 3 . H3C\ /H
L C‘.‘
[5.6] , o¢ H rotation 07 CHs
| |
X9 My | M
NN M<o—

i

Depending on the degrée of rotation along the 0-C bond axis, the
two methyl groups may not be equivalent due to the interaction
with the surface. It is speculated that tgis gives rise-to the
difference between Mg0-(4) and the reét of the Mg0. Due to the
differepce in surface morphology on Mg0D-(4), there may be a |
hindered rotation along this 0-C bond, thus the observed methyl
resonance is actually a combination of two methyl‘resonances of

-~

slightly different chemical shift,
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Sy

143a

1§¢ CP static spectra of isop}opezi} adsorbed on

MgO-(1) at various coverages. Field strength

except (b) and (d) which are 40 kHz. Contact

period = 2 msec.

(a) 4.08 ,umole/mz,
(b) 5.28 umole/m>,
(-c) 6;92 I(lmole/mz,
(d) 8.36 imole/m>,

rep

rep

rep

rep

rate
rate
rate

rate

5 séc'l, 222,700
2.5 sec” ', 5,987
b osec™t, 164,560

0.8 sec_l, 5,941
'

<@

Y

60 kHz

contacts
contacts
contacts

contacts



143b




Figure 5.33

13-

1hha .

-~

C CP static spectra of isogfopanol adgorbed on

\ |
MgO-(2) at various coverages. Field strength = 40 kHz.
F \,

Contact period = 2 msec.

(a) 3.83 Nmole/mé_,
(b) 5.07 umole/mZ,
(¢) 5.85 Aimole/mZ,
(d) 8.03 Mmole/m”,

rep rate
rep rate
rep rate

rep rate

3.3 sec_l, 410,100 contacts
3.3 sec”™', 218,600 contacts
4 sec-l, 171,300 contacts

3.3 sec—l, 28,118 contacts-

R
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%
%@ﬁ%(a) 3.6Oﬂ;mole/m2, rep rate =

—rp

Figure 5.34"

g[”“%*“/

1454

13¢ cp static spectra of isopropanol adsorbed on MgO-(3)

at various coverageé. Field strength =

40 kHz.  Contact

period = 2 msec. Spectra are not normalized for the

different number of contacts.

fﬁ%§4,38,Umole/m2,‘rep rate =
(c) 6.05,0m01e/m2, rep rate =
(d) 7.12/Jﬁole/m2, rep#ate =

(e) 8.18/Amole/m2, rep rate =

1.7
3.3
2.5
0.8
0.8

47 /376 contacts

33,003 contacts
37,452 contacts
7649 contacts

26,000 contacts

o
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Figure 5.35
\

13C CP static spectra of isopropanol adsorbed on
vngO-(4)vat various coverages. Field strength = 40 kHz.,
Cohf;c£ Eeriod = 2 msec. Spectra are not normalized to
the different number of contacts. Repetition

rate = 2.5 sec—l.

(a) 4.16/1m01e/m2, 148,400 contacts

(b) 5.15 ﬂnmle/mz, 117,700 contacts

(c});6.07 /Umole/m2, 120,;000 contacts

I

(d) 7.OZIUmole/m2, 115,100 contacts

K
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The methine carbon resonance is partially overlapped
with the methyl resonance, so that the high-field component,

033 of the chemical shift anisotropy is not known. Siﬁce this
methine carbon does not possess any axis of symmetry, we expect
it to exhibi{ an asymmetric powder pattern (of a second-rank
tensor interaction). The wi&ﬁh of.the anisotraopy (AG ) of this
methine c#rbon is ca. 38 pﬁﬁ:‘comparéble to that of the methine
carbon in diammonium tartronate\£14ﬁ) as shaown in Figure 35.36.

, ‘ . -

As the loading level of iSDperanql iﬁcreases ihe
methine carbon appears to get narrower with no observable change
in the methyl resonance. We attribuie this narrowing of the
methine carbon to the averaging between the several adsorbed
isopropanol species on the Mg0 surface.

The *3C CP/MAS spectrum of 5.7 (mole/mZ of 6tdinary
isopropanol adsorbed on Mgo-(3) (Figure 5.43) reveals two

‘resonances at 26.8 and 63.5 downfield from TMS. These values
are very close to the literature Qalues of 25.4 and 63.7 ppm for

liquid isopropanol (134). This observation is consistent with

our previous result that the methoxide and liquid methanol

>

havé the same isotropic shift.

i

{

. ¥
5.D.1II. 13C NMR Measureme + Adsorbed Isopr

Treated at Flevated Temperatures

The t3C CP static spectra of the isopropanol-Mg0

——

o
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Figure 5.36
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2

13C CP spectrum of ammonium tartronate.

Field strength =i§2 kHz. Coa{act
ep

time = 2 msec. etition rate = 1 sec

7,000 contacts.
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systems at room temperature and after heating (179, 308, 400°C)

are shown®in Figures 5.37 to 5. 40.

Essentially, the spectra of the adsorbed isopropanol

remained the same until 388°<C. ' , {

At 30@=C, the spectra for Mg0-(1) and-(2) were quite
similar, containing a broad resonance at 19-44 ppm~regioa and a
broad resonance in the sp2-carbon region with a sharp beak at
127 ppm downfield from TMS., The width of anisotropy of this
' resonance is comparable to that in spectra for Mg0-(3) and
Mg0-(4), but the latter spectra showed very poor‘resolution and
sensitivity. Although we‘do not observe any resonances
dpwnfield from 180 ppm, this does not exclude the presence of

acetone on the surface.

13C CP spectra of adsorbed acetone on MgO0-(3) are
shown in Figure 5.42 with and without MAS. While the static
spectrum showed no particularbfeature except a broad resonancé
in the 18-68 ppm region, the MAS spectrum revealed some fine
features. The ;bsence of peaks downfield from 186 ppm indicates
that acetone molecules do not adsorb in the free form. It is
speculated that acetone adsorbs via an ‘enolate intermediate,
i.e.

H
CHy-&-CHy CH; @ =CHa ’C\?‘:CHQ_

o Opm +H* o

i
.71 Y9N M M9.\0/M(3 M< o
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Figure 5.37 \j* K %

13C CP spectra of 6.92/.(mole/m2 of isopropénolﬁon

MgO-(1) treated at elevated temperatures. Field
strength = 40 kHz except (a) which is 60 kHz.

7

Contact period = 2 msec.
(a) Room temp., rep rate = 4 sec_l,~l64,600 contacts

(b) 170°C, rep rate = 1.6 sec™ ™, 20,641 contacts

(c) 300°C, rep rate = 2 sec” T, 120,900 contacts

(d) QOOOC, rep rate = 2.5 sec-l, 309,307 contacts
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Figure 5.38

151la

13C CP static spectra of-éKESIUmole/mz of isopropanol

on MgO-(2) treated at elevated temperatures.

strength = 40 kHz.

(a) Room temp., rep
(b) 170°C, rep rate
(c) 300°C, rep rate

(d) 400°C, rep rate

Contact period = 2 msec.

Field

rate = 4 sec-l, 171,300 contacts

3.3 sec. ', 100,000 contacts

3.

3

3
4

sec-l, 378,905 contacts

C

-1

, 190,630 contacts

e
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Figure 5.39 - f—\

3¢ cp staticlsppctra of 6{05/(Jmole/m2 of isopropanol
on MgO-(3) treated at elevated temperatures. Field
strength = 40 kHz. Contact period = 2 msec.‘

(a) Room temp., rep rate = 2.5 sec—l, 3% 452 contacts

(b) 170°C, rep rate =2 sec™, 14,105 contacts

(¢) 300°C, rep rate Z~ 2.5 sec'l, 219,610 contacts
2 , _

(d) 400°C, tep rate = 1.7 sec-l, 133,%28 contacts
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Figure 5.40

153a

13C CP static spectra of 7.02,Umole/m2 of isopropanol

on MgO-(4) treated at elevated temperatures. Field

strength = 40 kHz.

(a) Room temp., rep
(b) 170°C, rep rate
(c) BOOOC, rep rate

(a) 400°c, rep rate

Contagg period = 2 msec.

rate = 2.5 sec"l, 115,100 contacts

3

1 sec-l, 15,704 contacts

3 sec”!, 115,000 contacts -

11

1.7 sec—l, 119,003 contacts
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Figure 5.41 Single-pulse 13¢ NMR spectra of
6.92/Umole/m2.of isopropanol on MgO-(1)
treated at 300 and 400°C, at 15.08 MHz.
(a) 300°C, 55,695 scans at 1 sec '

(b) 400°C, 144,289 scans at 1 sec !
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Figure 5.42 13C spectra of acetone adsorbed

on Mg0-(3).

(a) CP static. Field strength = 40 KHz.
Contact period = 2 msec. ¥
Rep. rate = 1 sec-l.

62,946 contacts.
Concentration = 7.25 pmole/mz.

(b) CP/MAS. Field strength = 70 kHz.

| Contact period = 2 msec.

Rep. rate = 3.3 sec—l.
156,460 contacts.
Concentration = 9.6ijmole/m2.
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- The vinyl carbons in methylvinyl ether héve chemical shifts at )
85 and 1353 pﬁm downfield from TMS respectively (139),. It is
expected that the same applies to the vinyl carbpns of the |
enolate. The 72 and i31 ppm resonances measur A in the '3C
CP/MAS spectrum could be attributed to the shielding effects of
the 0~ ion and the methyl group on the enolate. Noting the
intensities¥of these fwo resonances, and comparing them to the

ﬁﬁiﬁé resonance at ca. 38 ppm, it is apparent that the enolate is

not the only surface species present.

from the reaction of an enolate with another acetoneAleecule

It is possible that a polymeric species could result

via

@ o® OH
1
{ HY
Hoe -
CHy=C—CH,4 —_— CHy-C—CHy —> CH, ¢ CH;
(o
[5.81 C(') o |
p : ' i
L) M : - M M Mg
| |0
CH /CH3
ij | " H3C _H e
N - C/ C=C &
= — \C='-CH — HZ N\ 20
H5C C=CHy 3 2 c

longer ! .
Mg /Mq 9« M Mg\o/M9 |
chain ~o0 o
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Notice that théﬂhechanism would project a propagation of the..

N

chain as long as there is any presence of acetone. This would

partly explain the absence of a ketone resonance iq}the

spectrum. The identity of the other resonances in the spectrum
could not be.ascertained. However, it is very possible that
decoﬁposition may have set in, yieldingvfragmented ﬁydrocarbon\
species, thus giving rise to thése resonances. .

It is apparent then the adsorbed species on the
surface of the isopropancl-Mg0 systems after treatment at 388°C
could be the enol form of acetone or the polymeric form

mentioned above. However, the spectroscopic evide%§? is - nhot as

concrete as one wants it to be.

The single-pulse *3C NMR spectra have also been
measured for the isopropanol-Mg0O systems treated at 3@@°. Both
13C NMR and '3C CP spectra appear to be very similar. The
representative *3C NMR specira of isopropanocl-Mg0-(1) treated at
399 and 499°C are shown in Figure 5.41. At 388°C, the
isopropanol-Mg0 systems seemed to consist of a range of lineaf
alkanes and alkenes as loosely-bound species on the surface.

The resonances at 21, 114 and 136 ppm downfield from TMS seemed

to indicate the presence of propene (the dehydration product of

=
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isopropanol). The rest of the resonances may indicate the

decomposition products of the polymeric species on the surface.

J

W

At 4@8@=C, the *3C CP static specé}a of the
isopropanol—MgO systems appeared to be identical with those
treated at 39@°C. The intirésting feature seems to be the
sharpening of the peak at 22 ppm from the broad resonance
between 10 and 5@ ppm region. This may be due to the
"recrystallization" of the surface due to the heating and
cooling, thus resulting a more uniform layer of adsorbed species
on the surface, or maybe the disappearance of overlapping
species. The '3C single-pulse NMR spectrum.appears to be quite
different. The résonance at 136 ppm had gone down in intensity
(appearing as a shoulder on the downfield side of the 127 ppm
resonance), probably indicating some isomerization of the
alkenes (from decomposition of the polymers) present at 399°C.
The aliphatic region shows a sharpening of the resonance at 22
ppm, and a "hump" at 39 ppm which may indicate some branching ot

the alkane({s) present. -

With the present observations one could Qéggest the

following mechanism for the\gsopropanol adsorption and
\

J



decomposition:
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S . .
3 Hy H
CHy CHOH CH3 N~ CHz _  ~CHy
’ 07Ny o &
+ N , . /rM e
| M M Mq. -~ M
‘ IN O/ 3 5\0/ J M?\o/ 9
[5.9] ~ . l
e N . ) CH2=?—CH3
CHy=CH CHy H/C\ H Sur'fnce. : N o
-— (‘O polymeric &«— }
+ I Species x M9 Mg
H? M Mg | (in £581) \ o7
I 7 /
o i
1 deCompo;ikon
' yielding alkanes,
alkenes ,elc.

It is apparent then, that Mg0 act both as a

dehydrogenation and dehydration catalyst, yielding acetone and

propene respectively, from adsorbed isopropanol beyond 3@@°C.

ngvious studies (58, 54) ind&cated that only_the dehydration

product, namely propene,

products were below detection limit,

was observed, while the

employing t

temperature programmed desorption.

hydrogenation -

o

teghnique of

It was noted by Krylov (38) that in general the

activation energy is lower in magnitude in dehydrogenation

compared to dehydration of isopropanol on various metal oxides

catalysts. This observation may be applied to the system of jﬁ'

isoprpanol-Mg0 treated at elevated temperatures.

Dehydro-

genation to acetone occurs first at 389°C because of lower

activation energy. Subsequent dehydratio;\\io propene, etc.)
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occurs much iater, and at higher temperatures.

t

]

S5.D.III. *3C CP/MAS St ot Adsorbed Isppropan n
= We have preﬁ%red a sample of adsorbed isopropanol on
Mg0-(3) at a coverage of Sﬂ?ﬁﬁjﬁolglmz for the further
investigation into the decomposition products at higher
temperatures, by the 13C CP/MAS and *3C NMR/MAS techniques.
4 . | )
At room temperatufe, only two resonances at 64 ppm
(methine carbgn) and at 27 ppm (methyl groups) are observed.

There are no observable changes in the spectp% until treatment

at 380°C,.

/}? At 388°C (spectrum (b), Figure 5.43) the high-field
resonance with the highest peak at 23 ppm is very broad,
probably containing a wide range of methyl and methylene
carbons. There is another broad resonance in the sp®-carbon
region centred at 132 ppm. On closer inspection, this spectrum

T TN , !
is very similar to the spectrum corresponding tg,adsdrbed

acetone on Mg0-(3) shown in Figure 5.42. This certail

indicates that the adsorbed isopropanol dehydrogenate

/

yield acetone, at 3gg@=C.
The observed spectrum showed little difference as the

sample was treated to 3580°C, except that the resonance at 68 ppm

disappears and the olefinic resonances split to two major

respnances at 138 and 128 ppm. It is suspected that this is due
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Figure 5.43

13¢ cp/MAS spectra of 5.7oyumole/m2 of isopropanol
on MgO-(3)5 at room temperature and after heating
to elevated té£$eratures. Field strength = 60 kHz.
Contact time = 2 msec. Repetition rate = 2 sec .
(a) Room temp., 106,296 qgapacts

(b) 300°C (3 hrs), 120,064\contacts

(c) 3500C (3 hrs), 93,944 contacts

(d) 400°C (3 hrs), 288,795 contacts

(e) 450°C (3 hrs), 233,580 contacts

(£) 500°C (3 hrs), Single-pulse 1°C MAS/NMR,

rep. rate = 2 sec_l, 167,967 scans.
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w
to surface recrystallization after the heating and cool;ng, s0

i

/

that the resonances sharpened up.

Up to this temperature, all the me&ﬁQred 1"C NMR/MAS

/

spectra resemble closely wkpﬁ/ihelr counterpart 13¢ CP/MAS

spectra.
When the sample was treated to 498°C, there is an
extra resonance at 186 ppm (spectrum (d) in Figure 5.43), no

such peak was observed iéwthe *SC NMR/MAS spectrum. It is

AN

*suspected that some of the acetone may'have oxidized to a methyl

acetate species via:
-
' e ol 9
[5.16] CH}"C-(H} ————’CH_S—C-O-CH_; i -

o

However, this kind of oxidation requires afiikw strong oxidizing

reagent (e.g. peracids), and it is not certain if this mechanism
: ~»

is correct. The absence of this peak in the corresponding *SC
MAS/NMR spectrum clearly indicates that tprﬁ is not a Co

species. This peak at 186 ppm eventually dxa§ppeared when the

sample d at 459°C, probably being decomposed to yield

CO=2
~The *3C CP/MAS spectrum ((e) in Figure 5.43) of the -

sample after treatment at 458<C, reveals a huge increase in the

intensity of the resonance at ﬁg? ppm. At the same time, the

isopropanol-Mg0 sample étarted/;b turn greyish. This probably
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ihdicates thifigrmation of some aromatics, on'the way to become

oy

graphite.
| 4
The *SC CP/MAS spectrum of the sampleiafter treatmeﬁt
at 589°C is not shown because of p&or S/N even aiter >lﬁﬁ,ﬁéﬁ
5 contacts. 4This probably ipdic;tes ﬁ¢he—edﬁ;entration of
surface speciéérfs minimal (probahly distilled off the surface).
However, the 13C MAS/NMR spectrum reveals a lot of informatidh
for the same experimental condition. The resoﬁances at -1¢, 4,
15 ppﬁ downfield from TMS probably correspond to methane, ethane
and propane respectively. The rest bof the resonances probably
cofrespond to a wide range of alkane and alkenes. Since thére
are no observable resonances in thé 116-115 ppm region, it is
- suspected that éihple alkenes e.g. propene, 1-butene ahé not
present. Since most of the olefinic reéonances lie in the
'127-138 ppm region, one would incline to identifty them as
—___-Substituted alkenes (134), and aromatits.

"5

Sfﬁ.IU, Summary % ’
It is established in this short study that
isopropanol adsorbed on Mg0 as an isopropoxide species, which 1s

\’
stable up to 3@@°=C.
° V4

ﬂ ’k“
At 36@°C, the surface 0~ ion extracts an hydg;gen
from the adsorbed isopropoxide species to yield an acetone
sﬁecies via a S-membered ring intermediate. This acetoné

species readsorbs on the MgO surface in the enolate form. The
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~enolate is suspected to undergo further aldol qéndensatjon to
(.3

yield other higher molecular weight vinyl alcohols. This'is the

basic reaction confaining both dehydrogenation and dehydration.

Under the same condition. (388<C), some dehydration of

the isopropoxide to propene is also suspected, this was

indicated by the single-pulseiiac NMR evidence.

AE?higher temperaturés, dehydration becomes more
important, and the previously é&signed enolat; species and its
aldol condensation polymeric proqﬁézs déhydrate to yield &
variety of olefinic prbducts. Some decomposition may have set

in yielding some alkanes.

S.E. 13C CP NMR of Adsorbed Alkanediols on MgQ

The purposes of this investigation into the

adsorption of alkanediols on Mg0 are three-fold. First, having
]

established that aliphatic alcohpls adsorb on Mg0 as alkoxides,

-3

it wi;l be pertinent to check if alkanediols behave lik;;:5e

—

VAT /"{f
when adsorbed on Mg0 (as a chemjsorbed species). Second, the

picture of adsorbed alcohols on Mg0 is an 1:1 adsorption (i.e.

one alcohol molecule tp one Mg ion on the Mg0 surface). This

&

view may be drastically‘changed tor the adsorption of

alkanediols on Mg0. There are three possible moldes of

-

adsorption for alﬁanediols on Mg0, viz: ‘ N

g
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[S.111
- L CH,(CH;),,(i'Hz , CH, (CH)CH OH CHy (CHy ), C,.H-;_
| " | ’ {
o [ — o
° raa o\. ﬁ) f
. Mg ‘ Mg Mg Mg
(1) () (m)

(h = @ to 2 in D?idiéﬁe)

Adsorption modes I and IIIAwpuld yield similar *3C CP
spectra because the £erminal -CH20H groups are attached to the
MgZ®* ions on the Mg0 surface (though they méy have slightly
different chemical shifts due to the deshielding effect of one

~ .
or two Mg®* ions). On the other hand, adsorption mode II would

permif motions (e.9. rotation along C-C bond) on the whole
molecule, except the one -CHz20H group which is bonded to "the

surface. Depending on the chemical shift changes, adsorption

mode II may yierd a completely different *3C CP spectrum.

Third, 1,3-butadiene is very important industrially

in the manufacturitﬁﬁusﬁ,syntheticﬁyubber, it would be

interesting to test if 1,3-butadiene could be produced from the

thermal decomposition of 1,4-butanediol adsorbed on MgQ.

For the preseﬁt investigation, *3C CP static spectra
have been measured for fhree adsorbed alkanediols:
1,2-ethanediol, 1,3-propanediol and 1,4-butaned;ol on“MéO-(3).
Their respéctive 13C CP spectra at various coverages are shown

in Figures 5.44 to 5.46.
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Figure 5,40

13¢ cp static spectra of I,2-ethanediol adsorbed on
MgO-(3)’ét‘various coverages. Contact period = 2 msec.
JField strength = 40 kHz. Rep. rate = 3.3 sec-l}except
(a), w%ich_ég 1 sec_l, and (d) which is 2 sec 1.

(a) Q.lQIUmoie/mz, 260,000 contacts

(b) 5.58 (umole/mz, 184,500 contacts

s

_f:k (c) B.QOIUmole/mz, 75,086 contactsj
(d) 10.83 ({lmole/mz, %2 coni:écﬁis

N

-
~
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1 C CP static spectra of 1,3-propanediol adsorbed on

\..Mg0-(3) at different coverages. Field strength = 40 kHz. 
| Contact period = 2 msec, except (b) which is 0.5 msec.
Rep. rate = 3.3 sec-l, except (c) which dis 0.5 sec—l.
(a) 5.62‘Mmole/m2, 35,130 contacts
(b) 7.70 IUmole/mz, 218,000 contacts
(c) 9.46IUmole/m2, 92,000 contacts

Spectra are not normalized to the different number of

contacts. \} f \\

gt
(__~
ol
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Figure 5.46

3¢ cp static spectr% of l,QQbufane io£\?dsorbed on
MgO-(3) at‘d{ifferent coverages. Field s%\rmgth‘”‘:lfo“kﬂz.
Contact period = 2 msec. .

(a) Q.lzlamole/mz, rep rate = 1 sec-l, 76,226 contacts
(b) 6.22 ﬁmole/mz, rep rate = 3.3 sec—l, 75,018~contacts
(c) 8.14,umole/m2, rep rate = 3.3 sec—l, 35,419 contacts

. 4
Spectra are not normalized for the different number of

contacts.
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Figure 5.47 o -
Singlé-pulse 130 NMR_spectra of 1,4-butanediol adsorbed
on MgO-(3) at different coverageg (same sa@ples as in
Figure 5.&6).

(a) 4.12,umoie/m2, rep rate = 1 sec_;, 43 000 scans

(b) 6.22 Fmole/mz, rep rate = 1 sec'l, 15,081 scqus

4

2 sec_l, 13,758 scans

AN

(c) 8.14 ,Umole/m?, rep rate

P

A
E S
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S.E.I. Adsorbed 1,2-ethanediol

Far 1,2-ethanediol; the *3C CP static spectra (Figure
5.44) reveal an axially symmetric powder pattern, with -a width
of about 5@ ppm. The spectra remain essentially the same as the
coverage increases. No'jsotropic peak at 63.4 ppm downfiela
from TMS (corresponding to physisorbed 1,2-ethanediol) was

observed superimposed on this powder pattern.

It seems quite improbable to ebtain a strongly-held
{E;misorbed species with the ftirst mode o# adsorption (I)
bg;auﬁs the distancq_between the two hydroxyl groups is too
large for them -to attach to the same MgZ* ion on the surface.
The third mode of gdsorption (II1), at first glance; seems to be
quite different from mode (II) of adsorption, however, spectral

evidenge reveals otherwise.
v \

The cod&entration of Mg92* ions on the MgO (199) plane
is about 18 Umole/mZ. This surface would provide sufficient
active sites for adsorption at loading level below about |

? dmole/m* of 1,2-ethanediol in the adsorption mode (III). At
coverages above this limit, we would expect a certain population
of the adsorbates to be physisorbed or beu;onmerted to
adsorption mode (II). This adrupt change should be reflected in
the chemical‘shi+t anisotropies we observed in the *3C CP
spectrum. However, the spectrum (d) in Figure 5.44 (which
contains 10.83 Umole/m*® of 1,2-ethanediol) is almost the same as

other spectra at lower coverages.
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&

The explanation for thig_“no-observable change” lies

e

in two directions: (i) The adsorptiDnAﬁude (1D isfthé‘UUﬁinént

. Rl

mode for the  adsorption of 1,2-ethanediol on the Mg0 sdrface.
The reason we don’t observe aﬁy phy5i5Drbed species (as in!t%§
methanol case) is that they are obscured inside the observed

powder pattern of the chemisorbed species. This also abplies to
the other carbon which is not actively attachéd to the ;urface;
(ii) There exists an equilibrium between the two modes of

>
adsorption (that is, the active sites on the Mg0 surface are
susceptible to both types of adsorption modes), and the chemical
shift powder pattefns are the same for both. However, both
explanations given above do not adequately answer the ques&ion %
why we would have observed an axially symmetric powder pattern

for the adsorbed 1,2-ethanediol (axially symmetric powder

pattern usually implies at least a Cs axis of symmetry).

The.*3C CP/MAS spectra (Figure 5.48) were also
measured 1,2-ethanediol on Mg0 at two 'coverages. The spectra

show a single peak at 43 ppm downfield from TMS. Qz&m

S.E.II. Adsorbed 1,3=propanediol
For the adsorption 54 1,3-propanediol on MgQ, the

-

13C CP static spectra (Figure 5.45) show two overlaping

methylene carbon resonances. At low coverage, the two
overlappingipowder pattemis are featureless. At intermediate

cove% (7.78 Umole/m%), the observed powder patterns are
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Figure 5.48

3¢ CP/MAS spectra of 1,2-ethanediol on MgO-(3) at
two coverages. Field strength = 60'kHz. |

(a) 5.20K1mole/m2, contact time. =-2 msec,

\ rep rate = 1 ec—l, 60,372 contacts

(b) 9.40f1mole/m2, contact time = 1.5 msec,,

rep rate = 2 sec—l, 99,066 contacts

N ‘
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4

compatible with those of the computer simulated spectrum: an
axially symmetric powdeﬁ ﬁattern corresponding to C-i (at 71.4,
71.4 and 34.8 ppm downfield %rbm TMS), and an’asymmetqic -2
powder pattern (at 62.2, 37.6, 7.8 ppm downfield»frum TMS). The
isotropic shifts areAremarkably close to the chemital shiftts of
liguid 1,3-propanediol (134). At even higher coverage (9.46 %108
mole/m=), a hew peak is observed on the high field side of thé
C-2 powder pattern at 19 ppm downfield from TMS. It is
suépected that it is an artifact (a Qlitch), since it is not

. plausible that any~rea§tion could have occurred at the
experimental condition. (Since !,3-propanediol has a very low
vapor gressure'at roam femperature, it is practical to warm up
both the\MQO sample and 1,3-propanediol to about 11&°C for vapor
phase adsorption)f Since only methyl resonances appear in this
range of chemical shift, decomposition (to producé;a species ‘
with terﬁinai methyl group)'muét havewset in for this peak at 19
ppm to be real, However, previous experience with adsorbed
alcohols on MQO show that 116°C is too low a temperature for any

reaction to occur on the surface.

Sl

The *3C CP/MAS shown in Figure 5.49 reveal more
variations. Neat 1,3-propanedicl has *3C chemical shift at 35.4
and 59.2 ppm downfield from TMS (134). In the spectra, the

major *3C resonances occur at 38 and 65 ppm downfield from TMS

strong deshielding effect from the surface M3=* ions, indicating

a very strongly-held chemisorbed species.

P

respectively. This shift to low field is probably caused by théﬁ\xA

il
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Figure 5.49

13¢ cP/MAS spectra of 1,3-propanediol on MgO-(3) at
various coverages. Field strength = 65 kHz. Contact
period = 2 méec. Repetition réte = 3.3 sec_l except
(a) which is 2 sec '. |

(a) 3.77 mmole/m>, 353,400 contacts g

(b) 7.84IUmole/m2,,178,451 contacts

(c) 9:69IUmole/m2, 132,027 contacts
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Most adsorbed alcohols on Mg0 discussed in this = °

dissertation do not show such a large downtield shi+tr{5-ppm for

C-1 and 3 ppm for C-2) except ethanol; which exhibits a large —

downfield shift for the C-2 carbon only. The hugefdownfield }

éhift for C-2 probably indicates that if lies very close tp/fﬁe
- )

surféc {so that it could be deshielded). This rules bd{ the

possib} ity that 1,3-propanediol may adsorb on the surface in
T~

ol

the adsorption mode (1) because with such a mode of adsorption,

the C-2 carbon would be the furthest away from the surface.

Adsorption mode (III) would 1ead to a surface
structure which has thé C-2 carbon lying ver*\close to the

surface, and this is probably thesiprefered mpdé of adsorption.

Another poiﬁtlof intérest in the low-c%verage spectra
is the smaller peak at 42 ppm (on the low—field shoulder of the
resonance ét 38 ppm). 1f is speculated that this peak arises
from the stronger interaction with a Mg=®* ionfeg fhe surface

. 1

twhich deshields the C-2 carbon more), or some kind of

configurational effect.

At high coverage (9.69 Mmole/m%®), a peak at 69 ppm
(on the high-field shoﬁlder of the 64 ppm resonance is observed.
This is also accompanied by the upfield shift of the high-*iild
resonance to 35 ppm. This probably corresponds to the increase

in the population of physisorbed 1,3-propanediol, or a
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conversion of the chemisorbed speciés to the adsorption mode
(II).‘ Note that in the adsorption mode (II), there are two
carbonson the 1,3-propanediol mofécule which are not in close
proximity to the surface, ahd thus not experiencing the
deshielding effect from the surface. Th94ré50nance at 64 ppm

would indicate that there is still a high population of

cheﬁisorbed species in adsorption mode (III).

S5.E.III. Adsorbed 1,4-butanediol

The *3C CP static spectra of 1,4-butanediol adsorbed
oﬂ»MéD (Figure 5.46) are guite similar to those of
1,3—prépanedinl on Mg0., Basically, the spectra consist of two |
powder patterns overlapping with each other. The powder
' patferns seem to get nérrower and sharper, as coverage
increases, especially for the methylene resonance corresponding
to the C-2 and C-3 carbons. At coverage of about 8.14 Umole/m%,
both resonances are guite harrow, and the linewidths are |
cdmparable to those obtained by 13C CP/MAS teERhique, as shown

in Figure 5.59 (ca. 15 ppm wide). "~

This narrowing effect is not quite understood. It is-
plausible that there exists a high population‘0+ physisorbed
1,4-butanediol molecules which raﬁidly exchangg with the
chemisorbed species. The single;pulse 13C NMR/MAS measurements
of the same samples as thosé in Figure 5.46 {shown in'Figure

5.47) show almost the same spectra. It is apparent 'then that
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there exists quite a pobglation of physisorbed 1,4-butanediol

\
molecules on the MgO surf%ce.
i

Fi

£
The *3C CP/MAS spectra shown in Figure 5.508 reveal
. ” . %
more variations. At low coverages, the S/N is poor, probably

due to insufficient number of cross-polarization contacts.

As the coverage is increased to 7.83 Mmole/m=, two
resonances at 35 and 44 ppm a?e observed (spectrum b). Noticing
that liquid 1,4—butanediol.has isotropic shifts at 29.4 and
62.1 ppm respectively (134), the adsorbed 1,4-bu£anediol
obviously shows a strong deshielding effect at the C-2 and_C-3
carbons.

’\’\s\lﬁn

I+ the hypothesis about the deshielding effect as
’ -

“arising from the Mg=* ions on the surface is correct, then these

two carbons (C-2 and C-3) would lie very close to the surface.
This would eliminate the possibility that 1,4-butanediol adsorbs
on the Mg0 surface via adsorption mode (15, because in this
mode, the C-2 and C-3 carbons would lie +ugthest ;;BQWEBé%“'-
surface. By the same token, adsorption mode (III) would be the
most likely model of adsorption, because in this mode, all four
carbons are "fixed" and lie very close to the surface.
Adéorption mode (II) would have at least three carbon;t>haqging

around” and behave almost like a physisorbed species.

P “\
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Figure 5.50

13¢ CP/MAS spectra ofvl,é-butanediol adsorbed on MgO at
various covérages. Field sirength ; 60 kHz. Contact
time = 0.5 msec, except (c) which is 2 msec.

Rep. rate = 2 sec_l, except (b) which is 3.3 sec-l.

(a) Q.QQ/Jmole/mz, 110,086 cont&éts

(b) 7.83 pmole/mz, 194,871 contacts

(c) 9.52ﬂAmole/m2, 24 ,90% contacts

——
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5.E. IV 13¢c CP/MAS Study of Adsorbed 1,4-butanediol on

MgQO Treaied t Elevated Temperature

The sample of 7.83 Uumole/m= of 1,4-butap€diol on
Mg0-(3) was theaféd to higher temperatures. The“3c CP/MAS
spectra recordi;g all xbe changésjare shown in Figure 5.51.
There is no observable change until treatment at 3g8°C. At this
te;perature, there appears a sharp resonance akkfnw—field
centered at 184 ppm, which probably indi:iﬁys the formation of
some carboxylate species. The high-field resonances are very
broad with major resonances at 66, 48, 37 and 32 ppm. Tée
resonance at 66 ppm probably cékrespondé to some not yet
decomposed alkoxide species on the -surface. ~

It is suspected that t;ere‘could be the formation of
some branched-chain alcohols on the surface following the
-mechanism (equation [35.21) proposed for the for Kiion of
n-butanol. The resonance at 48 ppm would fhen probably

correspohd to the/B-supstituted carbons on these highly-branched

alcohols.

At 49@°C, the low-field resonance at 183 ppm has
grown En iniensity. -This is accompanied by the appearance of
peaks at 167 ppm (bicarbonate) and a broad resonance centred at
128 ppm (probably a wide range of olefinic carbons). The
high~field resonance is centered between 18-48 ppm, indicating

the complete decomposition of the surface alkoxide species, and

Py
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Figure 5.51

13¢ CP/MAS spectra of the sample of 7.83)Umole/m2

1,4-banediol on MgO treated at elevated temperatures.
k7
a

Field strength = 65 kHz. Contact time = 2 msec,

except (a), which is 0.5 msec. Repetition

rate = 2 sec—l, except (a) which is 3.3 seé—l.
~

(a) Room temp., 194,871 contacts

(b) 30000 (3 hrs), 88,117 contacts

(c) 400°C, 150,150 contacts | -
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leaving a wide range of alkanes and alkenes. However, the
present resolution precludes any identification of these surface -

species.

No surface species could be detected when the sample
was treated above 498=C. The only observable resonance is at

128 ppm'(prnbably some aromatics), but it is very broad.

LY
Is

~5.E.V. Adsorbed 1,3-butanediol Q\J?m.

Notice that so far in the study of adsorbed
alkanediols cn MgQ, orly molecularly symmetric compounds were
chosen. THe reasbn is simple! the more carbon resonances'the
compound has, the more complex the spectrum is, and overlapped

resonances may occur leading to poor resolution).

<

To conclﬁde this chapter, the '3C CP/MAS of adsorbed
1,3-butanediol on Mg0 has been measured (Figure 5.52). At lo#
coverage, four major resonances at 79, 64, 44 and 24 ppm are
observed. Liquid 1,3-butanediol has *3C chemical shifts at 59.9
(C-1), 41.2 (C-2), &4.9 (C-3) and 23.3 iC~4);(141). It is
probably then that both carbons bearing the -0H groups (C-1 and
C-3) experience a deshielding effect (t0364 and 7ﬁ‘ppm from 39
and 65 ppm respectively). The C-2 carbon also suffers some
deshielding (from 41 to 44 ppm downfield from TMS), fhis

probably indicates that this carbon also lies very close to the

surface.
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Figure 5.52

13¢ cpP/MAS spectra of 1,3-butanediol on MgO-(3) at

various coverages. Field strength

46 kHz exgept

(a) which is 60 kHz. Contact time = 2 msec.

Repetition time = b*%ec-l except (b) which is

2.sec—l. All spectra are not normalized for the

different number of contacts.

(a) 4.66 ,umole/mz, 54,600 contacts

(b) 7.4310mo}e/m2, 266,%30 contacts ;1/

(c) 9.15 Mmole/m®, 68,905 contacts -

/"“’“’Q“""k
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Q%\\”~/ This observation confirms that alkanediols adsorb on
Mg0 surface inradsorption mode (III), i.e. bdtﬂ -0OH groups are
bondéd to thé surface. This similar effect is also observed for
the adsorbed‘1,3—probanqdiol on MgO0 surface, which is not
surprising since the structures of 1;3-propanediol and

1,3-butanediol are very similar.

Y

( As the coverage is increased to 7.43 Umole/m*=, there
is a new fesonance:at 449 ppm, which was probably obscured in the
previous spectrum by the resonance at 44 ppm. From this e
observation, there may be a definite population of the adsorbed
species which behaves like’physisorbed molecules, or adsorbing in

/

adsorption mode (II),

As the coverage is increased to 9.15 Umole/m%, the

rgignance at 79 ppm appears only as a loﬁ-field shoulder on the

‘/fhajor peak at 64 ppm. The previous resolved peaks at 44 and 24\f5§
\ \

‘ 5
\Eégtgre/now overlapped. The loss in resolution is probably due

~
-

to the appearance of more. adsorbed species, or the
1,3-butanediol starts to adsorb in other modes of adsorption due

to crowding. It is also possible that the line broadening may

be due to motions at the‘spinner frequency.
: : & i |

J

S.E.VI. Summary .
It is shown that the two -OH groups on the

glkanediols do not adsorb onto the same Mg®* on the surtface,

even if the -0H groups are four-cahbon length apart (as in the
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ca:;)of 1,4-butanediol ). Therefore, it is established that the
adswrption mode of alcohols on Mg0 is a 1:1 ratio, i.e. no more
than one alcohol molecule per active site (Mg®*) on the surface.
The downfiéld shift experienced by the BS-carbon(s) on
1,3-propanediol and {,4-butanediol indicate that the

3 -carboni{s) lie very close to the surface. This further
establishes that the tﬁo -0OH groups on the alkanediols adsorb
onto two different Mg=~* ions on the surface. It is found‘}hat
there exists a substantial population of physisorbed

1,4-butanediol molecules on the Mg0 surface. This probably-

arises from crowding. - ¢

Preliminary study on the 1;4-butanediol—M99 system
treated at elévated temperatures revealed little. No
1,3-butadiene was observed (probably below detectioﬁ level). It
is susﬁécted that some branched-chain aicohols could be.+ormed.
Some dehydrogehation was observed - by thejpregéqce of a
carboxylate species at ca. 183 ppm dﬁwnfield +rom THMS.

Treatment above 49@°C revealed aromatics species (ca. 128 ppm)

probably on the way to become graphite.
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CHAPTER 6

/

6'Al uos

, — _
After,the initial success with the alcohol-Mg0 systems

utilizinmg CP technique, it is desirable to extend this technique

in other catalytic systems. In continuation of this project,

&ihe study of the chemisorption of methanol on WOs has been

undertaken.

As was mentioned earlier in Chapter 2, WOs has not been
studied extensiVely, especially as an alcohol-dehydration
caia!yst. MDS; studies on wo; focus _on its semi-conductor
behaviour, rather than the dehydration activity. Studies of W0Os
alsp suffered because of the difficulty in preparation.
Coméencially available WOs does not have high surface ;rea,
which is a drawback in the study of surface chemistry and
catalysis by NMR. My experience in the laboratory preparation
of WOos is‘that the quality of the catalyst differed from batch
to batch. This may be due to a slight change in the
experimental‘conditions: simmering conditions for the tungstic
acid4gel, pumping speed in the dehydration of the tungstic acid

etc. Also, the ammonium-metatungstates (precursor of tungstic |

acid) from different manufacturers are gquite different.
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6.A.I. Methanol Adsorption Isotherm

A batqh of WO0s has been successfully prepared which has

resonable surface area, high density and general consistency
™

fﬁom\sample to sample as described in Chapter 4. Two different
{ N ' '

Dﬁt—géssing procedures have been attempted: WO3-(1) was
i d ’

y

q

'”“He?ﬁssed;igr 2 hours at 300°C, while WOs-(2) was degassed at
Sﬁé?Q,fér 19 hours. . Both types of WOs were then treaﬁed with 0Oz
at 3¢8=C for 2 hours, then pumped out prior to the introduction

of alcohols.

The methanol a&sorption isotherms on WOs-{(1) and UDS;(Q)

at room temperature are shown in the‘upper curves in Figures 6.1
and 6.2 respectively. Therlower curves ére the isotherms
obtained after pumping for 2 hours at room temperature after the
first isotherm. The methanol adsorption isotherms on both types
of WOs show essentially the same features. This probably
indicates that the surface water molecules are essentially
desorbed at 388<C in 2 hours. A further heating of 16 hours
does not vary the concentration of surface -0OH gfoups to any
extent so that both types of WOs show the same adsorption
capacity for methanol.

On the other hand, both isotherms shown in the same
+i§ure are almost parallel within experimental error, and their
difference, 4.6ﬂmole/mz is taken ésva measure of the active

sites on the WOs surface. Assuming a first order desorption



Figure 6.1

Figure 6.2

187a

Adsorption isotherm of methanol on

W03-(l) at room temperature. ,(Upper =~ -

~ Curve, A). Lower Curve B degassed at

’

room temperature for 2 hours after A.

k]

.f

Adsorption(isotherm of methanol on

W03-(2) at room temperature. (Upper

Curve (A)). Lower Curve (B), after

ES

degassing at room temperature for -

2 hours after (A).

/ o



187b

60

20

10

S

o8] | 6 <t
(;w/s|o0Wr) pagiosSpy UNoWY
N

Pressure (mmHg)



. 187c¢

40

Pressure (mmHg)

60

50

30

o
Q

D - © <t
?E\m_oEiv P9QIOSpY JUNOWY

A



- v - 188.
" kinetics for methanol, the activation energy for desorption can

then be estimated.

Assuming first order désnrption kinetics for methanol,
then in 2 hours of'pumbing, 75%\0? those molecules will be
desorbed whose rate constant for deéorption is 2 x 18~ sec‘*; '
and a higher fraction for those having a greaterifate constant.

v//}F~Similarly, only 23% will be desorbed for a rate constant of
4 x 187° sec* and lesser amounts for smaller rate constants.
By approximating the rate constant as (kT/h)exp(-E/RT) where k
is the Boltzmann constant and h Planck’s constant, it can be
shown that the two rate constants above correspond to activation
energies E, for desorption of 23 and 2@ kcal/mole respectively.
Thus at the present pumping conditions, methanol on sites with E ,w/
e ?§ kcél/mole will be essentially all desorbed, while that Qith
E> 24 kcal/mole is esséntially all retained. In these
conditiohs, physically adsorbed ;nd hydrogen—bonded methanol
should B; removed, while methano{ bound to strohg active sites

v
is retained, and :>e amount reflected in the lower coverage

observed for the subsequent isotherm. &

6.A.11. NMR Relaxation Parameters

. Proton spin-lattice relaxation times Tiw were measured

for methanol on WOs-(1) and W2s-(2), and are listed in Table

6.1. The following was observed: while there is no observable

difference in T,+ between WO3-(1) and WOs-(2), there exists a

trend towards faster relaxation at higher coverage; This is to



Table 6.1

S

Proton Spin-Lattice Relaxation Time (TlH)

R

3

for Methanol-WO, Samples

DegassingJ Degassing -

Coverage TlH
(Mmole/m”) Time (hrs) Temp(°C)  (sec)
4,69* 2 300 0.28
5.78:,1“\¢f“‘ 2 300 0.25
6.26* 2 300 0.21
6.41* 2 " 300 0.19
7.55% 2 300 0.17
8.58 2 300 0.11
b,76% 19 300 0.2k
5.73% ‘19 300 0.25
8.61 19 300 0.11
~

* denotes 14% 13

C-enriched methan§1 used

{

f
!
i

189.

™,
w03—(1)
wo._-(2)
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be expected if the dipole-dipole interaction is the major
contribution to relaxation. The r~= dependence of the dipolar

interaction would obviously lead to faster relaxation at higher

R

coverage.

Comparing these f;H values with those of Ni2*-doped MqO,
as in Mg0-(2), the methanol-W0s systems clearly show longer
relaxation times. Superficially, it may seem that thé tungsten
atoms in the W03 exist in the highest oxidation state (W(VI)),
so that they are not paramagnetic in nature.

<

.§\\ The cross-polarization time (Tgw) and the proton
spin-lattice relaxatiog time in the rotating frame g ) were
also measured for bneé§gmple: the 5.78/‘mole/m2 of 14%
13C-enriched meihanoi on HU;—(l). A plot of *3C-signal
intensity vs contact timés is shown in Figure 6.3. The Tew
values is estimated to be #.15 msec. The proton Te i
measured to be 23 msec, by ‘the technigue mentioned in Chapter
4, These values are»comparable to the relaxation data measured
for the methanol-MgO systems. The c;oss-polarization time is
short, indicatin; substantial static component of the
intramolecular!H-*3C dipolar coupling. The shortness in proton )
.Q‘g 'Fprelative to the proton T, indicates consideréble low-frequency

motion in the absorbed layer, i.e. tight;y-bound methoxide

species on the surface. .
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Figure 6.3 Plot of 13¢ free induction decay signal

ES

é

i vs contact time for 5,78,ymole/m2 of

NG Y 4 13C-enriched methanol on WOB—(l)'

~
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6.A.111, 3C CP § atic Spectra of Adsorbed Methano /p;

Figures 6.4 and 6.5 show the 13¢ CP ‘spectra of static

samples at»varlous coverages of adsorbed methanol on WOs-(1) and

WOs-(2) respectively. In general, for bothhpreparations, a
broad powder pattern is observed in the reglon expected for a

L 4
| -
methoxide species, with an 1sotrop1c peak at near 5@ pﬁh ¢

downfield from IM8;>9The edges of ttrfaower pattern we#e\<§\

S .

N ——
LS

smoothed out for the spectra in which *3C-enriched methanol was
used. This ie‘probably due to the *3C-*3C dipolar coupling (of
the order of few'hundred ﬁjy convbiyed with the powder pattern.
The‘spectrum'(f) in Figure 6.4 intwhich erdinary methanol was
used, showed a typical methnxide'sgecies, with the low field
“component (oi ) at about 77 ppm, but the high field;shielding

component was not resolved.

£

The isotropic peak atgﬁﬂ ppm could be attributed;toethe
a

loosely-~bound methancl on the WOs surface. In spectra (a) and
(b) in Figure 6.4, the intensity of the isotropic peak at ca. 58 -
ppm (loosely-bound species) seems to be larger than the powder
pattern of the methoxide species. This seems to contradict with
the bbservation from the erorptiun isotherm shown in Figure
6.1{‘which indicates oniy a small population of the physisorbed

molecules. No plausible explanation is obvious from present

results. _
%

The duration of the degassing period seems to have some

effects on the '3C statit spectra of methanol on WOs. The
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Figure 6.4 c .
13¢ static CP spectra of methanol on W03~( ).
Field strength = 70 kHz. Rep. rate = 3 sec_l,»

except (d) and (e) which are 2 sec” L.

Coverage Contact Time Number of

(Ajmole/mz) - (msec) tontacts
(a) | 4,69 1.5 10,110
(b) 5.78%* 2 ‘ 15,689
(c) 6.26% 2 25,341
(a) 6. 41 ; _ 1 16,384
(e) 7.55% 1.5v,ﬁ, 16,384
(f) 8.58 2 193,300

*¥ denotes 14% 13C—enriched methanol was used.
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Figure 6.5

13¢ static CP spectra of methanol on WO - (2).

Field strength = 40 kHz, except (b) which was

70 kHz. Contact time = 2 gfasec. Repetition

rate = 2 sec™ T, except (b) which is 3.3 sec L.
Coverage Number.of
(Ajmole/mz) Contacts
© (ay) 4,76% | . 32,768
(b) U 5.73¢ 29,522
(c) 8.61 | .81,920

* denotes 14% 13C—e‘ni‘iched methanol was used.
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low-field shielding‘cumpnnent of }he‘gpectra iﬁ Figure'é.s s
(éxcept spectrum (c)) seemed to be sharper than the
';corﬁesponding powder pattern\observed in Figure 6.4 }Dr‘tﬁe same
coverage of methanol. This may imply a more rigid methokide
speciés En the sur{ace, or the 13C-13C coupling did not convolve
‘with the powder pattern. The latter explanation may indicate
that the intermolecular interactions between the mq{%oxide
species are diminished, probably arising from the longer distance
{due to surface morphology) bétweeh‘tﬁe chemisorbed methanol

species.

It is also apparent that spectra (a) and 15) in'Figure
6.5 look more like what one would expect, i.e. a much smaller
isutrupiE peak at 59 ppm compared io the powder pattern of the
methoxide species. This could be attribufed tg the
redistribution of the surface -0H groups on the W0s-(2) surface
cau;edln/tﬁeprolonged degassing period. Of cburse, the long

degassing period may also alter the surface morphology to

accommodate the present. observation on the WOs-(2) surface.

The spectrum (c) in Figure 6.3 showed a very poor S/N
ratio, probably caused by personal error in measuring the
desired amount of adsorbate, or a leak developed after the

S;mple tube was sealed.

- .
In general, the WOs turned to a greenish color (from

the original yellow color) upon the introduction of methanol,
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»

.but retucned to the original yellow color when the samples were
shaken. An attempt has been made to investigate if this is a
photo e++ect, by stcring the samples in complete darkness and
under ordinary fluorescent light. The statlc‘zFC CP spectra in
both cases were excellent reproductions o+“£pe original spectra
after a storage period of 6 months. The phctcchrcmism of oxides
like UO; and MoOs has peeh extensively studied (142). It was
concluded that the tungsten was redeced trom W(VI) to W{(V) under
ultravici:t irradiation. This reduction can also be caused by
adsorpti of Ha, alcohols, Pd or Pt metals (142). However,

this change in the oxidation state in tungsten apparently does

not chenge the observed '3C CP spectra of -methanol on WOs.

j 4
e

It is possible that the methanol-W0s systems’ did
undergo reduction to some extent, to give-Fise to the green
. ,

color. However, the conversion producti{s) {(from metﬁancl) and

the mechanism involved could not be elucidated by the present

: &
.13C results,
6.A.IV. 13C Static CP Spectra of Mgthahcl—UO; gt\ !
Elevated Temperatures
The representative *3C CP static spectra the

methanol-W0s systems at room temperature and after heating (179,
3gg=C) are'shobn,in Figures 6.6 and 6.7 for WO3~-{1) and WOs-(2)
respectively. Both figures show essentially the same changes as

the samples were heated to higher temperatures.
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Figure 6.6

13¢ cp spectra of‘6.QlIUmole/m2'of methanol

(14% 13C—enriched) on WOB—(l) treated at different

temperatures. R.F. field

H

40 kHz except (a) which

is 70 kHz, contact period = 2_msec except (a) which

is 1 msec. \kk\{

(a) Room temp., rep rate = 2 sec-;, 16,384 contacts

a-

(b) 170°C (3 hrs), rep rate = 5 sec“l, 9,201 contacts

(c) 300°C (3 hrs), rep rate 1 sec’l, 27,439 contacts
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Figure 6.7

13¢ cp spectra of 5.73‘,Umole/m2 of methanol on WO3—(2)
treated at diffefent temperatures. R.F. field = 40 kHz
except (a) which is 70 kHz. Contact period = 2 msec.

(a) Room temp., rep rate = 3.03 sec—l, 29,522 contacts
(b) 170°C (3 hrs), rep rate = 3.03 sec—l, 21,404 contacts

| -1
(c) 300°C (3 hrs), rep rate = 2 sec ~, 126,200 contacts

1
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Treated at 170=C, both spectra show a composite of two

powder patterns: an isotropic peak at 61 ppm downfield from TMS

suaﬁpfmpbsed on thgxgriginal methoxide powder pattern. The

liquid-like methanoﬂrresonance observed at room temperature was

not present. It was suspected that some cf the methanol may

have undergone dehydration to a dimethyh ether speices via:

Y.

[6.11 2 CH3OH (ads.)—> H20 + CHyOCHy (ads.)

. . ) ] .
This would involve surface protons, which should be abundﬁhg on
the WOs surface, since WOs is an acidic catalyst. It could be
further speculated that this dehydration involves an immobile

methanbl(spécies (surface methoxide% and a’ mobile methanol

(liquid-like methanol on the syfface), and that the ether

%

formation depends on the avail% bllxty of the mobile methanol

=

species. This hypothesié is certainly true if\ﬁge active sites
reside on W on the surface, and that the immobile methoxide

species chemisorbed on these W atoms. is will make the
A
chemxsorbed methoxxde species quite f \r apart and any reactxon

taking place would involve the mobxlxty of the physisorbed \

methanol species. Of course, this reaction could also be }

@nduced by the chemisorbed mathoxide specfes, which start to

’hop' to ther sites (i.e. more mobile) at this treatment \\

temperature.

Upon heating at 398°C for 3 hours, the methanol-WOs

systems turned a bluish color, which indicates a significant

1

o
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.reduction of the WOs from the original W(VI) to W(V) and W(IV)

oxidation- states. The *3C CP static spectralshoﬁ a broad
resonance at below 50 ppm downfield {rom TMS, w;fh two peaks at
446 and 33 ppm respeétive}y.~ Due to the poor~S/N, the eiistence
of other pe;ks could not be ascertained. From the positions of
these resbnances, it is apparent that they are alkanes and®™
alkane derivatives, which have a low range,ofémotjonal

frequencies. However, the exact idehtity of iheSe compound (s)

is unknown.

~

When the samples were heated to 399°C ?ir 3 hours, the

_color'turned to a very intense blue. It was impossible to

Dbtain any *3C CP static spectra {for these samples.

e ) '
‘ One suspects that this is due either to paramagnetic

interaction which broadens the *3C CP spéctra,‘dr“most of the

" surface speciés have been distilled off the surface. Although

vy

it is not known exactly the oxidation statetslrp¥”£ungsten in

the tuhgsten oxide at this experimental condition, one would

-expect that the oxidation state will vary from W(VI) to W(IV)

(65, 142-146) indicating oxides of tungsten in the form of WOs-x
(where x varies from £ to 1). WOs (W \nroxidation state VI) is
;Dt paramagnetic, but any lower‘oxidation staiég of iungsten
ulli be paramagnetié as shown by ESR study (143). These

paramagnets will certainly broaden the :3C CP spectra.

Ed
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Single-pulse *3C NHR'gﬁ;tﬁéUW tpqcfcriid on a Varian
AL -188) on these samples treatéd';t SBB;C revoéléﬁJrelonancoﬁA;t
84, 125 énd 157 ppm respectiVEl?jA The resonances at 125 and,ls}:_
ppm probably corresbcnd to eth}léne and alL}l E;fbonate (146)
respectively, However, the combxnatlon of the resonancos at 84
and 157 ppm could be speculated to be a. v1ny1 ether type:
species, and the resonance at 125 ppm prnbably xndxcates ethene.\
One is not sure about the orlgln of this v1nyl ether, but it is
possible that it arises fr.om theﬁdehydrcgenation of a
polymer-type species formed‘by tBe dimet@y! etﬁer.

Fs

6. AV, 13C CP/MAS o+ Adsorbed Methg_gl on_ Wls

To complete ‘this prel:mxnary study of adsorbe& methanol
on W03, two samples were prepared fd? 13C CP/MAS measurements.
Two samples (from UO;J(i)_aqﬁ -(?13 éach ot abbut‘one 9rém>ﬂere
loaded with aboui'lizipmojé/hzjof 98% *3C-enriched méthanol in
S mm o.d. NvR tﬁbes,jVSampJeﬁpreparationé were the same as tho;e ‘

tor static samples.i Their respectiﬁe 13C CP/MAS spectra are

shown in Figures 6.8 and 6.5.

-

At room temperature,éthe 13C CP/ﬂAQ'spectra show a
slight variation from the '3C CP static shoud eérlier. The
striking feature @s the appearance of a smaller peak at 468 ppm
apart from the major resonance (of the méthoxiqe resonances) at

53 ppm downfield from TMS,



 Figure 6.8
g

13¢ cp/MAS spectra of 0.96 pmole/m* of 90% !°C-enriched

methanol on WO_-(1), when treated at elevated

3
temperatures. Field strength = 50 kHz. Contact

period = 2 msec. Repetition rate = 2ﬁagcrl.A Spinning
R {

g "
i

sbeed = 1.8 kHz. All spectra are no£ nd?ﬁ%ﬁized for
the different number of éontactsl

(a) Roém temp., 2,000 contacts

(b) 200°C (3 hrs), 23,420 ;ontacts RN

(E) 250°¢C (3'hrs), 14,000 contacts

(d) 300°C (3 hrs), 53,238 contacts
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“Figure 6.9

130 CP/MAS spectra of 0.99}Umole/m2 of 90% 13C-enriched
methanol on WO_-(2) when treated at elevated temperatures.

3
7 '
Field strength = 60 kHz. Contact period = 2 msec.

Repetition rate = 2 sec-l: Spinning speed = ;.8 kHz.
All spectra are not normalized for the different number
of contacts.

(a) Room temp., 2,000 contacts

(b) 200°C (3 hrs), 8,106 contacts

(c) 300°C (3 hrs), 1}8,307 contacts

(d) 350°C (3 hrs), 100,450 contacts
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The downfield shift of about 4 ppm for the methoxide

resonance (from the usual 49 ppm, e.g,’Mg(OCHa)z) is surprising,

This may indicate that the sufface tungsten atom exerts a rather

Prey

‘cpr;espond to di+ferent kinds of surface methoxide species, e.q9.

strong interaction with the adsorbed methanol, by withdrawing
electrons from the oxygen atom (in the methoxide species) soD
that the net effect is a deshielding effect on the methyl

resgnance,

However, it‘is well-known that tungsten exerts petuliar
e++e;ts‘in the 13C chemical shifts of the organothgsten
compounds (154). For example, the methyl resonance in W(CHs)e
is at 84 ppm downfield from TMS, but at 35 ppm upfield from TMS

for W(CHs) (Cyclopentadinenyl){C0)3 (1S4)., It is apparent then,

that the electronic inductive effect from the tungsten atom is

minimal. Recent 13C NHR studies on tungéten alkoxide compléxes,
W(O0-t-Bu)s(NO) (CasHeN) {155) aéd wz(o-i-Pr).(CgH,N)(lsé),
show that there exists a trénd of dounfield.shifts of ca. 12 ppm
for the o-carbon on ﬁhe ai&%xide groups bonded to the tungsten
atom,'felative‘to ihé ol -carbon on the parent alcohols; i.e.
tert-butanéa gﬁa)ispropanoi. It is uncertain what causes this
effect. ﬁ | |

Returning to the spectra (a) in both Figures 6.8 and

6.9, it could be argued that the resonances at 53 and 48 ppm

=

'Fﬁnidentate methoxide species and multiple methoxide species all

A
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bonded to the same tungsten atom. However, it is well-knounaffi*

that WOs is strongly acidic (32}, so’'it is not surprisi;9 that .
some methanol molecules are dehydrated as they adsorb on the WOs
surface. One could then identify the smaller resonance at

68 ppm as a'dimethylethervspécies. Both arguments seem to be
possible due to the lack of *3C NMR data. In view of the
complex nature of the *3C CP/MAS specfra of the samples of
methanol -W0s, when they were treated to succéssively hiéher

temperatures, one inclines to identify the smaller resonance at

68 ppm as a dimethether species.

There are no observable changes in the spectra until
Y _
2¢8°C when the samples were treated to succesively higher

temperatﬁres at 5g°=C incré;;;?;\gEit: At 208=C, the resonance
correspondingvto the postulated dimethylether 5pgcies grows much
higher in intensity, and in Figure 6.8, it has higher intensfty
than the methoxide species. .Since the acidity of the surface
arises from the protons on the surface -OH grdups,k;nd following
from the previoué argument, if there are more surface -0OH groups
on the W0s-(!) surface, more methanol molecules would be

converted to the ether species.

when the samples were treated to 258°C (only one
representative spectrum shown in Figure 6.8), the original
resonances in the high-field region become very broad, with two

sharp peaks at 26 and 37 ppm respectively.



,‘i? ‘ii'- .

206.

It 'is suspected that these resonances represent eithpl,
the decomposition products of the‘éhémisorbed methanoloF the
dimethylether species, or the cross-reaciion broducfs of
methanol and the dimethyléther species. The latter possibility
seems more reasonable, since decomposition of methanol or
dimethyl ether would only lead to small molecular weight‘alkanes
which should appear more upfield in the spectrum.

It is almost impossible to speculate what are the
cross-reaction products from methanol and diﬁethylether.
However, a conjecture would be that the ;eaction path takes the
form of propagation and elongation of the carbon chain, probably
with the formation of polymers, and the resonances at 26 and
37 ppm would then correspond to the -CHa carbons in the

polymeric species.

13C NMR/MAS spectra were measured for these two samples
after treatment at 256=C. Only one resonance at 125 ppm is
observed. This resonance could‘be interpreted as an
highly-mobile ethene species on the surface which-tould not be
observed on the *=C CR/MAS spectra. The mechanism of its
formation is not understood. The other identification for this
resonance at 125 ppm is a physisorbed CUszolecule, with no
neighbouring surface -OH groups. 1Its formation probably arises
~trom some decomposition of the surface methoxide or ether

species.



207.

I

,Hﬁen the samples were treatéd at Sﬁﬁﬂc,'there’is a
cumplefe disappearance o+,thebresonances at 56 ppm (methoxide)
»and 68 ppm (dimethylether) in the spectrum in ﬁigure 6.9 for -
methannl-WO;{(Z). Only the broad resonances centered at 35 and
26 ppm remain.A This indicates théf the polymers previously
pﬁstulated consist mainly-of carbon and hydrogen only (no
nygen); The two resonances (for méthanol and diﬁethy]ether)
still persist on the spectrum in Figqre_6.8'+or the methanol-WOs
-(1) sample. This probably indicates an incomplete conversibp.
An extra resonance at 170 ppm appears in the spectrum in FiauAﬁ

» ¢
6.8 (not observed for methanol-WO0s-(2) in Figure 6.9), probably

indicating the formation of a bicarbonate species. This/{
resonance at 176 ppm eventually'appears in Figure 6.9, after the
sample was treated ét 356=C. This +ufther indicates that thepe

is a slight difference between the two WOs sample due to

different degassing procedures.

'3C NMR/MAS shows the same resonance at 126 ppm

downfield from TMS.

When treated at 358°C, both samples show the same
spectrum (only one representative one shown in Figure 6.9).

This spectrum is almost similar to the previous one treated at

399<=C.

Beyond 350°C, it was impogsible to obtain any 3¢

CP/MAS spectrum, probably due to p;>hmagnetic broadening as gas. .
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mentioned earlier, or changes on the surface of WOs. .
| /

Paramagneti; épecies cause problemijin the study of
surface species by NMR in twb wa {ignoring relaxation):
first, line-broadening and, second, change in the positions of
, the chemical shifts of the DbsgrYig nuclei (151). The latter
has been observed in the *H study of adsorbed benzene on CO2*-
'SiOz.X152) and *3C study of adsorbed €O on zeﬁlites exchanged
with transitioﬁ metals (153). These changes in the chemical
shifts are usually acc;mpanied by broadened resonance lines. As
the concentration of paramagnetic species increases, né 13¢
5ignai5 are observed because of the extremely brqadened
qfsonance‘line produced by the strongxflectron—nucleus
interaction. .

4

. One could sugget that this is what happened on the W03

oxide when treated at abbve 480°C.

6.A.VI. Summary

It has been shown that WOs samples deéassed differently
behaved similarly in their methanol adsorption/desorption
isotherms. Apparently, degassing at 380°C for 2 hours
essentially removed all the surface water; and a further
degassing of 17 hoursndid not increase the adsorption of
methanol in UOQ-(l). (It would seem that a longer périod of

degassing period would remove more surface -OH groups, thus

producing more 'vacént' sites for the adsorption of methanol.)
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=
The proton spin-lattice relaxation'timeskfor both kinds
- of WOs showed the same characteristics. A dipole-dipole

interaction figures to be the major contribution towards -

"relaxation.

The 23C CP spectra of adsorbed methanol on both types
of UO; resembled those measured for the methanol-ﬁgo systems.
However, the isotropic peakitcorresponding to physisorbed
methanol species) appeared at very low coverage. It is
suspected that these physisorbed molecules adsorbed on sites of
low activation energies, thus become easily desorbed, as shown

in the desorption isotherms.

Tﬁe.‘sc CP spectra of the methanol-W0x systems treated
at higher temperatures are not very informative. The *3C CP/MAS
spectra reveal a dimethylether species at room temperature. It
is speculated that the surface of W03 is sufficiently %cidic to
cause a dehydration of two adsorbed methanol molecules yieiding
an ether species. Also noticing that the methéxide is ca.'5§
ppm downfield from TMS, it probably indicates that there is a
- -strong interactibn between thé& surface methoxide species.ahd

the surface. '

At higher temperatures (ca. 250°), a very broad
resonance on the high field side of the methoxide resonance was

observed. Since it was not accompanied with any resonance at
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ca. 68-78 ppm (indicaiing alcohol§ or ethers) or the sp®-carbon
region, it is suggesfed that‘if is a mixture of branched-chain
alkanes. Qilﬁigher temperatures, a low field resonance at 178

ppm was obéerved,’which probably indicates a carbonate species.

R

-~
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CHAPTER 7

c ugions and Future Outlook

In this dissertation, a model has been proposed for the
adsorption'of alcohols on the MgO surface. The wégnesium io?;.
on tHe surface act as active sites for the adsorption of
alcohols. The first monolayer of these adsorbed alcohols exists
as chemiSorbed species, iﬁ the form of magnesiumyalkoxides.

There also exist some physisorbed alcohol molecules on the
MgO surfafe.‘ It is conjectured that these physisorbed methanol
molecules adsorb on the less active sites (sifes with lower
energy of adsorption), rather than hydrogen-bond to other
alcohol molecules or sur{éce -OH groups. Observation of these
- species by the 13C CP technique precludes the pDEETbilit& thate

they may be liquid-like alcohol molecules.

It is also shbwn that ;he two -OH groups on the alkanediols
cannot adsorb onto the same ﬁgz* ion on the surﬁ£;e, even i+ the
~0OH groups are four C-C bond distances apart (as in the case .of
i,4-butanediol). Therefore, it is established th{i\fhe
adsorption mode of alcohols on Mg0 is a 1:1 ratio, I'.e. no more
than one alcohol molecule per active site (MgZ*) on the surface.

v

The methapol and COz adsorption isotherms measured at room

temperaturekshow slight variations among the +oﬁr preparations

~

of M90. This may sugqest different surface morphEiogies on the
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MgO surface due to different methodsFyf preparation. A varia-
tion in the concentration of surface -OH groups may also
contribute to the difference in the measured adsorption ‘f

13

isotherms. The C CP spectra of the adsorbed methanol on all
four preparations of MgO fail to yield any information on how

different these MgO are.

Employing the 13¢ CP/MAS technique, and‘13C enriched alco-
hols, decomposition products were identified when thé alcohol-
MgO systems were treated at successively highggytemperatures. /
It has been established that Mgb'is more than a dehydrogehatign
cat st. It is shown that MgO can catalyze the formation of &j>
higher molecular weightnalcohols from ;thahol, which eventually
decompose inté hydrocarbopns. The observations in this work -
differ from previous stﬁgjis (by IR, TPD etc.).aé detailed in

Chapter 2. This substantiates that "Mgo prepared differently

W3¢ different catalytic activities" (24-28). | d»_;%

The application of thej}BC CP and:13c CP/MAS techniques to
other catalytic systems is fraught with some difficulties. The #
13C spectra of the methanol-WBS\éygﬁgg show slight vayigg;%nsk
wf%h respect to the alcohol-Mg0O systems. An ether species: and
a methoxide sﬁecies have been obserVeEﬂwhen mefhanol adsorbs on
the WO surface%/zz;gdehydration of thewméfHSXide.to a

dimethyl ether dpecies is believed to be catalyzed by the acidic

4
i

protons on the WOz surfmge. However, surface paramagnets cause
broadening of the 13¢ CP/MAS spectra as the methanol-WOs3

samples were treated to higher temperatures.
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It has been demonstrated in this‘dissértation that the 3¢
cross-polarization and strong decoupling technique, when coupled
with the magic-angle spinning techniqué provide a weal£h of
information in the study of surfaces and catalytic reactions.
Many chemisorbed spécies on the Mg0 surtface which were nevér
identified before (such‘as by infrared spectroscopy), were found
by this Compined teéﬁnique. Thus, a reaction mechanism could be
proposed to give an overall picture of what happened on the -
surface at that particular experimental stage, and hopefulfgi;
ggneral understanding of‘the catalytic property ot the surtface.

d& ,
Despite its apparent success, there are still a few

experimental difficulties and limitations with this technique:

(i) Sample Size: The adsorbents under investiéation are
packed into the 5 mm o.d. NMR tubings to a height of about
2:2.5 cm in height. Unless the adsorbent has a high density or
is very tightly packed, the loading level of adsorbates pér cm?‘
of sample would be ver'uiow. This raises the problem of
sensitivity. Experiments which Pequire loﬁg spectrometer time
are forbidding if ere is more than one user. A new
magic-angle stator ichtholds 8 mm o.d. tubes and spinner has
recently been dexveloped in this laboratory. This would increase._
the sample size, and thus the loading level of the adsorbgfes.
However, the spinning spéed (3-4 kHz) normally obtained for the

S mm spinner cannot be attained by this 8 mm spinner.
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Another way to increase sample size is to press the
aQSnrbent into pellets, and in the process increase its'density,
thus the amount Df adsorbates introduced into the sample could
be increaséd. However, one Has to assuﬁe that there 18 no
serious stfuctural change on the adsorbent surface.

It is also possible to use 13C-eﬁriched adsorbates which
wouid improve the S/N ratio. However,vhac-enriched adsprbafes
aré difficult to prepare, and qguite expénsive.

(ii) Sgect%ometer: Since the time this project was
initiated, and by the time it was ready to write up, there have
been a lo£ of iﬁprovements done on this "home-built"”
spectrom?ter. A new single-sideband filter has been installed
to iTprDve the sensiti;:ty (alfhough the theoretical /2
H,enhan:ement was never attained). A broad-band amplifier has
xp?en built to investigate the feasibility 6+'5tudying nuclei

other than *3C on this spectrometer. Other improvements include

1”/
the replacement of the magnet power supply by solid-state

electronics, stabilization of the lock circuit, building a
programmable pulse generator (foﬂ‘;eneration ot every pulse
sequence imaginable), and of course the magic-angle spinner, and

its probe.

In spite of these improvements on the spectrometer, {t is
still dea;;able to use a high field NMR spectrometer, for

example, an 158 MHz spectrometeriwith a superconducting magnet.
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This will increase the sénsitivity about four times. On top of

this, a better resolution in the *3C CP/MAS spectra could also

be obtained.

(iii) References: Both Mg0 and WOs are not novel
catalysts, most of the present results on these two catalysts

‘ j
from other technique§{ However, the hitch is that when the NMR

could Be inferred fromW other spectroscopic evidence, or FESUItSAJ
results deviate from ihe’ﬁthef spectroscopic observations, one
has to rely on other resources (e.g. intuition, experience with
NMR data etc.). This can be illustrated in ihe following
example. Alkanes do-not adsorb on the Mg0 surtface in any
appreciable amount; and one does not expect to observe an
adsorbed methane on Mg0 by the *3C CP/MAS technique. However,"’
it there exists a resonance at ca. 19 ppm upfield from TMS on
the '3C CP/MAS spectrum, one tends to identify it as a
slowly-rotating methane on the surface. One way to make a '\
positive identif{cation is to prepare a reference sample, i.e.
by intrnduciﬁg methane into a sample tube containing Mg0, seal
thé tube, and heat the sample to S5886°C, (in an attempt to
duplicate some of the experimental conditions in this project)

: P
and then measure the *3C CP/MAS spectrum of this sample.
Hopefully this may yield a spectrum of adsorbed methane on MgO.
There are only two +aults‘in thié, f+irst, the condition for the
adsorption of methane may require the presence of other

chemisorbed species, and, second, one may not be able to obtain

. ! »r\
any signal at all (if the sample tube hasn’'t expléﬂed yet).
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Another difficulty may arise from the interactions among
chemisorbed species (like or unlike), which may cause changes in
the chemical shifts, thus making aﬂéositive identification
impossible, e.g.rthe S5 ppm downfield shift of the o(-carbon of
1,4-butanediol. It is also possible that two chemisorbed
species could have similar chemical shifts, identifying one may

miss the other species completely.

This problem could be "solved" by studying some
well-characterized catalysts with standardized infrared or other
spectroscopic data. By duplicating the experimental procedures,
one would be able to Dbtain sets of t3C CP/MAS spectra of
chemisorbed species which cbuld be identitfied by inferring from
previous 5pectr05copié data. Thus a set of reférence chemical
shift data coqld be obtained for future identifications.

(iv) Systems of Interest: Thié dissertation did>nDt
really demonstrate the full potential of the *3C CP/MAS
technique in the study of surfaces. Surface hethoxide species
have an anisotropy of about i kHz, which is easily narrowed to
ca. 80 Hz by the CP/MAS technique. Other alkoxide species have
smaller aniéotropies. Only in the case when fragmented and/or
polymerized carbon species are suspected to be present on the
surface (e.g9. ethanol-Mg0-(3) treated at 38¢=C and high;r

lemperatures) is resolution in the spectrum is poor. One

wonders how useful is‘this technique when extended to other

catalytic systems.
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A

Preliminary results from the study of adsorbed methanol on
WOs indicated that in the presence of paramagnetic ions; the *3C

CP/MAS technique breaks down, and no *3C spectra could be

obtained. - ’ 3

The *3C CP/MAS technique has been applied to other
catalytic systems in this labbratofy. Carbon monoxide and
acétylene were shown to chemisorb on a high sur{ace area Ru-SiOa
cétalyst (18). A ruthenium carbonyl species (ca.'25ﬁ Hz wide)

is observed at 194 ppm downfield from TMS from the adsorption of

CO on Ru-5i0a. ™~

However, a more complicated spectrum resulted for the
chemisofptfun of acetylene on the same cgtalyst. -Apparently, a
reaction has taken place at rpom temperature, yielding benzene
(from cyclotrimerization) or a sﬁrface vinylidene spéices (18).
The reacfion is.still'underiihvegtigation in this laboratory.
< f/

It seems that a thorough understanding of any catalytic
processes requires a complete characterization of the catalytic
surface, on which the reactions takeg place. Recent works by
F}fe et al. (152, 153) on zeolites utilizing 27A] and 2*Sj
MAS/NMR and CP/MAS techniques have detailed the bulk structures
of a variety of zeolites, mordenite and offretite with different

ratios of Si/Al. This study could be extended to the

investigation of interactions between the adsorbates and the
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adsorbents by observing the change in the 2”Al and/or a"'.Si
chemical .shifts upon the addi{ion of the adsorbates on the

zenlite catalysts,

e
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