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ABSTRACT

Nuclear Magnetic = Resonance and Rélaxation
measurements have been made of ethylene,. propene) some
fluorine derivatives of ethylene , some light saturated
hydroéarbons, and tetra hethyl silane, all adsorbed on
ziﬁc oxide, The major emphasis of t@e study is on the
ethyléne /zinc oxide system,- ‘ N

Chemical shift measurementg; were made wutilizing a
Varian- KL=~ 198 Nuclear Magnetic Resonance Spectrometer
operating at 166 MHz,\ and a modified NMR Specialties’
spectrometer operafing at 15Mﬁ2. For ethylene such’
measurements were made& at'»coveréges' from .2 to 1

. . . b '

monolayer., It was foﬁ;d that the proﬁons of the adsorbed
- ethylene expérience a downfield shift on adsorbtion, the
shift being coverage dependent., It is arqgued that this
shift and the resonance curve are consistent with donation
of electrons to the _supface, that : the ‘épecies remains
olefinic in character,‘iue.alis pi-bonded to the sur face,
and that ;he‘gdsotpfion site;is most likelyAa zinc atom.

Studies of Vpropene at coverages above .3 of a
monolayer showed similar downfield shifts for the oléfin
protons while the methyl protons expérienced a smaller
downfielavshift. Evidence of other workers fof 'a more
strongly bound propene spééiés*af'lGW'chéfédéé7(béiéww;§

méhblayerS) is supported in that no resonanceiﬁcould be
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observed presumably fbeceuse of a short “T5 due to the
species being relatively immobile, despite a comparatively
high population, |

Proton chemical shifts measured ‘jfor species
considered—to be 'phyeisorbed .on the sur face such as -
ethane,' propane,‘ buténe,pentane, end tetra methyl silane,
were found to be only slightly downfield from the freek
species. This small shift ls explained ae a Van der Waals
effect. |

Fluorlne’ NMR studles 'of, fluorine .derivatives of
‘ethylene adsorbed on zinc ox1de showed rather remarkable
upfield shifts on adsorption, behavior markedly different
than the ethylene caee. A ’?c sbectrum was also 'obtained

for ethylene on a Zn0 pellet, The spectra showed a.

] o
downfield ift and the J-J coupling was, resolved. The

coverage for thlS vmeasurement was however very high, so

>

that the system was predominately physisorbed ethylene,

A model capable of _1nterpret1ng relaxation due to
‘ molecular motlon of adsorbed species was constructed along
the 1lines of earlier work, but wutilizing the Wigner
RotationalrMatrices fo:,coordinate transformation. This
model enaoles -one to calculate all  of ‘the épectral
densities< at any frequency, Snd thus a theoretical
relaxation time for a particular motion and relaxation

A

‘mechanism.,

Extensive relaxation measurements were made on the

k/(

e et i

T T T T T A Tk e L e L b ST T 7 L Tl | B ¢ gL
- . R,



ethylene/Zn0O system. Application of - the model derived
rgproduced the the longitudinal data reasonably well, The
relaxatibn data were best reprbduced by a model which had’
the ethylene rotating about the C 4 axis perpendicular‘tq
‘the plane of the molecule, while wobbling about the
surface normal. However it is noted that usé of the
exponentialb form of the correlation function is a poor
assumption in that the-,motionalr processes are non;.
stochastic; | o J

T  measurements ‘made vin a field gfadient were -
unable.Ato detect the rate of translational diffusion ét
coverages bélowl.4 monolayer, but the diffusion ‘constant .
was found at coverages approaching a,monolayer. It is
argued that at low coverages Ti_,relaxétion is caused by
an in:tlca;i moleﬁular dipole-dipole mechanism while Tz‘
rélaxation ié caused by both intra? and inter—molecu}ar'

dipole-dipole relaxation mechanisms, -

N
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exceedingly dgfficu1t!to a}i?rately describé and whiiE)
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Chapter I
Introduction
Surfaces and Catalysts

Solids are known ﬁirst of all threﬁék their surfage@.
Much of the interesting chemistry of solids happens at
their surfaces, and there exists a large area of iﬁfefest
in what happens between such surfaces and sUbstanceé in
other phases particularly the gas and liquid phase.

The surfaée phenomena that occur between a gas or
ligquid  and a solid vsurface make up the: area of
heterogenous catalysis; this and the phenomenon of
adsorption 1itself have been of great interest to the

chemist.

N

Both catalysts and adsorption on surfaS?s have proven

-

Cd

&

modelé' of these phenomena ave:been propbsed} they remain
far more éimplistic than the pheneomena themselves. One
reasoh for this complexity is thét most catalytic surfaces
are very héterégeneéus, haviﬁg a wide distributio;nhﬁrsite
symmetries énd often an equally wide distribution, of
adsorption energies at these sites.

puring the first half of'thié Cenéury work in the
area -of- - surface - -chemistry - -was ~~confined w—tolwthe

investigation of macroscopic properties; heats of

édsorption,‘ kinetics Tof adsorption and of sur face



ol et

- from them.

reactions; adsorption isotherms and surface afeas 6b£ainééﬁ?

Two major barriers held back developments in the.
field. . ‘The first was :iaék of ultra high vacuums, since
even‘atﬂthe besf vacuum obtaihable (roughly lﬂ'b “itorf)
a surface could be contaminatedvby Jbackground" species in
sechds or less. The second was lack of vinstruments to
ekamine the surface microscopically.

The last twenty years has seen thg removal of both of

these barriers. Ultra high vacuums allow one to make

measurements on clean surfaces (Goldfinger 1978) and a

host of new spectréscopies and improvements in older ones
;ow’ehcourages one to answer questidns such as;
E®
1) what species are present on the surface?‘
2) what site symmétries are présent? ’

3) what is the nature of the chemical‘ interaction;

what is happening to the electrons.

4)° what motions =-- vibratiomal, rotational,
diffusiona]}' and exchange, are ,occuring;

No one tool can bfovide all the information about the
molecular aspects of the surface. To date the ’mdst'

information has probably been gained using infra-red

measurements (Eischens 1958, Hair 1967, Little 1966).

Findings utilizing the newer techniques such as Moss#auer ,

or Auger spectroscopy (Duke 1978, Boncher 1969, Gokdanski

1978) , low energy electron diffraction (LEED) (Edmonds



1969) , electron spectroscopy (ESCA) (Siegbahn 1967) are

A

now commonly being reported in the literature.
The Magnetic Resonance Spectroscopies

The magneticr Tesonance ? spectroscopies Electron
Paramagnetic Resoqaﬁce" (EPR) and vNuciearf Magnetié
Resonance (NMR) are capable of giving’ informatioﬁ about
structure, physicalv and chemical interactions, symmetry
and motion.

The first of these depends upon the Zeeman splitting
of the energy levels of the magnetic moment of an unpaired
electron by a magnetic field. The exact experiment is
described\eifewherei(Slichter 1963) and its application to
surface chemigtry measurements have been described by
Kokes (1967) . | |

NMR depends on the Zeeman splitting of the energy
levels of the magnetic momént>of the nucleus by a magnetic
field, and has become oné of the maj;r tools in qheﬁistg;.
Its major advantage is the fact that subﬁle changes in
thsicél or chemical environment, in structure, or in
motion make fdr large changes in the position and shape of
the resonance being méasured; and yet the measurement has
no apparent effect on these properties. It appears to be
an ideal tool for the study of species ,,,,,,ad,s,é,r;bgd on
sur faces. | .

‘ NMR, however, has disadvantages too. It measures



propérties over the whole sample, thus giving an average,
but far more important is ité relative insensitivity to
small amounts of sample, a fact stemming Jfrom the small
differenée in 'population)distribution betweeﬂ the Zeeman
vle&els.

This second disadvantage has led to the fact that
most of the NMR measurements done on surfaces have been
performed on solids of high.surfaqe area with very large
coverages (Packer 1967).

While such surfaces are often physically integesting,
a large number of the chemicaily'interesting surfaces dd
not have such large surface areas, and in many instances
“the interactions of greatest chemical interest take part
at léw coverages. ’ |

The majority of paéers in this field have been on
‘studies of physical rather th;n chemical adsorption. A
large amount of work has been dohe on wafer adsorbed on
several solids, and molecules such as benzene and sulf&r 
hexafluoide on silica and alumina. .~ Such work has
been well reviewed (Resing 1968, Packer 1967, Pfeiffer
1972) . ‘ |

|

In more recent years some studies of chemical

interactions have reached the 1literature, forrexample;

Fraissard (i97E, 1971).

In any area of surface chemistry it is important to

correlate the findings with those of other spectroscopies
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and of the;;lassical teehniques.. Packer (1967) ~concludes.

an .article on NMR measurements of adsorbed %E?cies with

the statement:

"The investigation of -a high surface area adsorbent

solely by nuclear spin relaxation is unlikely to yield

unambiguous information, but in conjunction with other
methods it can give detailed information about the

adsorbate-adsorbent interactions.”
Statement of the Problem

When this study was undertaken fhere were no reports
of NMR studies of chemisorption, so at its inception the
qugstion Qas really: Is 1t 'possible to study a
catalytically interesting surface and adsorbate utilizing
the spectrometers available? The spectrometers available
were a néw Varian XL-188 operatiﬁg at 109 MHzpand a highly
" modified: semi~home built 15 MHz pulse NMR spectrometer.
Both are déécribed in more detail later oﬁ; ~,Neithér wés’
‘designed to do catalystic research. |

After some initial in§estigation into possible
systems thg answer to the first'questién seemed to be
positive. Systéms such as the light olefins on platinum,
and the fiuorine derivatives of the same on platinum, were

found to produce measurable resonances. However the

‘platinum - had~ to be supported on high area silica and
' -

problems of separating the measurement of the interaction

e L T e T b e e (e AT e b et T R A - e e e e e

~
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of the olefin with Silicavfmffemmfthat.~Of~éléfiﬂ*WithW'*”***”W“*
platinum were foreseen.

It Was also found thatrafresonancé could be “measured
for olefins adsorbed on ziné{px;de. ;Thisvoxide surface is
6f‘ chemical interest in  that it catalyses the
hydrogenation of olefins, the isomerization of olefins
(Kokes 1972), the oxidation of olefins (Kubokawa 1973),
the‘dehydfogéhétioﬁ rbf 7sé;efalr éicoﬁolér (Kolﬁoer lééé;r
H, —D, exchange (Dowden 1956) among others.

\_Eéialysis by zinc oxide has been the subject of é,

large number of papers, among them some exceptionally

complete work of the lab of Kokes and co-workers utilizing
I. R. and mechanistic studies. These studies méantwthéff -
information obtained from NMR could be ’inte;preted in a
better light and correlated with other measurements.

A myriad of gquestions were'present. Zinc oxide acts
as both an acid or a base. Would it be possibleyﬁo
determine if ;he surface were donating electrons to the
61efin or vice—versa? Kokes had concluded that propene dn
zinc oxide was adsorbed pgrtially as a pi-allyl complex.'

Would it be possible to "see" this structure on the

-~

surface? The butenes isomerize over zinc oXide. Could
one see intermediate species or’ even "follow" the
isomerization via  NMR? The kinetics of  olefin
hydrogenation ~de pén ds on migration —across the surface., ~—

Can the motions of an olefin on. zinc oxide =-- the




il

to noise problems.

gﬂ

.

so—cailéd ’s&éface dynamics  ~- be"measured*andﬂto'what4f**

conclusion?
In seeking answers to these and related qué&t@ons it

was deemed advisable to use the same zinc oxide, or at

least zinc oxide from the same supplier as that used by *

Kokes, thus enabling one to be more confident about
informationyobtained from those studied. _This created yet
another major/préﬁlem as this _zinc oxide has” both a
jrelativeiy shalla surface area'vperlgram, and a low bulk
denqity, thus a low surface area per volume. For this

reason concentrations of the adsorbed species measured

were very low and the study was somewhat plagued by\signalv

7

e

During final stages of this project some theoretical
questions afose. Much of the interpretation of this Tork
and other work in the field has depended on a modEI”)of
relaxation | due to anisotropié motion at a surface

developed by D. E. Woessner (1963). This model has been
¥

used to interpret relaxation data of water on several

surfaces (Woessner 1963, 196%a, 19706a, b), benzene on
silica (Woessner 1966), méthanol’on graphite»(iiehl 1972)
and méthane on graphite (Anderson 1972).

This model was "reconstructed", and exfended so that

spectral densities could be calculated for situations

and 1in a reference frame where motion about some symm@try

e -

2

B

T

' (wherethe‘égectraldensityisafunctfonofthefrequency'

o~
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axis can be considered simultaneously with motion of this
axis . in relation. ; to 'a ~surface -normal. The

"reconstruction" is presented in Chapter V, while thé::’ -

application of this model to ethylene adsorbed on zinc

.oxide is found in Chapter IX. In dpplying, the model
GE s

several assumptions of both this model and the Woessner

modei‘wére;shOWn to be-fallible.
The Structure of This Thesis

It is conceivable that . this ‘thesis will be of
interest to surface chemists who are not well acquainted
with ‘NMR, or perhaps even to those,intereSted,in NMR who’
are not well-acquainted with surface phenomena.

The thesis- then includes a brief description of
surfacer phenoMenar and studies 'thgreof; -a chapter on

nuclear magnetic resopance, one on nuclear magnetic

relaxation, a chapter outlining the effect of a surface on

the interpretation of these measureménts, and a chapter on
catalytic propertiés of =zinc oxide. The rest of the
thesis is  a description of the,experiments’carrigd out}
and their interpretation,both in the light of other works
and .in the light of a model developed herein, capablé of

interpreting relaxation of adsorbed species on a surface.
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Chapter II
~Surface Dynamics and Models of Surfaces

"Our concern is with what is Héppening'to the molecule
while it is‘on the‘éurﬁéce. We are interested both in the

physical and chemical interactions between adsofbate and

_adsorbent, or adsorbate molecules, and the motion of the

molecule on the surface. The motion of the molecule is of

significance in any consideration of the kinetics -of a
reaction  since it plays an ‘important role in
transportation of reaction intermediates or products, or

in clearing sites where reactions may occur, and of course

~in the activation entropy for a reaction.

The whole process of gas adsorption should be viewed

as a :dynamic one. A molecule strikes the surface and is

either specularly_'reflected or resides on the surface for
some time and leaves _again - when it has gained ehough
enerdy to desorb. 1f the ‘averége residence ti@g/of a
)
molecule which collides with surface is tau ~and n
molecules strike each square cm of surface per second'then
each square cm should have nxtau molecules adsorbed on it

at equilibrium (i.e. 'when the number desorbin§ equals the

number adsorbing). .Because tau is-'critically dependent on

temperature the relationship II-1 is often used (deBoer

1968)

T T e T T I T R S e L WP A L RS SRS v S e Y



10

: -
I1I-1 T = Toeexp(dH/Rt)

~ where l/go is related to tbe.frequenCY of vibration of
the adsorbed molecule perpendicular to the surface and dH
is the' heat of adsorption, T, may be approximated
qgfhg absolute reaction rate theory snd may‘be considered

equal to (deBoer 1968):
(1/freqg) exp(-S/R)

where S is thé entrdpy of activation for desorption and
freqg isvthe vibration frequency normal to the plane.

Heats of adsorbtioﬁ of gases on éolid surfaces run
‘from 1 ot’ 2 kcal/mole to weli over 100 kcal/mole. \Asva
general guideline molecules_' are considered& to pe
physically adsorbed if their heats of ‘adsorption are of
the order of 1110 kcal/mole, while chemical adsorption
(chemiéorption) is considéied to iﬁvolve heats _of
adsorption fromrlB-Léﬂ kdal{mole.' PhysLso;gtion involves
interactions of the van dér Waals typé, thus a better
indicator of Awhether the interaction 1is physical or
chemical is the ratio of the heat of adsorption of the gas
to the heat of evaporation.

It is illustrative to._ calculate tau for”%everal

~different heats of adsbrption. ;EﬁgiéﬂII—I gives several

examplesw(using,nwmw=w5xlﬁfaifsecs<wand7VT~~=vm3ﬂﬂfmeﬂT~rww7~~

degrees.K).

L
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dH(ads) (kcal/mole) . : ‘ tau (seconds)
1 . 2.7x187"%
10 ~ | - 9x16”"
137 | o 1.4x1087%
15 . | . 4x1073
20 o o 17, ,
25 . ex1et
Table I -- The lifetime as a funétion of the.heat of
adsorption | |

Our model now, is of a system where a molecule

collides with the surface and 'stays for some length of

time varying from microseconds to vyears. Extending the

"model so that we can describe what goes on while the

molecule is on the surface involves a description of the

-

surface itself.

Movementvon‘tQp Surface

Dacey (1965), deBoer 1}968), and Ross and Oliver
(1964) among’ others give, descriptions of movement on
different surfaces. The most "idealized model is that of a

p;

plane where.the energy of interaction between adsorbate

-~and  adsorbent is the same for every point on the plane. -

Such a system has a two dimensional spreading pressure and

is describable by a two dimensional equation of staté.« At

very low concentrations a two dimensional ideal gas law

g e b e e e e C o — mw e e g e o S mer s e e e e wn e e
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holds while a two dimensional van derﬁhaals type équation
is required at higher concentrations to allow for laéeral”'
interactions,betﬁéep molecules. ) |
Several systems where thé ‘interactions are W%ak
(physical forces_only) are describable by such models,

5 notably Xe on mercury (Cassel 1936) and,,sdmeﬂof,the
alkanes on charéoal ‘(deBoer 1952). ’For such cases the
activatio; energy for diffusion is usually less than or %
close to RT.

’ Mofe often diffusion on surfaces is charicterize? by

an activation energy greater than RT. It is possible to

still %ave'a homogeneous surface; +the adsorbed spécies
going through an activated diffusion from site tg»site.

Diffusidnxon such a surface can be described as a random

% walk process. deBoer (1968) déscribes the lifetime

between hops by the equation II-2
I1-2 /Ccmf( = ’Co exp(Ea/RT)

N\ where Ea is the activation energy necessary for a particle
. o f -
to go from one site to another. o " will again be

related to the vibrations normal to the surface and may be

taken to equal 7, of equatién II-1l. 1In this case the

be:

I1-3 'n = exp |(H-Ea)/RT)

number of‘hops during the lifetime on the surface would .
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The heat of adsorptionvwiil always be gqreater »than the
activation energy of diffusion (Ross 1964). For a case
where dH equal 18 kcal/mole and Ea = 5 kcal equation (3)
shows that at 388 degrees K a molecule Qilllhoévabout 6000 .
times during the 3x16® seconds it resides on the

i {
surface.

Heterogeneous Surfaces

a hore realistic model of a suffaée featureé a
distribution of heats of adsbrptiod /and diffusion
(Somorjai 1972). Figufe II-1 ghows the energy barfier for
diffusion acros§ such a heterdgeneogs surface. Such a
model = includes 1) a distribution of wgll depths { H(adé),
2) a distribution of barrier heights associated with
diffusion (Ea diff), 3) deep wells (high energy site)
associated with a higb activation énergy of diffusion, 4)
a jump distance & which is the 'same as the distance
between surface atoms; In practice it 1is difficult to
detetmine the actual distribution of heats of adsorption
although dH may be measured as a'onctién of ' coverage by

calorimetry, or derived from isotherms taken at various

temperatures.

The most commonly made and one of the most useful of

the <c¢lassical measurements is the plotting of the amount
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of gas adsorbed against the- preséure of tﬁe gas at
constant temperature. Suéh plots are known as adsorption
isotherﬁé. |
There are severél characteristic shapés of such.
" plots, the types'being dependent on both. adsorbate and
adsorbent. A classification of the types of isotherms is
given in‘BrUnéueri(Ig4ﬂT. - 4
The first theoretical isotherm was derived by
Langmuir ih_1916 (ﬁéngmuir 1916, 1918). It has since been

[N

derived from several gifferent points of view (deBoer
1968) .

The Langmuir isotherm model contains the assumptions
that’the’heat of adsqrption is the same—forcevery site, is

;kghdependent of other molecules on the surface, and that a

molecule which strikes another‘adsokgsg“igiecule will be

reflected so that the upper limit to the}adsorption is a
mondlayef. Often the Langmuir isotherm is gpproximatéd'by'
gaseé chemisorbed on a‘surface at ldwvcoverage.

The exéression for the Langmuif " isotheéerm is most

often seen in the form:
II-5 9 = aP/(1l+aP) ' -

where theta equals the fraction of thgnsurfacé covered, P
- 5

_is the equilibrium gas pressure above the surface and a is

a constant relating to the rate of condensation ®n the-

surface to the rate of evaporation from the' surface. A
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éldt’of this isotherm is showﬁrin figﬁEé”rilél’””””
Another useful expression for an isotherm was derived

by Brunaur, Emmett and _Tellef (BET) (Brunaur 1938) ‘by ' 7

exténding the Lahgmuir model to allow for multilayer

adsorption. The important added assumption 1is that the

heat of evaporation for the second and subsequent layers

ig - equal to - the ‘heat of evaporation fromk,£hemfbulk e

adsorbéte. B

The BET isotherm is most often seen in the form

e

I1-6 B/V(Pg -P) = 1/(VmK) + (K-1)/(VmK) x P/Po

where V is the volume adsorbed, Vm is the volume adsorbed
" ’ ‘

in one complete monolayer, P is the pressure and Po is

the saturation pressure of the adsorbate at a temperature

of the  experiment, K is a constant equal to

exp((Qa-QL) /RT) where Qa is the heat of adsorption pf the
first layer and QL is the .heat of vaporization of the bulk

adsorbate. From 1II-6 it can be seen that a plot of
-

P/V(Pg-P) vs P/Po should give a straight line. From such-
a plot one can determine Vm and thus if one knows the
volume of one atom of the adsorbate, and makes some

assumptions about packing on the surface, then the surface
N

area of adsorbent can be determined. ,
Caution 1is necessary 1in wusing either of these

isotherms since they are derived assuming a very

homoenergetic surface and this assumption does not hold

\

pEES
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Fizure II - 2
A plot of tae fora of ejuation II - 5 waere P, is tlk
saturation pressure ol the adsorbate, and thaeta the

fractional coverage.
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true for fnany surfaces or adsorbates (Somorjai 19772)'.
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Chapter III ’ Q

A Brief Summary of the Theory of Nuclear Magnetic

Resonance and Relaxation

The Basic Phenb%eha %; Magnetic Resonance

=

%

This’chapter and the next serve as an outline of ° NMR .

theory. They are admittedly‘ incomplete and sometimés
simplistic but hopefully_willqgéwe the reader a feeling
for the information to be gained from this tool.

A complete deséription of ﬁMR;thgory can be found in
several places notably Slichter (1963) or Abragam (1961).
A description of the relaxation ;heqry is found here as
well, most of iﬁ following the classic . paper of
Bloombergen, Pu:cell and Pound (1945).,

Nﬁcléar Magnetic Responance can be observed with any
nuclei having a magnétic moment ﬁﬁvnot eéual to zero;
Clasiéally the effect of a magnetic fiéld.ﬁ’on a magnetic
moment EZ is to impart a Eo}que 3 on Hu eqdal to Ma x H.

Such a torque is proportional to the time rate of

change of the angular momentum omega = Ih

. - = >
III-1 dI/dt = Mu x H

is proportional to the spin

The magnetic moment

so-called gyromagneti¢ ratio, gamma.

\

o T
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II1-2 Mi= X.I  thus
I1I-3  dMd/dt = Y . (MaxH)

-~ - . ’ .
The magnitude of I and its component along the z axis
. : ’ “ —
are constants of motion, the rate of change of ‘Mu with
- ' > . ' - S
time must .be such that I(z) is constant and I qpanges 1
direction-only. - The-result-of-(3)-then -is -a-precession-of - - -
MU about the direction of the field H (commonly taken as
the z direction) as in Figure lQ' The solution to equation
(3) _is' commohl?r foundrrby' translating 't'o a rotating
coordinate system. It can be shown (Slichter 1963) that
s - o — .
the derivative of Mu in the 13b fixed frame (dMu/dt).lab is
, ) -3 ,
equal to the derivative in the rotating frame (dMu/dt)rot

plus the cross product of the anghlar'velocity of the

rotating frame and the vector Wu.

»III—! (db_d?:/dt)lab = (dﬁ?z/dt)rot + (stﬁa)

I

—y
III-5 (dMu/dt)rot =Ma x ( & T + ).

: -
Equation III-5 is the same as III-3 if we replace H by
Hy + w/Y " If we use a rotatiqg frame such that:
. I1I-6 tdo = ¥ H, ; then: ,
= \ W | S

III—7'(dE3/dtft6£‘= e. o D o ////

that is the magnetic moment is fixed in the -rotating

frame, Translatihg back to the lab fixed frame we see

L s ARl e e e ca e R A A LR L F1T Ty S SIS e A Ul fn v e e e e by e s g S L o e e
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Figure III - 1

‘The precession ol a dipole avout a

: Figure IITI - 2
The effect on Tae dipole of a rotating
rigat aangles to. the steady field. :

ficld.

field at



that Mu is a vector precessing at an angular velocity

omega(o) given by equation III-6

Omega(o) is known as thé "Larmor frequency". ' It

should be noted that this frequency is the same as that
arrived at by 1ooking at the system from a quantum

mechanlcal polnt of v1ew, see for example(Sllchter 1963)

One of the beautlful thlngs about the theory of

.magnetic resonance is that one is able°to use either a

classical or quantum mechanlcal formulatlon, enabling _.one.

to see the model of what is occurrlng in rather simpler
ways.

At this'point we have been able to describe the

e

magnetic dipole when placed in a magnetic field. It Eah\

be shown that the energy of a dipole in a magnetic field

is simply - Mu . H,z , that is, it is a function of the

angle between the dipole and the field. (Sinoe this angle -

is not changing during the precession (see.'Figure I
again), there is no change in energy.
——
If however, we add a second magnetic field Hiy
perpendicular to the first and rotating about the axis of
= . . - .
Heg . at some frequency, it can be seen that MG will

attempt to precess about this field as well. However, it

N CoT ' - N o - - '-’ o . " - T R T ." -
cannot precess about both —E and Hy unless- Hy 1s

"iotatiﬁg at ‘the same frequency as Hut”"Thé“éfféét”of"mﬁif””

" is then to flip MG so that the component of iﬁ on the axis

- - .
of Hy is turned back and forth through 188 degrees,
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This change in angle beﬁ%ééﬁ ﬁﬁrandfﬁz 7ieadsﬁgo a ;hange‘
in energy of the system. | |

Aé.shown'in Figure IIi;Z Ma can only precess aboutb

Hy if Hy rotates about H, . at frequency omenga (o) »

that is H5 1is in resonance with the precession of Mu

. about ‘Hy . One can measure the energy changes in the

system either in the frequency domain (NMR ~Absorption —-or- -

»

NMR Induction) or in the time domain (Pulse NMR). Since
both techniques are employed in this research a short

v

description of each will be given.

NMR in the Frequency Domaip

V,

Wwe canfproduce .Hl rotating in the”xy plane or its
equivalent by applying an oscillatiﬁg‘V01tage to a coil of
wire ‘which has its axis perpendicular.to Hg . Actually
this produces a linearly oscill;ting field Hy, equél- to
2vH1 cos(aJ-f.); “Such a linearly oscillating field is
equivalent to two rotating fields rotating in opposite
directions with the same angular 'veiocity. If the

oscillating field is described by

I1I-8 <y = 2Hy cos{w-t)

then the rotating fi€lds will be described by:

Hy Q) =
Bx(2)

“Hy cos( oty

Hj cos(W-t)

Hy(1) Hy sin(w - T)



24

Hy2) = {Hl sin(w-t )
Hz(1) = @ | ’
Hz{(2) = 8

one of which will rotate in the same direction as the

-

precessing dipole and will interact with it, the other

—havihgrno effect. o , R

The signal could be detected by making’the Hq - coil
with the sample inside it part of an LC circuit. The
inducténce L of the coil is a function of the
susceptibility which  changes draétically at‘resonance.

The resonance condition could be met by stepwise changing

the angular velocity omega of the oscillation of the Hq

field, or' mar e commonly' by leaving omega fixed and
sweeping Hg, through theK_point‘ of the resonance
condition. ? 7 7

Mo}e commonly the signal is detected as a current
induced by the,preceséing spinsmasetrof receiver coils
at right angles to the transmitter coil and to H(z) (the
direction of Hg ). The,rggﬁﬁaﬁce condition 1is met as

before.

The output of either detection device is a curve of

Vamplitpde of voltage or current vs. the frequency of the

fFotation of Hj3 or versus the field Hp .

B . )
- - N
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. . R

NMR in. the Time Domain

If we arrange for Hx = Hjy cos (:t) to have a
frequency omega (o) such that W s = X oM. . but
turn Hy on‘for;ogly a short period of time ti{, we can

expect that'tﬁe magnetic dipole will foJlow Hy for tw .

M3 then wbuld'precess through -an angle "6%”=r*&T%;~tuy*”’w
and for example we could choose © . =-TT which
would invert the magnetic moment or choose 6 . = T/2

which would turn the moment from the z.axisrinto the xy
plane. Detection -of the movementiof Mu could be made in
same way as for the frequency domain experiments. This is
the basis for so-called pulse experiments in NMR.,6 The -
relation between this transient response and the sﬁeady
stéte response (frequency domain) will be shown after a
description of the ;élaéation process.

The foregoing is of course very simplistic since it
deals with a single isolated magnetié dipole. 1In r;ality
we are forced to<dea1 with a macroscopic sample containing
a_large ensemble of spins. A simple quantum approach to
an 1isolated épin leads one to 2I + 1 deéenerate energy
1evels.‘ fhe degeneracy 'is lifted when the nucleﬁs is

placed 1in a magnetic field. The energy of each level in

the magnetic field is the eigen-value of the Hamiltonian

(Abragam 1961):
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II1-9 Ham = - § A Hy I, o 7
; y
so E = - X ft Ho, m3y . where my takes the integer or

half; integer'values from I,I-1, to -I; and the differ@nce

-
=

between any two energy levels is X ;ﬁ Hy . For I
1/2, m;y =% 1/2 and we have a two energy level system
completely analogous to the system previously ‘déscribéd.
The magnetic moment can be oriented along the field (in
the lower energy level) or opposed to the field (in the
upper energy level). An input of energy can flip EE frpm'

one orientation to the other or the nucleus from one
energy level to the Other.

Saturation

Consider now an ensemble of mangetic nuclei of spin
1/2, with energy levels which differ by ¥ < fA:Hy .. °
The ratio of population in the low level to the upper

level is given by the Boltzman equation:
I1I1-16 n(1/2)/n(-1/2) = exp(- ¥ & Ho /kt)

where n(l/2) is the popdlatidn of the energy level described
by mg =1/2, n(-1/2) the population of level mp = -1/2.
Gamma for a proton = 4257.6 hz/gauss. For a field of 23.4

K gausé the excess population in the lower level is only

16 in 1 million at T = 3ﬂﬂ;d§glees,K,,WSince;we,havewequal R

probability of upward and downward radio frequency induced

transitions and since the probability of spontaneous
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emission is very smallvfor a mgnetic dipole (Abragam 1961)

we can see the distinct possibility of equalizing the

population of upper and lower states so that there will bé

no absorption of energy. This phenomenon 'is known as

saturation.
Relaxation and the Bloch equations, Ty and T, .

‘Experimentally one finds that saturating a sample
is not so easy as the foregoing would suggest. We shall
see that there are time variations in the local magnetic

fields 1in a sample which cause the magnetization to come

back to equilibrium.

I shall delay a description of these variations of

field that cause the reléxation until I have outlined the
description of the relaxétion dBe to Bloch.

Before putting a sample inﬂa magnetic field the «xy
and z components of the net maénetizétion M are obviously
equivélent\(isotropic sample). 1In a large magnetic field
howevér, we can'see that there'is a magnetization.ﬁi in
the direction of the field (customarily taken as the z
direction) while the x, and y components fall to zero.

- ‘
If in a static-field By == H, we disturb M; = M,

£hen we observe that it will approachiits old equilibrium:

M, in a way which is often adequately described by: = =

| III-11 AMz/dt = - (Ma-Mg)/ Ty



That is équilibrium is approached " exponentially -with a.

time constant VTl . Here Mo,Mx,My,Mz;are components of M
in the lab fixed frame.

T, 1is known as the longitudinal relaxation time.

Its, inverse Ry gives the rate that the component of -

magnetization along. “the field will approach its

equilibrium value. T3 is also known as the spin-lattice -

relaxation time since energy lost by the spins ih going to -

the lowefr enefgy level 1is absorbed by the surrounding
system} commonly kndwn as the lattice.

We noted that M# = My= 0 at equilibrium. If- we
disturb’ the system in such a way that we get a componént
of M in the xy plane then it will approach zero at a 'rate

often adegqguately described by:
III-12  daMy/dt = -My/ T,  and dMy/dt = -My/ T,

T, 1is called the transverse relaxation time, since it

describes the decay of the component of M which is

transverse to the directiqn of the field. it ig also

known . as the spin-spin relaxation time, since as we shall
see it results from an interaction between the ~magnetic

dipoleé (spins).

Bloch assumed that-in the presence of an -applied D.-

C. field H(o), and a much smaller r,.f, field H4 , that .~

the motion due to relaxation could be added to the motion

of the free spins (equation I11I-3) giving;
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III-13 -dM/dt = M, - ¥ - H -k(Mz-M,)/ T,

- (iMx+3My)/ Ty

where 1i,j,k are the normal unit vectors,

The solution to this equafion iss

=14 M, = ﬁx cos{wt) - ﬁ; sin (Wwt)
C y =lﬁ; sin{wt) + ﬁ; cos(wt)

}2

M {1+{- s

+ XZ le

, T,° /Lo w0 1) T,°

T4 T3 }

where M, and ﬁ;'are the transverse componénts of M in a

N rotating frame, and have the values:

ITI-15 Mx=( % A Hy T, M, )/{l+ T, A2
+ X‘z le T-l T2 } V
My=¢ ¢+ Hy Tz M, /{1+ T, AT

where A = (Lo - W, )

Thus the transverse components of the magnetization in the
lab fixed frame are functions of time, and will produce a
voltagifof frequency omega in a coil.

If H4 is small enough that the last term in the
denominator is small in comparison to 1, saturation will

not occur. 1In this case

Ty /{1+A° T, .}

My 8  Hq My

III-(16) -

T ¥ vy M, £(A, T, )
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where  f{A, TZ} = l/ﬁw Tz /ﬁiﬁl’fézrrfzii }

which is the normalized Lorentzian shape function with a

half width at half intensity of 1/ T, .

It has become‘customary to look at this in terms of

the magnetic susceptibility, Since we have a_field Hy =

2 Hy cos (W T) then we must have a magnetization Mx

proportional to Hyx , thus My = XHy whe;e‘x.is the

magnetic susceptibility, However,,Mx,‘X,and Hy are all a
function df w and it is convenient to consider X as having
a real and imaginary part just as we can consider My = and
H ' to ha&e a real and imaginary part. LEquation (8) céh

be written as:

III-17a Hx(t) = 2 Hy Re{exp-iwt} =H,(t)
III-17b Mx(t) = 2 Hy Re{Rexp iwt} =M, (t)

-~ . N : -

where X =7%" - iX’°

i

and where the hats reminds us that we have written the
quantities as complex numbers, III-(17b) may be rewritten

then as:
III-18" My (t) = 2 Hy {X (W) cos wt -X""(w) sin wt}

A comparison with equation III-(14)

shows that:

III-19 X (W) = My/2 Hy

I

X7 (w) = My/2 Hy
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and by substituting X, H, for My, and W, for gamma

B we can write:

o]

111-(20) (ax (@) = (/2)x, o - T, A £(A, Tp )
(b) x°"(#) =(T/Yng - wo - £(8, T )

so?long as Hq is small enough to avoid saturation,
f{a, T, } iS'tﬁe'normalized LorentZian'defined<'byWWT16Tf
X" (W) and X" (w) are generally known as the absorptioh and

the dispersion respectively. They are relatedA to each
other, the relationship | béiﬁg the ' Krémefs-Krohig
relations, 4Proof of these .relations éan be found in
Abragam (1963 p. 93). Knowledge of X’ (w) at all
frequencies gives X'(w) at all frequengies. 4

| .The importance of X"(w) 1is that it can aléo be
determined theoretically from atomic (quantum mechanical)
considerations giving us microscopic information from a

macroscopic measurement.

The Relationship Between the Signal in the Time
Domain and the Frequency Domain |

We wish to know the magnetization dMx(t) produced at
a time t due .to a magnetic field Hy(t")of duration at’
turned on at time t° where t° is earlier than t.

dMx (t) is proportional to Hy(t')dt~

We write' —
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III—(22) dMx (t) = m(t-t ) Hx(t')dt’

where the proportionality constant-m(t—t') depehds‘on how
-long after the pulse of field that we wish to know dMx (t)

The total magnetization at time t is the.intégral of

equation (22). '

, o - . |

III-(23) My(t) = 'J”m(E-E*YHXKt’)GE'

. ~Co

Y
A

As befére we write Mx(t) and Hx(t') as complex numbers'
(always with the understanding = that we -are only

considering the real part).

: A , . » ‘ :
III-23b My (t) = My expliwt) |, Hx(t) = Hx expiwt)
Equation 23 now becomes:

III—(24) My (t) = exphud}}n(t t )Hy expélwt )dt

= Hy expl;unt)J m(7? ) exp uo?;) a( t )
But previously (equation 17b) we wrote®

A A A

My(t) = X(W)H, (L)

where the hats remind us that the quantities are cdmplex.

Comparison with (24) shows that'

) )
III-(25) X(W) = j——m( T Yexpawt d4A(T)

cor ' = ["m(TicoswT A(BY

uo
(W= m(z) sinwt a(®)

o



. | 33

That is, in ther bdlse expefihé&é weirééterminerﬁgbme

qdantity M(%) whose Fourier transform is4£he quantity'xuu;

we determine in the steady stéte experiment. |
Similarly M(x) 1is the Fourierv‘transform o; the

complex susceptibility.

. 00 i
III-26 m(2) .= 1/27% 5 AK(W) expiwe d( ).

- - . - M opy . J R e
The information gained by an analysis of an experiment in
the frequency domain tells us the information contained in

the time domain experiment.,
- Some Useful Pulse NMR Experiments

Consider again a sample in a magnetic field Hg - 1in
the =z direction with a magnetization M, from the point of
view of the rotating frame (see page 20). An r.f. field

H4 in the x direction at frequency ® = gamma.H, , will

cause M to precess about Hy . If H4 is turned/on only

for time t then M will only follow Hq4 for that long.,
Consider t to be long enough to oﬁly turn\ M onto the vy
axis, (This is1 dormally called a"90 degrees pulse).
Suppose immediately after the pulsé My = 8, My =7Z~and‘ My

= Mg N6w~My must decay to zero, If the apparatus is set

‘up to detect signals alongﬂtheix or yraxisrthehrthe signal

will decay with a time constant T2 . This can be seen

from a consideration of equations III-(12). Such a signal

is generally known as a free induction decay or F.I.D.
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The'ébove'picturemdenieswthemfact“that*M”iSf‘cnmposedfgﬂ*4”4"**"*j
of ‘many rindividhal spins. if‘ the field was perfectly »
homogeneous then this would not matter and the above would
be essentially correct, However, each:of the;'individual
spihs is in a slightly different field. Since a pulée“at
W 6, of duration t -will contain all frequencies from

W TZTT/t FQ,,YJ?WfETT/t' all the  spins will still be

turned onto the y° axis. However some will be going
slower; ste faster than Wy . |

-In the rotating ffame we. can - picture rsomev spins
turhing into the x“y® quadrant others into the -g'y'
quadrant as in figure III-3 below, The signal now decays
as the spinsvdephasé in the x“y’ plane as well as decaying
through - the normal T, processes. The decay time

-/

constant is now T, * given by: lé"
ITII-(27) 1/ Tz* =1/ T2 + 1/T(in)

where Tkin)~is the time constant describing the process of
deﬁhasing in the x'y; plane, caused by -the. inhomogeneity
of the field. |
The ohtput from such an experiment would be a current -
decaying~with time constant Tz_*ras in FPigure III-4,
If’insteaa of usiﬁg a pulse eka&tly at omega(o),' we

use a pulse at tJ, +dWw then M will®still be turned onto

the xy plane as long as dy is not too large. If we are

vkdetecting the signal with a phase sensitive detector which

. - T S e e e et L L T S e L St St e b, U s s S e ety e T
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uses as a reference the phase of the input signal, them "~

the output will be modulated asAthe Xy component of M (now
travelling faster or slower than the rotatingr frame)
destrhctively and “constructively interferes with the
reference phase, ‘The output will then 1look ’like Figure
I1I-5. |
,The,lQQQFUWOf_Fh?wb!l§§WFWQQQWb§,Y?Ei?@,??wfhéﬁjﬁ is
turned through any number of degrees }élthough it .should
be short enofigh that T, énd’"rz*effects are negligible

during t. ). For example a 188 degree pulse  would then

turn Mg from the z axis to the:-z~axis.‘

Ty Measurements , ‘ -

‘As alreédy mentioned, normally'a spectrometer is set
up tovmonitor the cgmponentrof the magneflzétioh in the xy
plane, and thus from the Bloch equations, one can see
means of measuring T, or at least T, *,

T 4 might be measured by méaéuring tﬁe‘heighﬁ of the
F. I. D. as a function the repeﬁition rate of the 98
degree pulse, sinée thé amplitude of Mz, tau seconds after
a 99 degrée pulse will be arfuhction of T,.

A more common and.precise way is to moﬁitor ’the Xy
component of the magnetization by using a 188 degree pulse
foilow{é by a79B de@ieeVpulse;Tbothréléngthé X éxié}”ifhe

188 degree pulse. turns the 2z component of the

magnetization from M to -M . No signal is seen, as the
O

e ate TR ew ot T R MWL . e g .;mzawﬁ;-Lcm—e"—mm‘,—‘ e w2 e o A e W WA e e T p WA F R e TN e e wa DT WL W TR s e A R P A e o s
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[~ .y
CURRENT
a (Mxg)

TIME

! Pigure III -5
The output Iollowins a 90 degree pulse walcia is off
resonznce by some gaeunt delta au.
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receiver "sees" only the xy component of M.
Tau seconds after the 180 degree pulse ‘the sample is (

subjected to the 990 ;degreé pulse, During the interval

: °

between pulses M. was decaying with ‘time‘ constant T4 »
Now the initial amplitude of the F., I. D. following the

90 degree pulse will be a function of tau.

By measuring the amplitude of the F. I, D. as a
function of tau one <can easily determine T4 , from

equation III-11. or the integral of III-1l1,

III-28 Mz = M, (l-2exp(-t/ Ty )
Typical output is diagrammed in Figure‘III—G..
T 5 Measurements

Accurate measurement'of Tzf;isva problem ~ since in
both ¢, W experiments ana normal 98 degree pulse
experimehts one is aétually' measuring Ty *, and
furthermore one must be certain in c.w. experiments'not
to saturate the sample; (see equations III-15).

Carr énd Purceli 11954)Ndeveloped' a multiple pulse
exper iment, for measur ing ‘ﬁfz which wés later modified by
Meiboom and Gill (1958). The Carr-Purcell pulse train is

-a 98  degree pulse about the x axis followed by a 186

_degree pulse at time tau, followed by -another--at-  time -3 — - -~ — -

tau, which 1is in turn followed by mq;g,%&ﬂ degree pulses

-

-

every 2 tau,'i.e.r the train is 98 degrees - tau - 188

}
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degrees - 2 tau - 188 degrees - .ee). °
A consideration of»Figure III-7 shows the expérimént.
All pulses are aloné the x° axis, andvthe diagrams are as
seen invthe rotating frame. |
- Upon being hit with a 99 degreei pulse M is turned
aboﬁt x'h;o the y~ axis (a); because of the inhomogeneous

field My now starts to dephase in the x'y’ plane (b); the.

v

188 degree ©pulse now turns those components of M in the
x“y" quadrant ‘(those with d\ > W, ) into the x(-y)
quadrant,-,and those in the (-x)y quadrant (those wigﬁ w <
uo,‘i into éhe (=x) (-y) gquadrant (c);‘ those components
tﬁat had W > Wo . are now going to rephase with those wifh
W < g aiong the (-y) axis (d) and will produce a
current maximﬁm in the receiver at time 2 tau; a further
188 degree ©pulse at timg 3 tau carries the compoﬁenﬁs in
the x(-y) gquadrant to the xy quédrant, and. those in the
(—x)(fy) quadrant to the (-x)y quadrant (e); where they
rephése along the y axis producing anopher current maximum
now. 3t time 4 tau (f). Subsequent 189 deg;ee pulses at
tim;s 5 tau, 7tau ... etc. produce’ signals .suéﬁly
-refer;ed to as echos at times 6'tau,‘§ tau etc. E

The amplitude of the echos 1is dependent upon the
spacing time tau, and to the real T, s (see for example

Farrar 1971)., It can also dépend on the rate of diffusion

as will be seen shortly, A close consideration of the

above leads one to the conclusion that errors in the pulse
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. width are cummulative in this experiment. =~
The variatied of the Carr-Purcell experiment preposed
by Meiboom and Gill(1958) uses ak9Q’degree-tau;186'degree—
2 tau - 180 degree - ces pulse train as before but
the phases of the 96 and .188 degree pulsee are 96 degrees
aﬁart. ThlS is the same as applylng the 189 degree pulse
aloﬁg, the y axis. Figure III-8 shows the: result of thls
“variation. _Foilo&ing a 90 degree pulse about the x° axis
(rotating frame); Mz is tipped to the y’ axis (a) ; then
begins to dephase in the x7y’ plane (b), the 184 degree
pulse, effectively along y, carries components of M in the
x’y; quadrant_fto the (~x")¥ ~ quadrant and those in the
(—x')y'quedrant to the xy~ quadrant \(c); they rephase
along the vy’ axis producing an echo (d). Subsequent 188
degree pulses exchange components from the x'y’ "to the
(—x;)y' and vice versa and are followed by an echo. 1If
the 180 degree pulse is less than 18@ degrees thean the
components of M are carried to a,pface out of the xy plane
(as in the Carr-Purcell expefiment) (e) they rephaSe with
slightly smailer amplitude than they would have 1if the
pulse had been of the proper *length (f){"but the next 186
degree pulée is of the right length td return then exactly
to the xy plane (g). The er;ersr in the Meiboom- G111_

varlatlon due to 1mproper pulse lengths cancel out.

Flgure III 9 shows the outpdtrmdfimem Melboom .Gill

variation of a Carr-Purcell ‘experi- ment, following the

e e e o o e e
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first 1896 degrées pulse, In this case the spectrometer
has- been tuned off responance, a practice which means that

the 90 degree and 186 degiee pulses are less well defined.
An Experiment to Measure Diffusion

The actual amplitudé of the echo at time 2 tau . is
. _

equal to (Carr 1954)..
11-29 A(echs) = K expl-t/ T, - 1/3 ?5?' . G- D T2t

where G is the spatial gradient of the hagngtic fiéld éné
D 1is the diffusion constant. Effectively this means that
if a nucleus moves to an area where the magnetic field is
different then the measured “relaxation time‘ will be
shorter., MeaSurements of the amplitﬁde of the echo as a
‘ function’of tau can lead oné to a value for ﬁhe diffusion -

constant.

Chemical Shifts-

?

Each chemically different species when placed in a

> . , \
magnetic field will experience a slightly different field
and thus resonate at a different frequency. This leads to

the phenomenon of chemicalyshifts, 'which is the chief

characteristic of NMR spectroscopy that has maderitighchwar

valuable tool in chemistry.

The different fields at the nuclei with different

electronic environments result from -the orbital motion

T
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induced in the electrons when placed in a magnetic field.
The moving. electrons proauce a secondary field which
interacts with the nucleus as before, The indu;2¢»Curreht
and ﬁhus the secondary 'field is proportional - to the

applied field H, , so that the field at which a

particular nucleus will resonate is given by.
III-30 Hy =Hg {1- o, }

where sigma; is rthe screening constant ‘or shielding'
‘coefficient, In a constant field each chemically
different hucleus will resonate at a different Afrequencyt
Generally the new frequency will - be lower"than the
frequency of the bare nucleus since the effect of the
secondary field is to bring the 'energy levels closer
together. In a fixed freguency, swept field experiment
’“Fhe same situation results in having to use a higher field
to get the nucleu§ to resonate.
Since it is.difficult tb measufé an absolute value of
a magnetic field, chemical shifts‘aré generally measured
from a standard reference, The amoﬁnt of the chemical
shift is proportional to-the'magnetic field in which the

experiment is <carried out and the shifts are usually

measured in‘partsrperrmillion (ppm) . Thus

- III-3t - - § = {H, -~ H{zref)}/Hy S 11—

. . = '{“i - w(ref)l/w, X lﬂb
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a7 . .

where deita*is*the chemical"shift'in*parts'per”miilion;<'7"”

'In most of the proton work Tetrarmethyl silane (TMS)
>is used for the standard. By way of illustration methyl
protons in n-alkanes have'cheﬁical shifts of the order of
erppm down field from TMS (usually quoted as -1 ppm),
while the methylene protons'have chemical shifts oﬁ from -1
1/4 to -2 ppn. Olefinic protons in alkenes on the other
,hand‘have shifts of the order of -5 pPpm. | |

If the reference sample ueed is separate from ‘the
sample being measured then a correction must be applied
bfor the difference in bulk susceptibilities of the two
samples’ﬂnvol ved, |

This correction is a functioh of the shape of ﬁhe
sample and is such that no cdrreetion5is necessary for a
sphe:e. For a cylinder the actual chemical shift  delta

(real) is found by:

-

III-32 § (real) = & (obs)
. : \+211/3{Xv(ref)-XV(sample)}
where delta (obs) = the observed chemieal shift and Xv’ are

the volume susceptibilities of the reference and sample
substances respectively.
Since the correction involved‘ie not derived in any

of the standard texts although it is stated in some (Pople

1959) and ~ since it is not obvicus, it is derlved“iﬁ'hmi’

appendix A,

.-...,,..urh,h~¢~q:ﬁ.uw—¢?huﬁgnmm S .
) - e TR PR S L
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Chapter ;V . - Lo
Relaiation Analysis

< hipole-Dipole Reléxation

An analysis of NMR relaxation (measurement of T,

and T, ).

of the system involved. A consideration of what causes,

the relaxation to take.piace or more exactly, the nature

of the coupling between the/spins"and their environment,

is necessary.

- If one considers a system composed of many dipoles it

is not surprising that these dipoles will be coupled to

each other since each will produce a magnetic field at

another dipole approximately equal to Md/r? where MU

is the dipole moment and r is the distance between the
dipoles.‘ (For a proton at chemical bond distances from

another proton Mu/r?'= ca. 1 gauss which can either

oppose or reinforce Hy so this coupling is

considerable.) Such coupling is  known as dipole-dipole
codpling.

However the strength of this interaction alone does

not determine T, and T, since a modulation of coupling

at an appropriate frequency is necessary. This modulation

7I§w§ene}aiiy7céh5ed by the‘mbiééﬁlaérdynémics..

It is instructive to consider the picture first from

A

a classical point of view.

ives information. about the molecular dynamics - —



e d

Each dipble céuses.é small field b at each other

dipole, As before (Chapter III)' a field 3:produces a

-y P
torgue k*M on M, Consider h and M in the rotating frame

so that: \
B = ihx~ + jhy’ Tz’ and M = iM%~ + My  + kMz~

+ jhy  + khz

-

1v-1 (R x M) (rotating frame) = i(hy 'Mz'~Rz @y’ .

+§ (A2 WX -Bx Mz) + k (Rx "My “-RY "Mx ")
As with the field H ,.g can not effectively couple with
ﬁ’ unlegs it has frequency omega(o), however we cah
,consideg -any process having frequencies centered at omega .
to be made up of Fourier componénts from 8 to oﬁega. It
will be the size of the Fourier component ?t oﬁéga(o) that
will determine whether the movement of T éan effectively
‘Vcouplé'with M. | |

—

Equation IV-Ilshowé that of the components of h in
the rotating frame, hx° is coupled to My  and to Mz, By’
is codpled to Mx’ and M2’ while hZ~ is coupled tO’E;'irand
ﬁ;'. Erom"our previous definitions of T,v‘and T, we
can see that fluctuation of hx  and hy  lead to T and

T, relaxation, whereas fluctuatign of hz® leads to Tlr.
relaxation oniy.

A further consideratioﬁVShOWS'that T, can only Ybe
*shOtter;or”as~longmas”"Ti”;'”If”E}lwandﬁE§:mare*static~{in”~~m
the rotating ﬁrame) then in the lab fixed frame they are

moving at high - frequency (of the order of omega(o)).



These high frequEﬁoy components'affect both"T1 and T3 .
However if hz’® is static or bas a low frequency EE will
also be static leading to a &1ow frequency or zero
’ frequency contribution to T, only, In sumﬁary,' Tz

processes are 1nduced by both hlgh and low frequenc1es,

~

Ty processes by high frequenc1es only.

The semiclassical and the purely quantum ‘mechanical
approach to d1pole—d1pole relaxation are outlined in
Chapter 8 of Abragam and also in the paper of Bloombergen
Purcell and Pound (Bloombergen 1948). ;

Generally the - Hamlltonlan of the system is wrltgen as.
g

Cow

the sum of the ‘Hamiltonian describing the interaction
between ﬁ% and the static field (the Zeeman energY) and

and the interaction energy between the dipoles,

{

IV-2 Ham(total) = Ham(Zeeman) + Ham(dipole)

(3)
¥ nu, 2 Lz which
J

- ¥ 4 H, M where M takes 2I+1

where Ham(Zeeman)‘

has eigenvalues HhE(M)

values from I to -I.

The perturbing Hamiltonian dipole can be derived

considering the classical interaction between two dipoles

F’\u.l and f"'iu.z .

where r is the distahce between ™Mu, and T\uz and T is

the vector between them,

e
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By writing Muyand Mu; -as-the operators— ¥, ”hl5 ——-

spin system can be written as(Abragam ;1961):

B

o °

IV-4 h Ham 4.4, Z F(q)..A(Q)

\\\‘ %
wher A(gq) and F(q) are tensors of rank 2,

.and X,\v‘kl  the perturbing Hamiltonian for a two

The A(q) are operators acting on the spinﬂ variables

(i,e. they are space quantized and thus independent of

time) .

: . IV-5 A, = A {-2/3I, Sz +1/6(I, S_ + I
. o 2 °2 >

ay = & {Tz S« +,I+‘Sz}
\‘X .

Ay =1/2 + & - I, S,

where I and S are the angular momentum quantum

numbers of the two respective spins,

where A = -3/2 §, s g

and where I, ,S, ,I_ ,S_ are the ladder operators.

The F(q) are random functions of time which describe

the relative position of the two spins. They are related .

to the spherical harmonics of order 2, —ij(ed)) , by

IV-6 Fo = /e . (16 /5% Yoo \e;)éb.-ﬂ

Fy = i/?;; . (8 'n/15)'["- X211 (84) 4:.3\

CF, =l/E . (32W/15)% Yo (8iy 84y)

These functions chapge with time since T may vary with

Cor el AL e T g G e ks g i g A e S T

Senmmem s TE R el e e L e s R ha e o e T KB s i) £
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{
b L
" time, and 9&5) ¢‘5 (representing the Euler angles between

?Zs_ and the magnetic field H, ) varies with time if
& - * . B
Ly moves.,

Each of the VFL (t) spatially describes the state. of
the system at a time t., . Consider the system at a time tau
latet}rﬁ(t+ T )'how deséribes the new state,

.. The furnc,t,,i,on,,, F(t+ T ).F(t) tells how the initial
state of the system 1is <correlated to the new stéte.
However we have a complete ensemble of individual states
so that we average over the whole ensemble,

<F*(t+ T ) F(t)> (where < > denotes the average)
tells how the average of F(t) is cor;elated to the average

of F(t+ T)

—

IV-9 Py (t+T).F. ()> = G. (2T)

\ )

is célled the correkgéion function of F. ().

The correlation fdnction determines the so—calléd
"spectral density" of the interaction which produces the
relaxation. The spectral denéity is the Fourier'ﬁransform

1v-18 J, (w) ;S G, ((Z)exp(-iwT)d%

In order to determine the correlation. function one

needs a model for the molecular motion. 1In practicei

préffiaﬁiéfi§wf6ffﬂéhy but 7§éry'ﬁ§iﬁble ”é}éééﬁs,, it iém

assumed that the correlation function may be written as:

e R an it L SF ISV UUGUUNSUEP S U VORGSR
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»

IV-11 G( T ) ‘<F(tk?i— T )* F(t)>

CF(t)* F(t)> exp (- T/ %)

where ﬁtc is ‘called | the corre;étidn time and
chapacfe;izes the time écale of thé;molecular motion. 1In
pa:tiﬁular if © < T, the systemiiwill not have
changed measurably, whereas if- T > Ty - it will have
changed significantly. |

For this approximation equation (18) becomes
- 4 . / ‘ lzl)
IVv-12 J; ( W )=< F,7(t) Fy (t)> » QT+ T,

where one can make the assumption that <€, is tﬁe same
fdr eaéh of the functipns F‘D,(t), Fi (t) and F (tf, SO
long as one expects isotropic motion, - |

.The importance of the JF; ( w) ) 1is that expressions
for T4 and T, for two spin s?stems_ where only the
dipole—dipolekrelaxation'mecﬁanisﬁ'need be considered have
been derivedfjin terms of these quantities (Bloqﬁbérgen
| 1948, Abragam 1961) .
For the case of intramolecular dipole~dipole

»

relaxation between like spins the expressions are

IV-13 1/ T, ’='3/2 ¥¥ API{I+1}{04 (- )'+Jz(2w')}

CIv-14 1/ T, = ¥4 A% T{I+1}{3/83 (o) +15/434(w)

+3/8 3, (2 @) .



If we make the assumption that the correlation
functions can bé written as in equation 11 then evaluating
the spectral densities which are in the form of equation

(12) we get for I = 1/2

Iv-15 1/ Ty = K { T /i+ OF TS)
T, /CL+4 AR RN ' .

IV-16 1/ T, =K/2 {32 +5 T A+, %"
422, AL T, N
, where K = 3 ¥* hz/iﬁréA
: 1 ’ :
' Some caution is neces;ary here. fhe ‘equations “(13) ang
(14) are gross simpl}fications valid for a systen where
oniy two spins are interacting and where motion is
completely ‘isdtropic. The equatiOné.'(IS) and-  (16)
introduce . an assumption about the algebraic form of_éhe

correlation functions - and are a pretty coarse

iig;oximation.

& Howeéer’equations (15) and (16) do point out somé
’interesting differences‘ between Ty and T, and their
relationship to the éorrelation time . Note that as
the correlation time gets shqpter (as it would .Qﬁep the

temperature 1increased) that T4 gdes through a minimum

and rises to a point where"tc approaches 8. To " on
the other hand is 3pproximately constant when T, is long

(motion is slow) and increases almost linearly as T, .
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gets shorterl//.

Plots of equations (15) and (16) are shown in figure

- Iv-I. It can be noted that for this model the minimum in

T4 occurs when’ pdo T = .616 ahd that the ratio -

of T,/ T, " at this point is 1.6, tlen if the data were

to fit this model ( T, can be varied by varying- the. " ...

temperature) then the correlation time would be known for
these set of circumstances. -

It should be stressed agéfh that this model is
simplistic in that (1) it is based on only 2 interacting
spins, (2) the motionninvolved.must be isotropic, (3) - the
motipn is characferized by a single correlation timeg

| Such conditions are seldom fouﬁd in surfaces where
one expecté and finds mo£e than one correlation time or
even a éistribution of correlétion times, where djfferént_
correlation times may determine T, and T, where the
motion is not necessarily isotropic on the average, and
where we may want to lobk at systems more complicated. than
those where there are only 2 spin; interacting.
Other Mechanisms of Relaxation -
The;e are other possible couplings b;ﬁéeen a spin and

its environment, and if these are modulated by some mbtion

< any of them can result in a relaxation mechanism.

A mechanism formally very similar to dipole-dipole

/i
rela{étion is the coupling between a nuclear spin and an




electronic spin with a non-vanishing wave function at the

nucleus., Such an interaction 1is ordinarily of larger

"magnitudg'than the Zeeman coupling ' between the .nuclear

moment and the applied field., Of gréater interest in NMR

'is the case where there is "a lafge_ electronic moment

~Z

(unpaired spin) in the nearby environment such as the case

of - having paramagnetic impufitiesrin a solution. 1In this
,casevthe coupling acts as a perturbation on the Zeeman
levels as before, .can cause transitions between levels,
and thus relaxation,

| A éecond impoftant'relaxation'mechanism occurs when I
is greater or equal to 1 and the nucleus has a guadrupole,
The coupling between the guadrupole moment and electric

field gradients results 1in a relaxation mechanism which

-

when present wusually dominates that of dipole-dipole

relaxation, ' | &ﬁ{\“
' AN

- Other mechanisms of interest include relaxation
-~ : .

brought about when the electron shielding co-efficient is

a non-diagonal tensor, scalar couplings where one spin is

coupled to.another via the chemical bonds between thenm,

.and a spin rotation interaction with a coupling between

Qﬁe magnetic moment and the total angular momentum of the

molecule.

o A - ——— e

get useful information from a system then either a method

must be. devised to separate the different relaxation

»

It goes almost without saying that if one expects to



8

. d

mechanisms,or the system must be chosen so that only one

mechanism arises or totally dominates.,

B
s

~
< -



59

CHAPTER 5 : s

The Theory of NMR and RelaxationrApplied*to Molecules

Adsorbed on Surfaces

Several reviews and many papers ex1st on applications

of NMR to the study of species adsorbed on surfaces, and =

'no attempt will be made here t6 summarize them. Review-

Wi-nkler (1961), H, A,

’ngelfer {1972) ; and again by Re51ng (1972).<

‘Che expects several changes in the relaxation

of molecules after they become adsorbed on a

'fsdrfaee. 'The most obvious change»is a,tesult of a change
Jﬂ;of the' motlon in as much as thete is some potential
5lbetween the sur face and the adsorbed species, and because
motion may now be restrlcted to a plane or a "cave" as in
’ a zeolite, One expects too that moleg’les that fofme;ly
rotated» isotropically may now have a preferential axis of
’ }
rotation. Ifrthe molecule in the ‘bulk\\phase relaxed
through some intermoleculat dipole-dipole mechanism then
one would expect this to be severely altered on a sqfface,
the relaxation in this case becoming cdverage vdepehdent.r
"One would expeet Vreieketion caused' by dipoie” dipole-
interactions xzfthmagnetiqrdipoles ‘associated with the
surface, as for example with hydrdxyls on an oxide surface.

Obviously a surface could enhance relaxation if it



contained paramagnetic species.
Sincetmblecuies can stili rotate on the shrface. one
exbects {ntramolecular dipole-dipole mechanisms té be
important, . although the formalishs of - such wi11 be
different than in solutions Since one no longer has an
isotropic medium, ahdrcgytain mgtiénsAmay Fon,1939?9,,§§5?,
'plage. | |
Most of the work done to d?ﬁe has involved the
assumption that relaxation is Ebrdugh intramolecular
digz;;—dipole coupling (Pfeiffer 157§§\\ hé shall consider
some  ways "Of examining this assumption. Both
inﬁramolecular and intermolecular rel;xatién mechahisms
involve a surface}coverage dependence,’the first because
the >“density" of coverage determines the kinds of motions

allowable, the'secqu for obvious reasons.

Differentiating Between Different Types of

Dipole-Dipole Relaxatdion
It is completely feasible for the relaxation to be

e

through different types of dipole dipole interactions.
These may be: //F

(1) intramolecular dipole-dipole

(2) intermolecular dipole-dipole

(3) interaction with surface dipoles (a particular

case éf 2)

() interaction with surface electron paramagnetic

-~ 3

p
"
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speéies."

Oné can differentiate 'betﬁeen these possible
mechanisms as follows. If the system‘being inyéstigated
.1s one containing protons then compariéon between the
relaxation rates of thekvnormal fmolécule to a sample
prepared with a partially deuterated species Qill Séparate
the first two mechanisms "frog ~the last two, Partial
deuteration Qili not change. the fraction bf.‘protons
interactiﬂg with either surface Bydroxyls dr paramagnetic
~centers; No change " in the relaxation rate ~suggests
: LY

mechanism (3) or (4) predominates. These two \umay be
AN

—"'\_—w'/t

separated by 1looking at relaxation on a surface’ thit has

been deuterated. One can of éourse choose a system where
mechanism four is o% no importaﬁce; However, it may bé
treated theoretically (Packer 1967).

If a molecule is relaxing by means ©of én intra

molecular dipole-dipole_ mechanism then one expects no

=
’ change in the relaxation time between a sample composed of
a mixt;re.of fullfideuterated and undeuterated adsorbate
spécies. a change in relaxation ~times implies an
intermélecg}ar interaction. It is obvious that on; ;needs
,to be careful that- exchange does not occur between the

hydrogens and deuteriums of the species adsorbed, since in

. this case an intramolecular process will also change the

relaxation times,

On'anﬁ\Peterogéneous surface there is the possibility
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" of multiphéée behaviour, That is  molecules 'mayn ‘be

adsorbed- on one type of site which causes different

relaxation behaviour from anothéf'type of site, “In this

case one 'would expect - to measure different relaxation

times if the sites exhibited different chemicalvshifts, or

a relaxatibnvcurve which- was the sum of 2 (or more)

ékﬁonentials 1f the sites exhibited the same chemical

shift. Analysis of systems that exhibit multiphase

behaviour can give information about the populations of
both sites and the activation energies involyed in
transfer , from one phaée' Eoianother. The situation has
been treated theoretically by Zimmerman and, Brittin
(Zimmerman = 1957b), Woessner<‘an§ Zimmefman (Woessner
1963b), and qussner (£961). |

Analysis of such sgstems depends on data which allow
for ﬁhe deconvolutioﬁ of two Lorentzians (or ‘mor e)
superimpoSed on each other, or equivalently ' two
super imposed exponential curves. Ssince one can always
expect 'a better fit by doubling the parameters in a leaét
squares problem éne needs a good statistical argument to
convince oneself that the deconvolution. is réal.

The only systems treated in this manner have large

surface areas and usuallyflargercovérages; such systems as

—wwater~won*'siiica"gel"TWoessﬁér”1963?“6?”5652éhé“65ﬁéffiéé'W

gdel (Woessner 1966). The reader is referred to the review

by Pfeifer (1971) for a further analysis.
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' A Model for Intra—Moleculaf Relaxation of Surface

Species

Even if translatioﬁal diffusion is a major mechanism
of relaxation in the bulk phase, it may be expected to be
of lesser importance“'on"a"surface especiéily"at";IOW””
coveragellsince the ihteractionvstill-depends on an -6

term,

The large majority of work published. assumes that

intramolecular relaxation is the only mechanism involved

. {(Packer 1967),

The fbllowing is a model for intramolecular
relaxation which allows one to account for thé changes in
molecular ’mptioﬁ eXpeqted when - the molecule becomes
adsorbed on a surface. |

Analysis of the relaxation is dependent on knowledge
of the ‘spectrai density which in turn depehds on - the
correlation function of the spherica14harmogics of rank 2.
However the F; are known explicitly onlj~in a molecule
fixed frame. For considerati;n of felaxation on a surface
one needs to know these functions in a frame fixed to the
sur face, | ]

RS -
Such a transformation has been carried out by

Woessner and Zimmerman;(Woessner 1962) from tfig@ﬁometric

considerations, and has been extended (Woessner 1966) to

allow for motion about a symmetry axis while the symmetry
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axiéi.moves inf reiéti&ﬁ to a surface normal. This
extension is extremely cuhbersomé and has only been
carried out for systems where omega tau << 1 (systemé
where the J, ( w ) are independent of omega).

* This assumption does not hold for a system near. @he

point where T4 passes through a minimum (see Figure 1,

‘

Chapter IV}, -

The correlation functions < F *(t+ T )-F (t)> as
written in Chapter IV have arguments theta and phi which
are the 1ongi£ddihal and azimuthéiféngles which the §ect6f
Ty makes with the magnetic fieid H, , that is they are
given inbthe lab fixed frame.}vAs‘stated above one »only
knows ‘these"functions explicitly‘ in.the molecule .fixed
frame (Huntress 1968).

An expression is derived herein by using the Wigner
rotation matrices [D{ﬁqﬂ (Rose 1957). The result is'é
complétely general expression capable of descriEing, many
differént ‘motions on the surface and ‘which has the
advantage:'over Woessner s transformation (Woessner 1966)
in that a11'J1 (D ) are deriVed simultaneously. |

The transformation is carried out on the'function in
the molééule fixéd' frame, carrying these first into a
rdtaﬁiona;ﬁaxis fixed framé; then - to a surface fixed
_frame, and finally to the ,,,Lalb,:, fixed frame.
In the molecule fixed frame we can»place-tbe molecule

in any manner that.is convenient, Theta and phi describe
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the longitudinal and azimuthéiﬂéééiggi§£ ;S "Qgggﬁghis
frame, Yim (88)  when translated to the 1lab fixed
frame will describe the Vinteractioﬁ- between the two
dipoles. L Because we would like to éonsider motion about
several different axes of rotatibn‘we translate first to
an "axis df rotation" fixed axis system,

The spherical haromics in this coordinate system are

found from the expression:
V-1 YZ Mz(ezb,_) = %Dﬁl"‘z b(.G\K,) Yz Ml(th )
: 1 , :

where the lD ' (4,818) is the second rank Wigner rotation _,
matrix in arguments alpha(l), beta(l), gamma(l) , and where

the angles are the Euler angles between the molecule fixed

frame and the rotational axis fixed frame,

e The Euler angles used are shown in Figure V-1,
'ﬁ>r\v\ is glven in Table v-1, and was derlved from the

relatioship (Rose 1957):

. -
1t VU T LG n)‘(r+m'(s-m‘ (cos% ) (s
D”H St (3 M-tN (T ﬂ-t.)‘(t)'(t M+ ')l "')( /"-3

Az2T+M-M'-21 Bz2t-M M
This new set of spherical haromics is now translated "

to a surpface fixed frame where one axis is the normal to

the surface. The random functions in this frame bgcomei

L 4

M,

V-2 YZMB(%Q)—Z\D” m@n .
ZiD,.H,;‘(omY) Yy o6&y

where~alpha(2) beta(2) gamma(2) are the Euler. angleaﬂ

~
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between.  the rotational ax1s flxed frame and the sur face

- fixed frame. I ," ‘ \
% .

Finally we need to translate to the lab fixed frame
where one axis is fixed byvthe magnetic field Hy, + The . =

random functions become:

-

I,V-3 Yzm (gda,) ZDMSM.;(D(BKQ,\EDM;M:(“@J&.

ZDNM W@K Yzm,(eﬁb); o : -
‘<To form_the correIation functions describing the motion

7J0he:forms'expressions which are oomplex conjugates of (1),
12), and (3), but with Euler,angles taken at times t+tau.
T'“‘._‘I‘h/is means that the motion will be carried-in - the Wigner

) matrices. However we do not want any motion in alpha(3)

beta (3) and gamma(B) (the angles between the  surface *

- fixed frame and the lab fiiea-frame)(ab&qurthermore want
all alpha(3f“beta(3) aﬁd/gahma(3) to be allowed as-.there

are all orlentatlons of surfaces “in the lab frame.
/

» o

Taking advantage of the”relition: (Rose 1957) L

s T s =
' v‘4ﬁ l/8ﬂ 5 D MN".D M‘-‘Mrn d_ﬁ_ '/IZT\") SHH" £H H'“ .' ,.
o ) “”F“‘ i c ( A -

one ends up wlth 5 correlatlon functlons of the form: L

>‘ziv~5‘l/5<Y2M BJQJ)YLM(Q ¢1)>$mn " 7_ v ‘ " - -

but ‘this ‘collapses toithe normal 3. fun Q i rncer,”ﬁ,wffff,wﬂm/7m,,

v-6 < Yzm(9¢) \fzm (9¢> <Y2 m '3(2\,'"‘(8}4)'»‘ -
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In wrltlng expre551on 5 with the Kroneker delta one

= -

is assuming that no cross correlation terms ex1st, that is

-

the average value of the component of one random functLon

on another is equal to zero.,

The explicit functlons descrlbed by 5 are: »

¥
L]

V-7 <Yzm B, &ﬂ Yzm 93 N )>
’{(Dzn(d 6:%,) Dzm (&, XJ))'“(D

<Y22 QQ Yzz(eﬁ -
(D7, 1, ®8,) 0, ex 6.5, ))+<D (ot M)D‘ : ("4 6. % ))} o~
Y, (8, 4) Yor ' (8 cm) : |

+{ D (508 Do T('G'EDY <Y;_° (6, 4) Y_.,_ (e o)

A

{d z&‘}@_zi F\E hlzlé‘l’xrl 3)}* B

where M = @8, 1, and 2. Each of the terms in theta(é) and ) 28

phiiZ) are formed from an expression exactly analogous to
(7) but with the arguments of the D' s in alpha(l) beta(l)
and gamma(l) , and the arguments of the Y's in. theta and
phi (which are of course time independent).
o fhe.motiénsiare.carried in the two sets of Wigner
.matr}ces; Motions in alpha(l) beta(l) and gamma(l),z:n
describe_rotations about -any axis by suitable arrangement
of  the meiecule in the molecule fixed frame; Motions in
*“alpha(2) beta(2) gamma(2) destribe the motion of this
rotation axis in relatr;n tdo the surface normal .
.,,,,Ihe chpletertransformatlon LsfrepresentedfgraphlcallyﬂW7mwmmmﬁf
| in figure V-2

A major problem in relaxation analysis is to
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,dgtermine the exact form ofmthe—eefrelatiénjfunctionsi*”W"' T

Woessner has derived_an eipression for these functiQns for
eliipébids undergoing Brownian motion 'kWOessner 1962b)
based on work of vPefrin (Perrin 1934)., Huntress has
derivéd a similar‘expressipn (Huntress 1968) based on the-
work‘.of Favro (Favro 1964) and has included expressiong :
for other kinds.'of relaxation "mechaniém i?YQ}YEﬁ?W,,,
| anisot}opier rebriénﬁétibn}rrﬂBoth 6f7£hese models .involve
thekaSsumption,of a continuous isotropic medium; The more
~difficult case where ﬁhe hédium is anisotropic, i.e, where-
therfric;ional constant is replaced by a frictional tensor
- of rankitw0'has been dea}t‘with (Stéele 1§63a, b, c¢) but
the prdblem seems incapable of solution for the genérél
case of an asymmetric top.

At thelgsame‘ time there ére ; numper of néi&e
assumptionsrzhat ohe can make- about the férm of those
functions. Ofteﬁ‘r the assumption is made that the

_correldtion function is of the form exp(t/ ZQ_)’(Abragam
1961, Bloghbergen, Purcell and Pound 1948). This means .
that féé sufficiently long tau the correlation function
approachés zero, that 1is on the average there i; no

relationship between the vector r.. - at time t and at’

\J -

time t+tau as tau approaches infinity,
In using a correlation function in this form one is

--—assuming a stoichastic diffusion process and is depending

on the interruption of the motion by collisional or other
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processes, since if the motion simply continued then the
correlation function would not'decay with time,
A more complete derivation of this form of the

correlation function may be found in Hertz (1967),

where he points out an exact solution for the rotation of

a spherical molecule having this form, but reminds one

‘time dependencgvof the correlation funétion" not the time
.depenﬁence of the system, |

The work of Woessner and Zimmerman (Woessner 1963)
and Woessner (1962a) involves a stoﬁ;hastic éiffﬁsion
process describing motion- among a large number of
egquilibrium positions. The results of thié model are that

average values of the form:

<exP1(ig)exp sGia'd)

~a

are equal to exp(-t/T,)
those of the form:
dexpr(2ia) exp 32 L))

are equal to exp(-4 ?Z/Z;) -3 and the average valges

in arguments of the longitudinal angles are equal to the

%

average— value of the square bf the function times eiﬁ

-tau/ .
It must be emphasized at this point that motions in

alpha (1) {rotations about a symmetry axis) must not be
’ 7
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correlated &ith thae motion of the axis.j It should also be

pointed out that each of the transformations carried out

which has time dependenée in it leads to . 2M+l1 =5

correlation times. In practice one is unlikely to be able

to starate these, and it is a reallstlcf.aSSUmption to

make the time constant for motions of beta in each [>nn

equal, and the time constant for motlon in alpha for each

- equal, aithough tau (alpha 2) would not likely equal tau

(alpha 1) of course, If one uses the assumptions outlined

above ‘in equation 7, the? result can then be evaluated

explicitly, = The reader is reminded that the correlation

function given in eguation 8 are in the surface fixed

frame and are multiplified by 1/5 to bring them to the lab

rf

fixed frame.

Y- 8a

V- 8b

R e ente, - sing - s ety e pelsinteses e

<Yzo ()Y, g (£ 2)):# 34 {sin' B Y22 (8 &)Y, % (874,)) -
expl-4 2/2,) oxpl-T/2e)

+3(s\n g, CoS a))(\’u(@zd{\\’z 1 (84))

exp(~ /2, Jexe (- T/ze,)

178 {{3e0s8,-1) Y Y20(8: &) Yzo(egdg’)? exp(- T/ 2g,)

(Yz\tt)‘(z\ (t+x)) ={' la {sin'p, 1+ cosg)? Y
sl/q¢sinty, O cos'a‘)‘>}<Yz,.ge¢¢> x,z@é»
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If one sets up a rotation using a. molecule fixed frame . ,,’///
such that _beta(l) = @, (and thus tau (beta 1) = infinity)
then on substitution of equations 9 into 8 f some -

interesting -things become evident, «= Each of the
correlation functions has a term dgpepding only on tau

(beta2) and other terms that depend on both tau (beta -

Y

2), tau (alpha 2) and tau (alpha ijﬁ*&\;v- -
Tau (beta 2) is the time constant that describes the

motion of a rotation axis about a surface normal, thus it

could be used to describe a wobble as in ‘Woessner’s 1966

7

model. It is quite conceivable that such a time constant

!

"isvldnger than tau (alpha 1) the time constant for a

rotation about this symmetry or rotational axis.

,since 1/ T, and 1/ T, willvdepend on the functions\{i
éxp}eséed‘lin 8 and 9 through the reiationships given in Q
ChaptefEIV’oné now expécts that a graph in 1ln T, Aversui—
1)Téqperaturé';o”be sémewhat different than figure IV-1.

v

( . s
. If we only consider rotation about a single symmetry , o

. axis then we are left with 3 corr&lation times. Each of

these ¢an be "frozen out™ (had their effect minimized) by
measur@ng' T, aﬁd T, as a function of temperature., The
>graph of 1nVT},‘ versus 1/temperature would‘then have 3
minima,sojlong as tpe correlation times for each motion

were - fsjignifriéant%yff‘d ifferent. --—IE  rotations _were = _
energetically feasible abéut more than 1 symmetry axis and

were at a different'rate than the other rotations, then
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one would expect a minimum’for ;;eh 5£7£hé;e.
Generally it ié imposéible to assign these minima to
particular motions. ~ One can only measure T; as a
function ofvtemperature, and if“moré than one miniha.exists,
assign them to different motions in as logical a way aé“
possible and then see if the measuted relaxation t{mes
compare With those derived from”tﬁe’expreésioné”of”Chapter
IV. The problem becomes an indeterminable one unless some
other experiments are carried out which can back up theée

assignments.
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chapter 6

Survey of Work Done on 2znO

gZinc oxide was first ‘reported to function as a.

3

- catalyst for olefin hydrogenation in 1944 (Woodman 1949) .

It'is an intgrésting catalystfto study since,‘the'kinetics

of olefin hydrogenation over"thiSk'catalyst~ are~ simpler

" than over metals »(Dént 1969@),';he 6xide,is confined to

one oxidation state thus precluding reactions with rather

than on the surface, it is transpafent in the infra-red

13

thus allowing'fo; indentification of surfaéer\species, it

is diamagnetic thus al1owing for simpler NMR studies, and

finally it is now being manufactured commercially so that

work being done in one lab is easier to correlate with

work being done in another (if both use the same

supplier). o ' Lo

The olefin, hydrogen, 2nO system has been studied by
Pliskin et al. (Eichens i962)7using I,R.; Kesauulu et al.
(Néryana 1978) using conductivity measure@?g:;TJCvetanovic
et al. | (Baranski 1971)_,u§ing %Temperatuie Programmed
Desorption (TPD), Teichner et al. (1963, 1967, 1968),
using conventional kinetic methods, I.R. and conductivity
and most thoroughly by Kokes and co-workers (1969, 1978,
1971, 1972) using I.R. conventional kinetic methods and a
number of isotope expgrimentQ{

Teichner s studies were carried out at higher

temperatures than Kokes and show a more complex system

- o —— R e



than is in evidence at lower temperatures.*b'The results

» . ‘summarized below are mostly those of Kokes and co-workers

-except where noted.

s

2inc Oxide

e d

Zinc oxide has a structure pf alternating cat,jo and

anion layers in a hexagonal close packed manner (Wurtzite =

4

structure) (Krylov 1978). A model of a stdichi%metf&c
zinc oxide cryétall is gived by Dent (19693,'p. 3786) .
The 0001 plape is seen as a layer ofi oxide ions ih: the
same formaEAaskthe @01 plane, but spaded so that the zinc.

is only .53 angstroms below the surface, and the spaces

between the oxide spheres of radius .58 angstroms.

In practice 2n0 is a métai excess n typé
semiconguctbr. Doping with either electron acceptors -or
donors hésvnp'efféét on ‘;s activity for hydrogenation
(Gerscﬁer 71963), suggesting thatJits catalytic propertigs
for this reaction are not é function of the electronic

structure of the solid. :ATaylog' et al. (1954) and

¢

i

:

i
i
i

Teichner et al.* (1963) both obSerGed oxygen poisoning and

concluded that the activity - was a function of .-

T

non-stoichiometry (i.e. the deficiency of oxygen);' a

: . . : . . . * -
= : conclusion inconsistent with the doping experiments.

S ... ... A large amount has been written in regards to
correlating the activity of catalysts to the number  of d

electrons (Clark 1978, Krylov 1978). Such correlations

%

Vg 7

T
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have not shed much light on olefin hydrogenation - over
. B 4 :

oxides, where good caEalysts Havej been found with -

_r'structures from d°  (alumina) £o d'° (zno).

@

. . » . \
Hydrogen Adsorption on 2ZnO ' L

At ambient temperatures Kokes et al.  (1969a) found

two types of hydrogen chemisorption on ZnO. The first is

adsorbed rapidly, can be reméved by pumping and covers
aboﬁt 5% of the surface‘(Koké% used Kadbx 25vsuppiied by
the New,JQrsey Zinc Company which haS'a\éurfacé area_of 8
- 18 m*®/gm.) independent of the amountlof_the second kind
of hydrogen. = The second type of hydrogen goes on" more
slowlyv (5utJ the first of it ﬁéy be raéid) énd,gan not be
rémoved by pumping except at elevated temperatures.

thy EYpe 1 hydrogen gives rise te bands in the IR.
Kokes concludes from hisvsﬁudies that type 1 chemisorption
is a heterolytié cleavage forming an O-H and a Zn-H on the
surface. He- terms the active Zn-0 éite.an acid base pair
and uses this concept in interprétiﬁa”much of his work.

He found that thedf§pe II chemisorption does not enter into

“the hydrogenation at room temperature. Kokes also found

that type I chemisorption was not poisoned by oxygen -and

that the oxide,was,stil;‘active.even if prepared in such a

way as to make it gtoichiometric. However type I

chemisorption and hydrogenation of olefins is poisoned by

water leading to the conclusion '-that the previous
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observations of oxygen ﬁBTéoning_were- Observations of a
, ) K S | |
reaction of oxygen with surface hydrogen blocking type 1 ’//}
. A ] ‘ ‘

A
= e

“ Ethylene on ZnO and its Readtion‘witH Hydrogen

The heat of adsorption of ethYlené on Zn0O is about 14
kcai/mole*vé; 3;; kcal/mole for its heat of'vapo;ization;
sﬁégesting that ethylene is indeed weakly qhemisorbed ontod ) T
thé‘suggace.' (The'heat‘ofiad30rptionffor ethané on Zn0O 1is
approximately 5 kcal/mole and its heat of'vapourization is
3.5 kcal/mole suggesting that ethane 1is physisorbed on
2n0 . | -

One can picture the following set of reactions

between ethylene and a zinc ‘oxide surface previously

treated with hydrogen.
VI-(l) H“ZU’O"’CJ‘ Hq (g)'aH"ZﬂO"Cz H4

VI-(3) Cp Hy -ZRO + H-ZnOAC; Hg +2Zn0

There are a multitude of guestions involvéd in such a
picture. “One would like to know the nature of the bonding”
associated with‘reactioh'(ly'and (2) and the nature of the

hydrogen in reactions 42) *and, (3). . There are other

;}ﬁes such as simultaneous transfer- of &two
hydrogens onto a C3 Hgq as in a Rideal mechanism (Rideal

-

1938).
—
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VI-(4) Hy (g) + 2n-0-C,He=>C, Hy + 2n0
One would also like to know iffthe reactions are 1in fact.

revers1b1e at the temperatures of 1nterest, and to know if

r

there are other reactions other than those depicted above.

‘KokestEudies reveal that the, ethylene 1s adsorbed on sg@e

r_,j .
site dlfferent 1than the type 1 Hydrogen since ethylene

adsorption is not p01sonedb 'ﬁ:ter. (The ethylene I. R.

spectra did not changeqagx;

with water, while the ‘T. R. spectra of type 1 hydrogen
i

e

was unobservable under such-conditions.)

From I. R. studies it is evident that the ethylene
double bond is not broken in the adsorbed species

excluding species’such as:

e NEEPL s

_-Kokes concludes that the ethylene is bonded as a pi
complex vis:
, &

NP

4‘? ) v

PN -
Although thete are no firm grounds to° conclude what
kind of s1te,s/1s, Kokes suggests that it is an O . He

bases his conclusion firstly on his model of ZnO which has

L o B o . s o o 3 o
the zn*" sequestered between 3 0= sites thus caus1ng
steric hindrance for a pi bond to interact.with a Zn” '

T
1ffcant1y on a catalyst treated :

~ [ =T, e e

4

= v / |
C *c | a
ST .

E 4
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and the fact that the spectrum of deuterium and ethylene

adsorbed on zno in each othen's presence shows no change

for the Zn-D band 1nten51ty, while the 0-D band drops to
about 60% of its normal value for that concentration.

Upon admitting a small amount of Dé to ethyiene
adsorbed oh the oxide surfaceba;single band eﬁpears'in the
C-D paraffinic:stretching region (suggesting a monodeutero
'species) and the, double bond stretch (at 1660 cm )
reduces in intensity or diséppears; Kokes concludes that

-

an ‘ethyl species is formed as in reaction (2), vis.

He also concludes that S here 1is a . Zinc fbn,» steric
hindrance being of less importance for the more
directional sigma bgn@.

The product fermed on deuteration of éthyléhe over
Zn0 is only C,H,4 D, leading one to the conclusion |
that reaction. VI-2 is not ‘revereible." (A reaction
similar to VI-2 oVer metals is revereible s%ﬂce
deﬁteretidn "of . ethylene  over metals leads to a
distribution of products of the form Cp H¢g-xyDx . (Bond
1962) .) The formation of an ethyl complex'rejecps the .idea
of a Rideal mechéeismA(reaction VI-4). Support for this
rejection also comes from the fact that no hydrogenation
occurs when the surface is poisoned by water despite the

"fact that the amount of ethylene adsorbed and the ethylene

<
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I. R, spectrum 1is -unchanged, on a ZnO sufface so

poisoned.

Several other processes may also be occurring on ' the

surface. ,

i
N3
foo

}
<

VI-5 E{2 ?¢ Zng

, \-;\ H H .
VI-6 2n-0 + O Zn-0 + O-H

5]
i
vf-7 .2n-0 +0

zn-0 + O-H
VI-8 - Cy Hgq + Zn0 = ZnO-Czﬂa

VI-9. 0-C, Hyq M an\i 2n-0-C 5 Hgq + O
| z it

. VI-10 2n@-C, Hq + OH = 2nH-C,Hq +20
where the O are surface .o%ygén'.species.v Equation 5

represents the adsofption of type 1 hydfogen és discussed
before. Egquation 9 and VI—i represent adsorption of the

ethyiéne. Equations 6, 7,v‘9 and lﬁ»represent sur face

diffusion of the ethylene and hydrogen.
Propene and the Butenes on Zn0

There are at least two different speciés of lpropane
on Zn0, a fact easily!verified since evacuation of the gas
frdm the surface at rdom teﬁperature leaves about .37 std
cmg/gm of pfopene on the surface (Kadpx-ZS)' and -this is
not removed until the surface . is. heated to about 125

degrees C.
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The. complete analysis of thigy'system including -
, o : : ‘
analysis of the species CH 3 -CH-CD, , CD 3 -CH=CH, ,

CH 5 -CD=CD, , CD3 ~-CH=CD , CDg3 -CD=CD 3 has also

 been>dohe by Dent and Kokes (1978).

The relevant conclusions are that; A
(1) The weakly bond species is bonded to the sur face -
as a pi complex comparable to the-ethylene system, vis;
Hwg o

H¢C 'C"\‘IH

{2) The strongly bonded pfopene adsorbs dissociatively

forming an adsdrped complex and anh OH (or OD) species..

(3) The'hydrogép~carbon bond broken was a methyl

derogen.> : ;¥ | “

(4) The ~Xtrongly adsorbed complex is a pi-allyl
specieS‘visr u ’
C v

HQCK’ijH-

rather than the system:
_ _ " H
HQ ] V
C=C—-<cgp

W S

(5) Kokes speculates that the adsorpfion site S for

——

the pi-allyl species is a Zzinc ion. A
- ( : ‘
(6) He poinﬁs out that the pi allyl species would be
almost immobile on the surface. e

72n0 also acts as a catalyst for butene isomer¥ation.

Again two species are formed on adsorption which Kokes et
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al. ,(1971) conclude are a pi species and a pi’ailyl'
species. They.conclude that isoherizagion occurs with the
pi allyl species prdbably acting as an intermeéiatg with
cis-trans and double bond = migration ‘taking plaée
simultaneouslyt i.e. the cis - trans isomerization ‘does

not involve but-l-ene as an intermediate.
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Chapter 7

—

Adsorption Studies and Experimental Methods

S : .
The catalyst of main interest in this study was Zinc

oxide prbvided by the New.Jersey_Zinc‘Compaqy and labelled
Kadox 3?5. In order'-to better characterize the‘surfaée
some sé%hgard-adsorption studies wére done,

To Begin Qith the sufface area was,ﬁeasured to . find
" the effect of  different methods of preparati;n. Areas
were determined uéing the BET method (equation "II-6).
Nitrogen gaé was used as the adsorbate with the standard
‘assuﬁption that the cros< sectional area of a nitrbgen
moleculg is 16.2 square angstroms-(Young 196?).1

The area of the 7Zn0O after outgassing at lSﬁ‘degrees C
for 48 hours was found to be 18 *.1 square meters /gram.’

The standard treatment used in thése éxperiments was
that of Kokes et al. (Dent 1969a) and was used so that
these studies could be as closeiy correlated with theirs
as bosgiblé. |

The tréqtment consisted of evacuating the sample at
450 degrees C for 2 hours at a pressure of <1ﬂ'5 torr,
followed by heating in 160 torr of oxygen at 45@ dégrees C
for .a further 2 hodrs with a liquiq nitrogen trap in the
system; thié followedrbyrcooiiﬁg and further eVaéuation

. . ,

at P < 10°° torr for one hour.

After such a treatment samples were found to have

L
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areas ranging from 8.6 to 9.6 m /gm. Repeated treatment
did not subsequently lower the area substantially further.
Samples were denerally nly treated once and then

discarded.

The oxygen treatment was nsed, to assure a
stoichiometric ratio of =zinc to oxygen. Treating the
‘sample as above but omitting the oxygen treatment resultg
in a emuch ‘gréyer powder,- presnmably an ’oxide with a
"stoichiometric excess of Zn.

. The area follow1ng th1s second kind of treatment was
_not 51gn1f1cantly d1fferent even 1if the evacuation was
continuéd at 450 degrees for 2 days. |

Treatment with hydrogen at elevated temperatuf@s
should further increase the stoichiometric excess of- 21nc.
After outgas31ngva sample at 458 degrees C for 2 hours,,,
and then heating in hydrogen for 2 hours at 458 degrees it
was found  that the area had decreased to < 3 m?/gm.
Treatlng at only 30@ degrees C in hydrogen d1d not reduce

the area.
"Adsorption Isotherms

The adsorption isotherms of C, qu on ZIn0 were
measured at g degrees C, 28 degrees C, 35 degrees C and 50
degrees C and are shown in figure VII-I.

Isosteres of the form log P versus 1/T were plotted

from which one obtains the isosteric heats of adsorption



02

014

09

(uoyy B3,

091 ol Nord! 0ol 08

08l

o

T

88

Std cm /gm -,

o o o
D o0 @
- |

2o
0l

c

Pizure VII - 1 ‘
isvt.icras of ethylene adsorved on Zno
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by using the Clausius—Clapeyrdﬁ equation in the form

VII-1 dlnp/d(1/T) = Q(theta)/R

Isosteres are gpbwn in Figure VII-2. ,‘The -heats of-
adsorption calculated from these Qére 13.3‘kpal/mole.aﬁ a .-
.coverage df .25 std cm?/grém, 12.6 kcél/mole ét a coverage
of .4 std; cm®/gram and 14.5 kcal/mole at a ¢overage of
.6 std cmé/gram,_fandvll;B kcél/molé at a-coverage.of o7
std cﬁ3/gm. ,Thes§°were not deemed to be significantly
different. mThey do suggest. however, that in this range of
cdverages that ﬁhe sufface is quite hdmotactic;‘,The
latter sdggests that the adsorption 1is becoming more -
physical  in natdre,‘and indeed this covérage is~past,the
area of fhe inflection of the isotherms.

isotherms-for C H on the 2Zno prepared without
‘the oxygen treatment, or with the hydfogen treatment at
368 degrees C, were also 'meésdred, and did not differ = . .
sigﬁifiéAntly_‘froq those where the oxygen treatment had
beéﬁ used.

The‘étqa of ' an eéhylene molecule was' calculated,
assuming a carbon-carbon bond length 6f 1.34 angstroms; a

carbon-hydrogen bond length of 1.87 angstroms and a Van der

Waals” radius of hydrogen of 1.2 angstroms, to be 21

C : e :
square angstroms. B = : T I

This meant that a statistical monolayer of ethylene

on the Zinc oxide used was ‘equivalent to 1.58 std




Figure VII - 2
Isosteres for ethylene adsorbed on zn0.
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inflection point on the C, Hq isotherm
at room temperature is afound .6 std Cm3/gram,

representing approximately .4 of a monolayer.

Sample Preparation; Errors and ‘Precautions

>

Sample preparation was carried out with a rather
cobvéntional mercury diffusion vacuum line. The sample
:prepara;ion area had a gas burette calibrated by weighing

empty, and full of distilled water. 'The(manometer was. of

"the volume compensating type and.allowed for a measureable
changé in" volume ’of 38 -cm? ( 66%). The manometer was
mercury filled. A calibratéd ﬁcLeod guage was also used.
Height differences in the manometer were measured‘with é
cathetometgﬁ equipéed with a vernier and accurate to ﬁ.,@l,f
mm. Pressu;e,reédings were then accurate to % .02 mm Iof
Hg.-* | .
Volumes of those partg of the rack caliErated by
(helium expaﬁsion were vaccuraﬁe to ¥ .l%. Volumes of
sample tﬁbes were determined by helium expansioh to .2%;
However,; to save measﬁ}ing the volume of each sample tube,
Severa1  were manufactured at once with the same external
dimensions, then \the volume was - measured by helium

expansion.  The difference was found to be within .1 cn®

which was taken as the error in measurement in sSubSéguent

calculations. This' represented an error of * 1%. The

+

amount of gés adsorbed on a sample was calculated from thé

-



92
pressure drop on.aliowing the gas‘ into the 'sample, tube
containing the adsorbent. (All gases were assumed to-be -
ideal.) Amounts of gas adsorbed were accurate fromrbetmeen
1% fOr low coverages (.3 std cm%/gram) to 198% for high‘
_ coverages (1.4 std cm3/gram). ‘
In preparing samples to find the relationship‘between

T, 'Tz .and temperature at constant coveraéef another
source- of uncertainty was involved. It was necessary to
prepare a separate sample for each temperature.‘ This
involved not just lknowing tbe amount adsorbed, but
preparing each sample so the§ would have a set amount,
adsorbed at the desired temperature. It was found to be
impractical to produce a set coverage to better than % 5%,
'although at low coverages or low temperatures it was muchv
. easier and most were within % 2%.

| It should also be noted that the surface area was not
measured for each individual sample. 51ncev it is - a
reasonable assumption that “as lopg as tne treatment was

the same there wouid be little variation in the area.’
NMR Experimental Considerations

Both steady-state (frequency domain) and pulse (time'v’
domain) NMR measurements were done in this study¢

Steady state measurements were done ut111z1ng a

Varian model XL-10¢ spectrometer operatlng at 100 MHz. It

-~

‘was employed in a fixed field, swept frequency'mod9; The
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‘make such experiments infinitely easiér.
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probe was a standard Varian V—44;5'cros§’§§§1, equipped
with a dewar for variable temperature experiments and

allowing for 12 mm sample tubes. The temper%ture was

controlled with a Varian temperature controller.

’ F :
T,  and chemical shift measurements were taken from

XL-100 spectra.{ Measurements of ,Tz vwere~optimized by

»

‘running the data into a model 1864 Fab-ri-Tek Instrument
Computer, and then punching the digitized data out on<:§\

paper tape. The paper tapes Wére then transcribed -to

magnetic tape using a PDP model 15 computer and a magnetic
tape drive. " The magﬁetic tapes were then used to read the

data ‘into an IBM 369/50 compdter.i By this method data

" could -be fit by the method of least squares to func;iongl

expressions. o ' ' A b v
This whole process was not trivial, in fact i_ can

only . cogclude thét exper iments involving so many steps

should be‘évoided. Currently of course on line ' computers

L

".T, 's were found by least squares fitting ¢the data

to a Lorehzian, once-the data were in'the IBM 360/58.

. N i , _
Broadening of lines due to inhomogeneity of the field

was minimized by carefully trimming up ‘the field. This .

L 4

was done utilizing either a 5% solution of TMS in a 12 mm

Atdbe, or qéat TMS in a coaxial capillary surrounded by

Zn0." The sééond method was discontinued as it was felt

!

that one was adjusting the homogeneity over only a sméll
' : ' A

Y
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diameter, whereas the desired measurement was being made .
over a larger diameter. However, there was no empirical
oy

evidence to suggest that one method was any better than

the other, since there was no measurable difference

‘between signals obtéined’with'a sampie spinning or not
sp}nning in the fie;d. W
Care was taken to insure»tﬁat'the<fﬂ‘ . field would
not ‘saturate the sample. The power was turned down well
below the pointfﬂhere it yould vif{?l; effect peak - shape,
and then the :gain was incfeaséd to compensate.* This of
course led to a smaller signal/hqi;e ratio. QSFof so@e
samples a 'cohpgrison of the digitized data was made by
caicdlating T, from the leést square fit as a fﬁnction.
of H, power, so as po’deFermine the p@int that one was
saturating the sample. |

Time domain3experiments were pérfogmed at 15 ﬁﬁz
usihg, a ‘syste previousl§ aescqibed,(Coilins'i973). ”The
probe was home built and is a cross’ coil type wi£h a
dewared insert for variable tempefature experiments.

ATemperature studies aﬁ 15 MHz wére‘avgréatgf problem
than” at 109 MHz since the temperature coqtroiler was of —
muqh poorer quality. For frequency domain experiments,
tempe:aturés were ‘usually kept within ‘i 1/2 degrees F\
although wé%gg;opsidege? to ??,Witﬁif = 1 degrees C. For
tﬁé time domafn exper iments however the temperatures were '

" difficult if not impossible to ‘¢ontrol within % 2 . degrees P
- >'.;.':“_,_‘{-’*_; . 3J
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C. Measurements were discarded if theﬁtemperature’changed

more than- this amount, where it was important. As seen

later the ‘activation energies of the relaxation processes
turn out to be of the Qfaer of 2 kcal/mole so that such
temperature variation is not as significant as it might
have been.

T measurements‘ were obtained by wutilizing 188
degrees - tau - 90 degrees pulse trains. The averaged
amplitude~after a fixed number of specggg was measured  as

/
a function of tau and then these amplitudes were least

squares fit to.Ehe expression . -
VII-2 ];n{A(o)—A(-)t)} ="‘1n‘2A(O) -t/ Ty
which,fallows from the expression (see equation III-285
ﬁVII—B'A(t) = A(0) (l-2exp(=t/ T, )

’ Toward the end of these stuidies a new Nicolet model
16860 instrument computer enabled‘ one to make on line
fourier transforms of free induction decays. This enabled
one to measure the area of a fourier transformed free
induction decay as a function of tau in a 180 - ‘tau - 90
experiment. However, this was not deemedv sighifcantly
more accurate than ‘the previous method of taking'the'
height of the free induction decay a"fiied,time,afterwwthe
9¢ degrees pulse. It did have the advantagé of a

digitized signal to noise ratio,allowing better error

R
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estimates

Points to fifxto equation VII-2 wefe measured with an
‘error of from 5 to lS%rusualiy lﬂrto 15 éoints' were used
to f£it the exponential. - .

Standard deviations of fit were generally of the
oraer be .1% with the standard deviationAof ehe.elope.oﬁ
Ehe line peing of the same order. It was felt‘ however,
that the error in measurement was generall? higher,

probably of the order of 1 or 2%.

¥

The size of error decreased 'as coverage increased,

and increased as temperature decreased.
Signal/noise problems were comﬁon in this study. For
samples with a coverage of .6 - std cm3/gram and with 4
equivafent protons‘a signal to noise of°about,8'to 1 could
be obtained at room vtempétature (.6 std’ cm?®/gram is
equivalent to about 1972 Molar). For samples with lower
coverage the 51gnal to noise was more than proportlonately
worse, because the l$Me w1dths went up as the coverage
wentf:down._ At 3 std cm3/gram the signal/noise was about
3 to 1 for a single XL—lﬂB*scan. Similarly the signal to
noise did not improve with lower temperature (as the
Boltzman factor would prediet)- since ﬁhe effect of a
shdrteninj Tz’ predominated, for example the signal~to
noise ratio was in therorder ef 1l:1 for. aesﬁmple which had
.35 std cm®/gram of ethylene at 10 degrees c.

T, measurements‘weregalso performed at 15 MHz using -
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a Meiboom-Gill ‘variation of the Carr-Purcell experiment as
outlined in Chapter III.

In this expefiment a Tektronix 2661 rate generator was
qsed to simultaneously trigger a Tektronix 2663 pulse
generator set to deliver a 98 degree pulse, and the.”
Nicolet 1¢8¢ instrument compdter. The first deglay of tau
secéhds was set on the 1888, that is, a second Tektronix
2663 set to deliver a 180 degree pulse was “txiggered by
the Nicolet model 1688 at the end of the delay time. ‘Data
were being fed to the 1080 after this pulsé. Subsequent

180 dégrée pulses were triggered at the end of n channels

4
using a pulse from the 10889 such that n. (dwell
. . v R
. | v
time/channel) = 2 tau. -
The experiment was repeated (after apprdximately 5

I

Ty 's) and signal averaged for generally 1024 times or as
necessary. T, was determined by‘measuring the amplitude
of the  echoes at 2 tau, 4 tau, 6 tau . . . and least'

v

squafes fitting them to: -
VII-4 1n A/A(0) = =t/ T-;

or to 1n A/A(0) = -t/ T, - 1/3- X".G DT .t

-~

(where G is the field gradient,and D the diffusion constant)
dependihg on the field gradient. The errors for Athese
experiments are described in chapter'lx along with the -

results.
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Chemical shift Measurements

. . 7 , -
Chemical shift measurements for 1H were made on- the

’XL—lﬂﬂ, and were measured usually -against an external
s N . ‘

standard while the spectrometer was externally locked on a’

water sample. It was found that the external lock'did not

wander, and that one couid achieve reproducible results in

|

this fashion.

Two problems arose however. The first was the well

known and somewhat difficult problem of cérrecting for
differences in magnetic susceptibilities between a known
standard and the sample being measured. The second was a
less known problem associated Qiﬁh locking on an external
samplé . and ‘ ﬁeasuringr samples | of different
sUsceptibilities., This secoﬁd problem reiates to the
design of "the probe. ' : : | '; e

The probe is designed with two receiver coils; one

for the observe channel, one for the external lock

channel. This second coil éontaips a sample of water
permanentlyvmounted in it, and is plécéd as close to the
first coil as possible, since it 1is the basis of the
feedback mechanism which keeps the field constant at that
spot. It can easily be shown"by"observing the lock
signal, that this signal s shifted when a sample 1is
'placed in the observe coil, 1In respohse»to this shift,

7/
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) difference4i;1magnetic~SJ§SSptibility.
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the main field must shift in the opposité direction; }If )
the samples placed in the probe ate of different.
susceptibilities théy Qill cause - different amounts of this
'lock‘shift', and'that difference needs to' be - known in
RN

. \
For the samples used in this stddy it was found that

K,

order to gain reliable chemical shift information.

the lock shifted downfield by .4 ppm for the régularily
used standard __a sample which was 6% TMS, 208% chlofoform,
and 74% deqterated acetone. —The samples containing ‘Zno
powder caused a :1bck "shift’ of .2 ppm downfield. The
field shifted up by .4 ppm for the standatd, but only .2
ppm for the ZnO samples. o

It is difficult to :know however how much f this

N}éﬁfference is taken up by the feedback loop. ”fi would be

better not to have to add this correction.
The otherrcorrection that must be added is for the
Theoretical corrections for the difference in -
magnetic susceptibility were made wusing the formula

derived in the appendix.

¥

VII-6 delta(co;T\F delta(meas)+27./3{X(ref)-X(sam)}

The susceptibility for TMS was taken from Emsley Feeney

and Sutcliff (Emsley et al. 1965) and”ié,listed,a§”:J§é,Xﬁ

~b -
12 . The volume susceptibility for ZnO was calculated

using the data of Trew (Trew et al. 1965) who 1list the
: F A
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molar susceptibility of 2Zn0 as -27.8 x 19"9_ ‘ﬁsing the
densities of the Zn0O pg;der and pellet as measured, -the
éalculated volume susceptibility for the powder and pellet
are —.19;x lﬂ—bhand -.95 x lﬂ'é respectively. |

l»The l‘ calculi$ed correction .~ factor ~ignoring
contribhﬁions'from-Edsorbed species (less than.'.l%) are 
—.7 ppm for the powder and +.8 ppm fdr‘the ZnO pellet.

It is not unlikely that the suscéptibility of the Zn0O
powder is different than that caiculated frqm the molar
susceptibility because éfv surface effects.q This would -
make this correction inaccurate.

It would be nice to have an empirical correction.
Measureﬁ;nts were made -on a variety of samples of TMS

adsorbed on Zn0, and on TMS in a capillary inside a 2nO
Samﬁlg. Caution 1is necessary,. as one ddes not know that
TMS is not 'éhifted frém~ TMS“ in the {free. state upon
adsorption. TMS in a capill&;y inside the ZnoO shoqld not
be shiéted at all. The fact that it was was the clue that

led to the discovery of the ’lock shift” already
disCusseg. | ‘ r

The shifts for TMS adsorbed on Zn0O were fouq? to be
covefage’ dependent, - being .2, .3, .45, .55, .55 ppm from
TMS liquid, for samples with coverages of .36, .6, 1.8,
Z.ﬂ, 3.8 std cﬁ?/gm respectively. )

The shift of the TMS on Zn0O at high coverage should

approach the shift for bulk TMS except for the difference
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in magnetic susceptibility caused by the ZnO. This shift
of .55 ppm is then the'empirical correction. |

‘Using this correction has a fufther advantage in that
one need not concern onesélf“ with the ‘lock shift” -
discussed earlier. The shift fn the lock is the same for
‘both TMS on ZnO and for other gases on ZnO.

For;these reasons then the magnetic susceptibility
correction applied in this work was the empirical
correction, that is the correctipnAapplied was -.55 ppm,
this being the measured shift of. TMS éhysicallyv‘adsorbed
on Zn0, measured from the position of iiquid TMS. | |

2 ’ . ' .
For comparison of gas phase chemical shiftsv to

adéorbed state chemical shiftsﬁ éﬁrefgl consideration mﬁst
be given to the reference used in the ,'gas phase
measurements. —‘The corfect combarison is ma&ibgtilizing a
gas phase‘measurementA‘which uses gas phase TMS as a
reference, while if the . reference kwepe liguid TMS a.
correction of 1.1 ppm néeds to be:applied.

The errors in tpe gﬁemiéal sﬁift measurements depend
onn the line width~éﬁd S/N ratio. Errors varied‘froailess
thaﬁ .85 ppm- for high coverages to .2 ppm for low
coverages. -

F" spectra

The 15 MHz NMR spectrometer was éISQ"USéd"tO " measure
resonances of some other7nqcleii on surfaces.

q

F‘— spectra of C'z Hy F, (1,1)C z B, Fy,
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C, F3 H, "and C3 F 4 adsorbed( on Zn0 were ?ecorded,

uSing. signal avefaging ‘of the free induction decay

‘fbllowing a 9¢ degree pulse, and subsequently taking tﬁ%

Fourier transform to determine the frequency domain
spectra. Qhemicél shifts from these spéctra were measured
by recofdiﬁg the F. i.- D. of CF . COOH immediately
before and’after the experiment, Fourier transformTﬁgr it?

and cbmparing ‘the channel number that ‘the peak ' of

"CF  COOH spectrum was in with the C. N. of the peak of

_ the adsorbed species spectrum.

Cl3 Spectré o

It is a cryptic comment on technology and the state

of the art, that when this study was initiated (1970) we

~were very pleased to be able to obtain H?, spectra Qf

adsorbed species on ‘'a rather low area surface, while

toward the end we were talking of natural abundance c'®

experiments. (C\? has a natural abundance of 1.1% and a

| . i :
c' experiments wusing C, Hg - on - 2n0 were

. initiated after Gay (1974) succéeded in recording spectra

'of‘acetone, cis- and. trans-2 butene, and 'ethylene on

si}ica. The silica had.a surface area of over 688 m%/gm

and a higheribulk density than the zZnO. 1In fact  in the

‘case 0of C,; Hy /silica he managed to get about 38 std cm> - - - -

of adsorbed C, Hy on a column about 4 cm. high. 1In

comparison with C ; H q'/ZnO'there was about 3 std cm - in




- 103

a comparable volume of samgle.

“One method of getting more C, Hg4 into the sample
%' ce - b. / ) < ‘ .
‘tube is to inCQSfSe the bulk density of the adsorbent. In

order to accomplish this we made a small pellet press of

diameter .95 cm. and used this',to press pellets which

would just fit the inside of a 12 mm. sample tube. The

bulk density was increased from .G'gms/cm3 to 3 gms/cm%

yet there was only a small reduction in surfacg/area, from -

z

‘9 M1 to 8.6 m™ on tlfewsample measured.

By increasing the pressure of CsHyg over the

Sample to 1100 torr the amount adsorbed turned out to be 1 -

- std cm3/gm but with the increased bulk density th¥s

[€presented almost 4 times as much sample as before for
’ comparableycoverage. |

Since the vacuum rack in this 1ekperiment was not
designed to measure 7presSures above 1.7 atmospheres a
sample was prepared by freezing down a large measured

guantity (68009 torr%cms)‘oflcz Hq' 'into an NMR tUbe"d{

volume 12.8 cm® which had 6.8 gms, of - the high density

Zn0 in it. The amount of C,; H4 adsorbed could only be

estiméted*by extrapolating Ehe} measured isotherms. in

order to do this the measured isotherm points were least
squared fit to the BET equation -and .that function was

extrapolated. Since measured points were only known for _

T T P
pressure values up to 1.5 atmospheres this can only

,pgpvide'a rough estimate. 'The coveragé for this sample

-
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eétimated to be
and 1.5 std cm®/gm from

with those of a sample o

114,000 scans at -

AN
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1.4 std cm>/gm. from the B. E. T.
comparison of g peak amplitudes
£ known'COVerage? \

2 per second produce a C|3

épectrum with a signal to noise ratio of approximately. 3 -

to 1.
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" Chapter VIII
Nuclear Magnetic Resonance Measurements of Olefins
Adsorbed on Zinc Oxide e ' &

Chemical Shift Studies

It is of interest to determine whether electrons are

-

being. donated to a surface, or are coming from a surface

7‘during a chemisorption process. Both surface potential

measurements and infrared studies of adsorbed species have
been ‘used in the»pasf*tb_help determine which case holds
for a certain sysgemL

NMR is an ideal tool fbr'determin}ﬁg ‘which happens,

since as discussed in Chapter 3 the’preSence,of‘electronsf

around the nucleus causes a change in the field at the
—~— ’

" nucleus. This change can be measured as a so-called

chemical shift and is directfy relétedv to the electfon
dénsity at a nucleus. Thus'a\dénation'of electrons to a
surface will result in a deshielding,of the nucleus, and
for a fixed frequency‘expgriment one would have to go to a
lower field to find the resonancé, or alternatively“in a

fixed'field experiment to higher frequencies to find the

'

iﬁ spedtéa of ethylene, propene, the butenes aZd for.
comparison butane and ethane as well as lqF spectra of

C,Hy F, C,HpF, , C,FgxH, and C,Fq , and '*C
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TABLE VIII -~ 1

The Chem1ca1 Shifts of Somé Hydrocarbons adsorbed on

Zinc Oxide (compared Xith the same* bstances in a free

state). In ppm, corrected by - i%;gﬂm

ethylene(ads)

propene

propene(ads)-1.8

TMS ‘ 9

v

TMS (ads)

* in TMS

**corrected for difference in magnetic susceptibility-

"=-1.65 *

, \J

molecule CHy - CH, ﬁglefinic

ethane -.89 ,ffgj‘

ethane(ads) -.91

butane -.95 . -1.3

butane(ads) ~-.98 ~-1.3

ethylene -5,29*

) -5o35

—5.4%%

ref | . r?ﬁ'

. Reddy 1961

‘Spiesecke 1961

Bovey 1967

.BothnerBy 1961

gthiséwork

' -606 to -5.5+ o

;603'-505

+.25 to .55 (uncorrected)

r—

-5.7,-4.9,-5.0 Reddy 1961

by -1.1 ppm using TMS liquid as a reference.

+depend1nL on coverage' largest shift for lowest coverage

%

¥
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-spectta © of " - C; Hq ~ were measured to determine:

'chemical‘shifts invoived. The _chemical shift of etHylene

_was also measured as a function of coverage.

. R 7
Chemical shifts of adsorbed species on ZnO Fowder

weré corrected by -.55 parts per million as discussed in

A Chapter 7. Table VIII-1 shows the chemical shifts of free

and adsorbed molecules. The chemical shifts of free

molecules were taken from other works and references to

these are given in the table,
The physically adsorbed molecules (ethane, butane and

TMS) experience a’ slight shift downfield of the free

" molecules.

The more strongly adsorbed olefins however  show

‘pronounced i chemioalvshifts downfield for the olefinic

protons,‘ and: STEE}ef’"Shifts for = the methyl protons, of
propene.

For adsorbed ethylene the chemical Shlft was measured
-

as a function of coverage # At high cqverages the: slight

downfield‘ shift- ofhfabysisorbed species was noted, yhile ‘
for low coverages larger downfield shifts were noted. |
Spin-spin splittings were not resolved for any of the
adsorbed;sPecies except in the e spectrum of ethylene,
but the CH3', CH, and olefinic protons were resolved;~r

n.all g spectra,”thew,chemicaleﬁshift,Wis,”shown,

"relative to TMS and is shown corrected and uncorrected for

the difference in susceptibilities of ZnO and TMS.
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The spectra of ethane and propane adsorbed on ZnO are
shown in Figure VIII-1l. Line widthls are narrower than for

comparable coverages of olefins and chemical 'shift

differences between free and adsorbed phases suggest a

further shielding of the nucleus, an observation made for
all physisorbed species. The change in shielding is-
discussed later as a physical phenomenon. Tbis and the

narrower linewidth are consistent with the 1low heats of :

adsorption of these two gases on ZnO. l

e

Figure VIII-2 shows the spectra of ethylene and

TN

propene at coverages of .6 and .69 std cmg/gm of Zn0O

respectively, at 38  degrees C. F{gures VIII-3 and . ¢

illustrate the change in chemical gpift and in line width

for different cl¥verages of ‘ethylene.

The %$H shifts for adsorbed ethylene~'a£ik all moved
downfie}d from éthylen; in a free%state, with the graatest
downfieid} shifts— for lowest éoverﬁdé. What we are
obéerviﬂg is a deshielding of -electrons most probably
brought about by donation of electrons by the ethylene to

the surface. That such donation is coverage dependent is

3

" not at all surprising since one expects that at low

coverage adsorbed species find the most energetically
. - !

favourable sifes; and that the number - of electrons
withdrawn per molecule adsorbed will be higher at these
sites, When the coverage geté_‘higher adsorption is

somewhat less favourable and the deshielding is not as

v
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Tne snecirz of etaane and propane

Pigure ¥III -~ 1
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109

t

b
§
i
n
s
[
£
Q
Q

corrected

-2.55

[£8




110

I8

]
-4
-4.5%

Jdof
Y
[}
- (D&
I @
3
L -]
: i I N4
. @ =
e p
® ~
> | .
£ -
° . v
. EE
Pigure VIII - 2 - an
The spectra of propene z2ad efiylene as
adsorbes on zinc oxide. ’
Y, Fe e — R
g ‘ g
',/," ‘
ll >
T S SO LU P U




11y

-

Pizure VIII - 3

The 100 iThz spectra of etaylene
adsorbed on zZaljat cgverages of
.35, .60, .81 skd cm’/zn. ,

’ec.ﬁ.ed ?

-4 ppm
-455 ppmlcorr

~5.55
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great. Ttmseems worth noting that\the infiection péinf in
Figure VIII-4 is very near the inflection ‘point in the
adsorptioh isotherm of Co Hy ‘on.ZnO (Figure VIII-4).
Both points indicate the area where further adsorption is
ekpected to be more physical and less chemical in nature.

This change in chemical shift as a function of coverage is

admittedly at odds with the isosteric heat data; a point =

discussed later.
" “H chemical shifts are not very large so that to
provide a more convincing argument the Be chemical shift

was measured for a specially prepared CoHq - on ZnO

sample, Some precautionary remarks are necessary. The

sample used was ZIn0 compressed such that the bulk density

was ca. 3 ~ms/cm?. (The nitrogen BETrsurfacerarea of -

another sample treéfed this . way was unchanged within
experimentai error.) However .there were no direct means
available to measure the quantity of gas adsorbed at high
bressure. As described earlier, the sample was subjééted

to approximately 11 atmospheres of C5Hg4 . The coverage

was estimated by 2 separate methods. The first from a -

linear extrapolation of the C2qu BET isotherh.‘ The

second by,comparinngMR peak amplitudes (iﬂispectra) with

a sample of known coverage The fifst implied a ¢overage of

1.4 std cmg/gm the sécond,l.S std cms/g@. iy chemiqay

shifts for this sample were displaced upfield from free

Cy Hg when corrected.
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The ;C spectrum is shown in figure VIII-5, along

with -that of benzene (both taken at 15 MHz). The chemiéal

shift of the adsorbed C H  is 4.6 ppm upfield of

-9

Cg He (lig) (unéorrected for Susceptibility) whereas

C2Hgq | in a free state is 5.2 ppm upfield of CpHy .

One‘expects vefy littlé contribution to the spectrum' frdm
gaseous CoHq  since the concentration of gaseous
: species‘atvthe zn0 plug (which excluded much of the space)
was lower than the concentration of adsorbed species, and
the repetition rate (568 msec) was fast enough éth that
the gaseoﬁs species would ibe cqnsiderably saturatéd, ‘a

fact verified by turning the sample upside down so that

the ZnO plug was not in the receiver coils, and trying to.

collect a spectrum using ]ége same repetition rates as
before. -
The theoretical magnetic susceptibilityr correction
for the 2zn0O pellet was .8 ,ppﬁ,' while the empiriéal
correction (being the difference in chemical shift between
TMS adsorbed on the pellet and TMS liquid), was only .4
- ? _
ppm. £his latter correction wasl used. The volume
susceptibility éf liquid benzene is -.625 x 10°° (Pople
1359) so the correction to be applied when using benzene

as a reference calculated from equation VII - 6 is +.1

ppm..

Despite the high fraction of'physisorbed species, the

chemical shift of the carbon is downfield by .Sppm. The
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ethylene

Pigure VIII ~ 5

The carbon specrum ol ethylene
“adsorved on zinc oxide,

. )‘N)h-z/cmv |

benzene
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carbons then are partially deshielded.

: R - . . a . . ‘
A Series of Experiments with- ."F Substituted

Ethylenes

F NMR has a much wider chemical shift window
(Emsley et al. 1965_ Vol. II) andvalSo tends to show
lérger Chemi¢al shifts on éhahges of envirbnméh£rwﬁhéﬁiragﬁrr
protoﬁsv‘(Ibid). Samples weré‘ prepared with C Fg H,
)(1,1) CoFp Hy , Ca FH3, , and C;F4 adsorbed on ZnO
in hopes of comparing the deshielding éf the. !iF vnuCleii
with the deshielding of the protons and '*Cc in C, Hy4 ..
A larger linewidth (c. 788 hz for . C,H3 F) led to
signél to noise problems when using coverages in the order
of .6 std ém;/gm. To circumvent‘this the spectra were
-taken by,fburierltransforming the sum of several hundred
free induction decays taken ét 15 MHz. Chemical shgfts
_ were measured from an ekternal referénCe the position of
which was recordedbbefore:and aftef to account for field
drift. The diamagnetic susceptibility correction 1is +.2
ppﬁ,_:considerably less  than the error in measﬁrement”in'
this case, the increaéeq error being due to the large iine

width plus the reduced field used. 5V

Table VIII-2 1lists the observed chemical shifts

substituted ethylenes adsorbed and in solution. The

- shifts of the compounds in solution are taken from the

[=
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Table VIII-2
Fluorlne and proton chemical shifts of free and adsorbed

fluorlne derivatives of ethylene relative to,fluro-
acetic acid

%,

moleeule ' shift free. ° ref | ,shift(ads)* change*
| CiFq  +56 " Parshall 1965 +63 7
C, Fg B 26,508,168 'Moorele;a‘IQGS '28}55,13&j12}5;28'”' e
21.6,47.5,126 ++ - 29.8,56.7,135.7 4+
(1,1) S | | 7.4,9.2,9.7
C, Py Hy 4.8 Shvo 1965 12 7
o 10.9++ |
C, FHy 35.4 Banwéll 1961 se . 15
f | 43++

2

* errors are % 3 ppm ' ' - /

++ These measurements taken much later by F.T. at IBBMhz

~proton measurements +

#
%

C,PsH = -6.5  Smith 1967 =6.6 -.1
(1,1) .
C,Py Hy  -3.8 Ihrig 1972 ~3.8(3.5++) @

C,PHz 4.8,4.4,6.2 Emsley 1966 -4.3,-4,6, =-.3,-.2
o (-4.15) (-4.6) ++
-6.4 -2
(-6.5)++_

 +corrected by -.55 ppm'

T o *errors are ¥ .10
proton measurements of free molecules were made in

}carbohltetrafchlorjdeiwith TMS internal

A
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liferatﬁrerandvthé referencesla:eAgiven in the table 2.
Table '2’also lists the profon chemicdl shifts of the same
'méleculésvadsorbed_relative to TMS (correctédaby -.55' ppm
fo; difference 1in .diamagnetic . susceptiQility5 ;;d the
cofresponding 1H chemical shifts of "free" molecules.

Figure’ VIII-6 sho;s the 15 MHz spectra  of the
compounds. .

A close consideration of Table VIII-2 points to the

fact that there is different shielding involved with the

fluorine derivatives of ethylenerédsorbed on zZn0O than with
‘ethyléne adsorbed’ on Zno; The change in chemical shift'is‘
large for some fluofines,implyingAa chemical’vinte;action,
but ini ali'cases it is to a bigher field suggésting that
- there is greater electron densit?lat Mg nucleii. We must
conclude fbr these large shifts.that éigctrahé are comgd%?
f:om‘ the surfége in“contrast to what appears  td"gg
ihappening for ethylene; |

Dent and Kokes (1972) view znO as an aéid base cation

~

pair and state: !

". . . hence the catalyst depends not only on' the’

s

T

proton affinity of the oxide but also-on the carbanion -

affinity of the cation. The acidity of thex'qation may

determine: the basicity of the catalyst. - Specific -

v/

_interactions, i.e.'” effects of . ion structure on the

basicity of the interaction are likely to be evident when

the carbanions differ radically in structu:e."

e,
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Pigure VIII - 6

"he fluorine syectra of sone flao O

'derlvatlveo of etaylene

CFaCOOH -
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Pigure VIII - 6

continued
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~ Fluorinated ethylenes are bound. to . be more acidic-

tﬁén the uhsubstituted éthylene and ziﬁc oxide does indeed

seem to respond to this difference rather drastically. 1In

1ooking back on the'data the sizelof the chemical shift is

consistent with the léfge linel widths,r sincé strong

interactions WOuld» lead to more immdbi}e sﬁecies thusv

shortening Ti}’; K ", | | 7 4 S

NOTE ADDED AT A LATER DATE |
Measurements taken 1in this 1laboratory after this >

thesis was rwritten suggest that‘ the conclusions drawn

about the fluerine derivatives of ethylene may not be

valid. It ‘was found that tbe éhemical shifts of these

-species adsorbed on ZnO were not Qreatly different than

the gas phase shifts. In all cases the comparisons made

were made uéiﬁé liquidApHase data. It 1is even possible

that the measurements made here were predominantly made on

gas—pPhase molecules. .

A Discussion About the Chemical Shifts

At this point it becomes prudent to discuss the *H
and **C chemical shifts of the adsorbed complexes since it
was vrather glibly éssUmed that the negative shift for
olefihic protons meant donation of electrons to the

surface, and the shifts for the physisorbed species have

_not _been explained+ - -

" W5 noted in Chapter 3 the field at a nucleus can be

e
e e e w s T s S e s i mite e or e s T s i ot of o e T S e e o Sty b AR e oz L {h L2 -
) - . . A e T,
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described by ’ : T

where sigma is a tensor describing the "shielding" offfthe
nucleus by the surrounding electrons. A posjtive sigma
leads to a weaker field at the nucleus and thus a
necessity 'to go to a higher field in a fixed ffequency
exberimenﬁ in order’to obﬁain rééonance. o T -
Buckingham (1968) suggests considering sigma to be
composed 6f a screening constant for ﬁpe isolated molecule
sigma (gas))plus a sé;eening constant for the surrounding y
‘medium. This second part has in his opinion four

different contributions, thus

O (medium) = T (b) + Of(a) + g~ (omega) +
g (E) ‘

where sigma (b)-is the contribution which is proportional

to .the bulk magnetic}susceptibility of the medium, sigma .
(a) -accounts for the anisotropy in susceptibiiity of the
éurrounding molecules, sigma (omega) 1is due to Vah der
Waals forces, and (E) éccéuntg\for electric field effects
caused by charge distributions in the néighbouring

molecules.

In going from a gaseous to a condensed phase in a

-eylindrical sample tube,the necessary correction to-apply —

will be 2/3 7T X, of the condensed phase (assuming A, -
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5wy,

‘neighbours, and an increase in paramagnetic screening due

- A

of the gas phase is zero). I have only coerrected for the
difference in X due to the zZnO but undet thg conditions at

-,

which these shifts were measured this will be the

overwhelming amount of the correction.

t . . B .ri :
Sigma(omega) is brought about by the distortion of the

electronic environment by the attractions of nearest

to assymetric distortions caused by collisions. Both
factors are negative and thus lead to downfield shifts.
Sigma (a) is that ‘part of the shiélding constant
which 1is due to the‘ anisotropicrsuSceptibility of the
medium. It is the cause of the’ upfield shift for
molecules dissolved in aromatfc solvenfs,A and the
downfield shifts fér molecules dissolved in solvent such
as CSy (Zimmerman 1957, gothns;sBy 1957) . Expressions
have been derived for sigma (a) (Buckingham-1968, Stephen‘
l%ig) for some solvents although no-expréssion“has been-
derivéd for surface interéctions. Certainly thefe is a
susceptibility anisotropy at a surfaée, which could cause

small whifts. Presumably some  of this” would be

compensated for by using TMS adsorbed on Zn0 as a

reférence,

Sigma (E) arises from the polar effect caused by the

~perturbation of __the electronic structure of the molecule _

by an electric field resulting from the surrounding

medium, The effect then is only impoftént for polar
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molecules and will not be further considered except fo-say
that the large downfield chemical shift accompahying
hydrogen bondinglis a sigma (E) effect, and if adsorption
interféées Qith hydrogen bonding as in water adsorbed on

silica then an upfield shift should occur as indeed it

does (Pickett 1978).

The slight shifts for the physisorbed species, and

the larger shifts for the chemisorbed épecies,or somé paft
of it can be explained on the basis of Van der Waals
effects. |

Both methane and etﬁylene display downfield shifts
when going from the gas ta the liquid phase (Gordon 1961)
or as the gas préssure is increased (Raynes 1962). 'The
van der Waals shift was --.4.rho ppm (where rho is the
dénsity in’gm/ml for ethylene. This implies that the
shift will gét 1arg;r as the density (coverage) goes up.

This is in direct contrast to our éthylene case where the

largest shifts are for the lowest concentrations. However

it is remarkably like the TMS on Zn0O where the shifﬁs on
adsorption are a function of coverage with the largest
shift for the largest coverage. i
Fbr the ethylene case the shift is much grzgter, and

in the other direction. The best conclusion is electron

donation to the surface with a corresponding deshielding

of the nucleii involved.
L
b

The change 1in chemical A shift "as a. function of
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coverage is somewhat in contrast to the isosteric heat
values (see chapter 7).. Some of this is likely caused by
greater donation of eleétrons per molecule at lower
coverage. Some of the 4cbange is the same effect one

observes for TMS on Zn0. As the coverage increases the

shift moves upfield due to Van der Waals interactions.

However 'oﬂe is still perplexed b§'the magnituderef thie.

coverage dependence, in view of the rather constant heats.

There is an obvious point here, and that 1is a-

cataloguing of chemical shifts of adsorbates versus

coverage on a large number of surfaces with reference to

their gas phases would be very useful for interpreting:

adsorbate adsorbent interactions, @ would undoubtedly
correlate to  other surface measurements, and . would

certainly add to our understanding of catalysis.
Information on the Structure of the Adsorbed Species

‘Figure VIII-2 and VIII-3 reveal some information on
the'structure'of the adsorbed species.
For ethylene the single resonance in the olefinic

region would exclude such structures as:
. TR
—_pn H (a.A.S)

or

or




or '
‘-‘\ I'd H
C =<
" \+
< S

but alloﬁs for either a~TT-complex as'proposed/by Dent and
Kokes v(1970c) or a structure with ~all 4 hydrogens:
hydrogen bonded to the surface, a structure which is
ghlikely bécause of the surface dimensions and symmetries‘
involved, and because it would make , the speciés guite
immobile, in direct contrast to the relaxation VQata
obtained on this system.

The possibility that the single resonance 1is in
réality composed of two or more resonances ylth some
distribution of chemical shifts was .investigated in two
ways. 7

Firstly the digitized data obtained from the C. W.
experiment' at 188 MHz was least squares fit to a sum of
Lorentzians, and the improvement in fit compared ﬁo the
fit for- a single Loréntzian giving consideration to the
number of parameters added. There was no statistical

evidence to conclude  that there were supérihpoéedr

Lorentzians: - oo
If there were a distribution of chemical shifts

involved then the measured peak width and thus T2 should
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be field dependent. T 2 ‘s were also @easured at 15]MHz
both by least squéres fitting an off resonance F. i., D.
and by the Meiboon-Gill wvariation of the Carr Purcell
experiment. Within experimental error the differences -
—weré toa small to suggest such field dependence.

- The situation is more complex for propene. Dent and
Kokes (1978a, b) find that propene adsorption on ZnO leads

to both a strongly bound state for which they propose a
pi-allyl structure:

4
i
nC KC;E}C Hy

and a more weakly bound state thought to be a Tf complex;

H3
H d&c
N N
S

which can bé desorbed by pumping at room temperature,. It
was found that approkimately .38 std cm3/gm of propene was
left on the surface after pumping ‘on it at room
temperafure. Such a quantity should be relatively easy to
see if itlﬁere like the ethylene yhere coveraqes of less
than .3 std'cmgigm gave a good 5pectrum. . -

C. W. measurements on thé XL—lﬂﬂ‘Qere without any
result for such’ a sample. Even an average of 8 C. - W.
experiments showed no peak whatsoever. The simplest.

explanation of this would be that the tight binding

produces a line width too broad to be observed with this
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instrument.
A higher coverage of propene produCed the spectrum

shown in figure 2, which 1is considered to be only the

loosely bound species. The spectrum is consistept

pi complex since no methylene resonance was found, and the
chemical shift displacement on adsorption is much\greater

on

for the olefinic protons than for the methyl pro « ~The

observation of only two bands in the olefinic region is

—

‘not surprising since two of the free molecule chemical

shifts are nearly the same in comparison with the obserng
line widthé for the absorbed species. Two thousand‘ scans
at 15 MHz (time domain spectra) produced a péak-for the
tightly bound propene species but unfortunately it is
difficult to draw conclusions from it since it has a line

width greater than the chemical shift window.
‘Some Experimenzs on Zn0O Pellets

As previously outlined, Vin orﬁer to increasé the
number. 6f molecules within thé ;eceivef coils, - some
samples were prepared with Zinc oxide compressed so that
the pulk density was increased bj a factor of 5. BET
surface measurements on such a sample were only 5% lesgs,
the area of surface,pér cm% of sample was then up by a

factor of 5.

Spectra taken of molecules adsorbed on these pellets

were however not\as straight forward as planned.
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The samples were treated in the same way that the
powders were treated, although more time was allowed for

outgassing because of increased diffusion problems.

Typicélly they were heated to 450 degrees in vacuum for 67

- iﬂ hours, treated in 1580 ‘torr of,loxygen with liquid
nitrdgen trap in the system for 2 hours and then outgassed

at room temperature for-18 to 24 hours.

Typical results of such a sample with .8 std cmg/gm

of ethylene adsorbed on it are shown in Fighre VIII-T.
The ratio of amplitudes of the lowfield to highfield ‘peak
was coverage dependent (at low coverages it was ’igger at
high ;;;eragesvsmaller); the line widths’were considerably
iarger than cotresponding coverages-bn ﬁhe powder, and the
chemital shift of the lowfield peak varied ovér 2 parts

per million. Tempefature studies were carried out, and

the-two peaks did not coalesce, or even tend to wupon

heating to 150 degrees C. Several samplés were outgassed‘

in vacuum, whereupon it was found that the gas could only
be recovered qgahtitatively with heating to about 100
degrees C. | |

Mass spectra were taken of thev evolved gaseé.
They showed peaks at 44, 28, 27, 26, 25, 18 a'ndfl?.r In
outgassing a sample at # degrees C and then takihg -off  a-
fraction _ )

evidence of é 44 peak and only a slight 18, 17 peak, while

the second showed a much larger 44, and 18, 17 peak. Méss

at 188 degrees C, the first showed little
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4
spectra cracking patterns were compared ~with those of -

acetaldehyde and Kethylene oxide run  under the same
conditions, and NMR spectra of these two cOmpoqndS
‘adsorbed on Zinc oxide pellets and poder. were run. for
comparison. Both experiments showed goncluéively'that'the

second peak was not due to ethylene oxide or acetaldehyde.‘

The spectra of acetéldehyde adSotbedronVZnOVis shown o

in figure VIII - 8 . AThe ethylene oxide adsorbed on %ZnO
was too broad to observe, despite a'higﬁ coverage{

The mass spectra were however consistent with the
formation of COg and»‘H > O from &xhylere. and exygen.
Thé second peak (the downfield>one) behaves in the same
fashion'as water. on zind oxide, that is its chemical shift
'is very coverage dependent.' This has been explained by
interfefence with hydrogen bond formation upon adsorption
(Pickett 1979). |

¥ubokawa et al. '(1973) have studied the oxidaﬁion of
ethylene, propene and the butenes over ZnO to produce
COo- andA H 270, but with gas phase and adsorbed oxygeﬁ
present, | |

At this point it was concluded  that oxidation was
occurring on the surface aue to a étoichidmetric excess of
oxygen remaining »from - the oxygen. treatment which Was
unabler to diffuse out of thé rpellef;ﬁirﬁshbséqueﬁt”
expefiﬁéﬁiéﬂwéhawga mfﬁéfﬁﬁfﬁéW:bééﬁhmEBTmiﬁﬁ””fiéIaiéffif"

remained even on péllets outgassed at 458 degrees .for 16

s
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Figure VIII - 7

'q specrum of ethylenc adsorbed

on a zZn0 pellet,

pp™

€~ W
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hours ’that Awere' given no'0iy§éﬁ’EiééihéﬁiferEQEGEE”6587
'6nly conéiﬂsion that seemed likeiy was that  the -
Compreséion of bthe zinc oxide traps enough.excess oxygen
which subsequently is not readily outgassed. This exeess,
oxygden is respdnsiblé for the oxiaationbof the olefin to
COi aﬁd H 3 O. It seems‘ unlikely that the olefin
reduces the zinc .oxide, since this would have readily . B
éhown up in the infra-red stﬁaies of Kokes et al. (Denf
1972) . -

fhe two predominant reasons for wahtihg"”fo ‘do the
studies on 2n0 pellets were to try and get a spectrum of
the tightly bound propene; which Kbkes 'believes in a
pi-allyl édmplex, and to attempt’to getfa 3¢ spectrum of
'adsorbed‘ethylehe. ‘

A sample was prepézed by adsorbing propehe on a
pellet and then phmping it off at room temperature. Such
a treatment left .38 std cm3/gm on ‘the éample. Again the
XL-16@ failed to produce a spectrum of this sémpie.despite
the very high concentration in std cm®/ml of sample. Four
K scans added»together ftom'the pulse spectrometer at 15
MHz and subsequently Fourier . anaiyses‘ did produée' a
spectrum, but the peak Was,toovwide to det a value of its
chemical shift or to' tell whether it was not in fact

partially water ‘formed as befOre from excess Oy reacting

‘with the olefin.

The studies on compressed samples served mostly to



133

o #p™

ivt

t3.

Figure VIII -3

'q spectrun of acctaldehyde on . B
- & 2Zn0 pellet. L - R 1
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L

. prepared always in the same way, and

well charactefized;

on

ones

which

are
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- should not be carried out on chemisorbed phases, although
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Chapter IX
Relaxation Studies of Ethylene Adsorbed on Zinc Oxide

There is no inherent reason why relaxation analysis

-for me systems spectrometers that can measure very wide

lines §nd/or pulse NMR SPéctrometeﬁs with fast response
times wduld be necessary. \ vk

Since the C. W. . iﬂﬂ MHz line widths are not
extremely wide, and since it would. supply information on
the motion of ethylene on the surface, relaxatidn studies
were . initiated for the ethylene on ZnO system.

T, s w;;e measuréd at 15 MHz using a” 189
degreeftau-Qﬁ vdegfee pﬁlse train as describéd in Chapter
III. T, s . were measured froml the line widtﬁs of
frequency‘ ’domaip spectra é; - 100 MHz, from
'QG—tau—IBQ—Ztau-léﬁ. o e . pulse trains at 15 MHz and
from the free induétion decays at 15 MHz. Both T4 s and

T, ‘s were measuré@ as a function of temperature and of
éoverage.
Of these measuréments the one which supplied the.most

information is that of T j versus temperattre at constant

coverage. -Figure IX-1 shows a plot of 1n Ty versus Temp.

_for ethylene at _a coyexage,ofWtﬁnstdmcm§/gmﬁonﬂzinc;oxidevwrr

Figure 1IX-2, and 1IX-3 show plots . of T, versus

temperature at constant coverage and of T, and T,

e

pe
§ .
0, '
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CFigure IX - 1

T(1) as a function of inverse tenperature
for ethylene adsorbed -on Zn0 at .5 sud cc/ga
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 Pigure IX < 3

The relaxatiocn ti.cs as a function of coverz e
for ethylene adsorued on Zn0 at 38 dejees C.
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versus coverage at constant teﬁperature.

| Figure IX~1 is typical for a‘systém where there are
two correlation times. Each motion is slowed down as the
temperature decreases until ‘@OD'"E.QSJ; at “which time

the contribution’ of this motion-to the spedtral'density

(Abragam 1961). - This however does not say anything about

~ what motion 1is, represented . by that correlation time.

‘Without further information one can only build models and

see if they reproduce the data.

There are several possibilities,

Qne pdssibility is that thelmolecules are desorbing,
;elaxing in the gas phase and then adsorbing. Such a
process however shouid have an activation energy close to
the heat of adsorption. Activation energies measuréd from
the two outside slopes bf Figuré IX-1 are 2.8 kcal/mole
and 3.2 kcal/mole. The activation energy for T 2 from
Figure Iﬁ~2 is 1.35 kcal/mole but this does not give us as
much information since T s are induced by both high and
low frequencies so the activation energy measured is some
weighted average of two or more activation energies
(Farrar 1971). The conclusion is that the motion causing

Ty is one which has a lower activation energy than that

e —

necessary’forfaégatptidntWﬂ”
The next possibility to consider is an intermolecular

dipole dipole mechanism brought about by interactions

s

‘reaches a maximum. At the minimum omega- tau = .616 . .
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_either with other ethylenes or with surface hydroxyls.
Since dipole dipole relaxation is. proportional to
‘gammaz (spin 1) x,gaﬁﬁaz(spin-Z) the relaxation between a
proton and a deuteron will not‘be asﬂeffective as. between-
a proton rand a proton. (gamma of a deutroﬁ is“< 1/6 of
that of a proton). To test whether p:otbﬂs,,on WCzﬁiﬁ
are iﬁteracting with protons ?on the shrfacé (surface
hydroxyls),’one need comparé'thé relaxation times of such
a sysﬁem with those of ethylene,pn a surface which has
been deuterated. (Of cdﬁrse one must first of all >make
sure that: thére is no exchange bétween the ptotOns of
surface hydroxyls and of Ehe ethylene.) A
Zinc oxide powder was treated by ;efluxiﬁg in heavy
water at 108 degrees: C for 48 ﬁours, and subsequent;y
évacuating at 450 degrees C then treating with Zﬁ'tdrr of
heavy water vapour ‘at 450 dégrees for 2 houfs. Such a
tréatment has been shown to exchange most of the hydroxyls
of oxide surfaceé. Ethylene exposed to such a surface for
=up to 24 hours showed no increase in .deuterium
cdncentrationv as .determined by mass spectroscopy.
Samples prepared with coverages of .6 std cma"/gm of
Cz Hgq on the deuterated surface at 31 degrees C and @

degrees C had relaxation times of 58 msec and 165 msec

respectively. From figure 1 comparable samples on an
undeuterated surface would have relaxation times of 55 and

188 msec. The difference could easily be attributed to
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the variation in temperéture caused by the (rathér pobr
-conttollef., Were relaxation via an interaction with the
surféceAa significant mechanism one would expect a* large
increase in the relaxation time.

The next mecﬁaniém to explore was relaxation bethen
twp 7ethyiene 7molegulgs{ i.e. intermolecular relaxation.
A gas sample was prepared that was 50% CpHgq  and 50%

C, Dg. . .6 std cm?/gm of this mixture was adsorbed on
zn0 powder and T4 was measured. The relaxation time was
radically different. |

Dent and Kokes (1972) had fouﬁd tﬁat Cs Hy and .
D, = reacted over 2Zn0O to form only ‘CZHq D and no
products of th;?fﬁrm C Z,H'ﬁ'Dxe-n);.i.e. there was no
exchange between ethane species,. and if the hydrogenation .

3 .
occurs via: .

)

Xl

1x-1 H-S + C,Hg4 -S=»S-CH, CHg

then such a reaction is not reversible.

»

Because 6f this informatidn I did not expect
exchange between the C>Hyq and C,Dg . Since 'Tg

for the 56/50 mixture of Cz;ﬁq rand Cy D4 differed
significantly from ﬁhat of pure C, Hy however the mass

Séectrum of the sample was checked before any further work

was planned.
Mass spectra run on the desorbed gases did however

show exchange, i.e. the presence of species C > H 23 D and
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ré 2 Dz H. rFigure IX-4 shows the mass spectruﬁ of a 50/50
mixture of CoHyg / C, Dy which had not been exposedﬂto.
Zinc 'éxide, and the spectra of such. a mixture after
exposure to Zinc oxide at room temperature’fof 65 .minutés
and 135 minutes respectively. The ratios of the amplitude
of the mass 32 peak to mass 31 peak, and mass 32 to mass
29 is given for each spectrum. |

Obviously thefé is an exchange between the hfdrogens
and the deuterium. Thus the change in T4 is asrlikely
due to intramolecular as inﬁermolecular:ihteradtions;

Quadfupolar relaxation in ethylene is not ‘a possible
relaxation mechanism.

_Any large amount of paramagnétic impurities’ would
prove. to be a signifi;ant relaxation mechaniém. There is.
no proof thaf small amounts of such impur%ﬁ}ss are not
there. The near agreement‘between the calculated and the
measured relaxation timeé assuming only dipole-dipole
relaxation suggests that the assumption that the leﬁeIS'of
such impurities are such that their effect is negligible,
is a reasonable one. |

Chemical éhift anisotropy is a field dependent
mechanism; and since T,at 1640 MHz‘is;the same as T, at 15

MHz for several samples, has not been considered. - rThere

are = two mechanism as yet unseparated._ _They are

intermolecular and intramolecular relaxation.

Intramolecular relaxation depends on rotational diffusion,
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CoHg7 CoDg 50/50

32:31 =14.5
- 32:29 =110

i L 1 v
26 .28 30 32
" after 65 min over ZnO
: N
32:31=2.2
32.29=|.5
|
26 28 30 32
~x

after 185 min over Zn0

3231 =78
32.292.38 |

) , ‘} ,,l,,, sl ,;,,',,,,,,, sesessmdensdhe e b
Fiure IJ -4 26 28 30 32

The m2ss specirz ol nerdeatcrzted and ordinary ethylene
berore mnd alter exsosure to Znl.
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intermolecular reléxation on translational diffusion.

Figure IX-1 'suggests two ,motions“ causing the
relaxation; one could be diffusion the other rotation, but
it is unlikelyrzﬁ§t the correlation times for the two
processes would,bg so close. ’ |

'Since the Carr Pﬁfééll experiment“carfied out in a
field gﬁaaiént monitors theiépins'aé théfrdiffﬁée éc;ééé”;h
rthe gradiént.(i.e. the translational diffﬁsioﬁ) a series
of éuch experiments‘were’carried out.

The Meiboon Gill variation of the Car:"Purcell
experimeht as described in Chapter 3 was used. However
the pulsé -machine wused had no method to create'a‘field
gradient in some’orthogonal manner nor to get an accurate
fix on what gradients were present.

| The q:adient was established‘by'using the shim coiis
regularly wused to trim the mégnet homogeneity. These.
coiis were not considered orthogonal'“and so the field
gradient 1is a tehsor whose diagonal elements differ.

Since there were no ways of~determining the componénts of
- this tensor it was assumed to be a gcaiaf and waé
evaluated by measﬁring the T, * of a liquid of known T3
from a free induction decay taken in the inhomogeneous .

field. The field “"width" was determined from: -

1/ T, (meas) = 1/ T, (act) + 1/ Tp*

1x-2

where TZ (act) is the known fPZ of the substance
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involved, and -

»l/n &v
2/ 5DH -

IX-3 T 5

"

The field AuW. was divided by the diamete; of the sémple

to determine the gradient.

To {measured) was calculated from a_ least ﬂsquanes,

fit of an off resonance free induction decay of. a doped
waﬁer sample of known Ty «

The amplitude of the echo prdduced in a Carr Purcell
experiment‘ at time 2tau after ‘the 180 degreerpulée is

given by Farrar (1971) and Carr (1954) .

IX-4 A(echo) = K[exp(~t/ T, - 1/3 ¥? Gip 2% it]

where G is the field gradient, D the diffusion constant,
and T, the real T>.
A least squares fit of 1lnA versus t//hiﬁ*ﬁak_ggope m

equal to -
‘ ' v 2.3
1X-5 m= [-K/ T, - K/3 ¥ G D ]

If one measures m as a function ofntau (tau 1is half

the time between 1886 degree pulses) then a least éqdares

2

fit of m versus tau“ has a slope m  equal to

- I%-6 - m’ = K/3 Yefnp

and intercept equal to:
. ‘\/\

~

arm m e men o a4 men mmm e mt & i m e n ek ar e e e m e e i e et . R e B T A b eeneen e
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IX-7 -K/ Ty

Méasurementé-wererméde'on,two‘different‘samples; a samble
of coVefage 1.3 std cms/gm(ca.l mondiayeé)énd the other .6
std cm3/gm (the coverage that was used in making figure~
. IX-~1). |
—For;bothécasesﬂthej measurements were made _at two
différent,field gradients. }

- Figure IX-5 shows a plot of the élopes of Aplots rof
1lnA (echo at 2tau) versus time; versus the square of the
separation time of the'laﬂ degree pulséé‘fdr the sample of
highICOVerage. Obviously some diffusion is taking place;
In figure IX-5 the field gradient is such that Tz_*‘wasl
.7 msec.’ ‘ ' ) | |

Mgasurement of D for fie;d gradients repfesented by

T,* of .7 and 1.5 msec gave diffusion constanté within
190% of eachroéher.

: -7

The average value of these D’s is ‘1.1 x 14

cm*/sec which from the relationship:
| 1X-8 ? (diff) = a%/4D

~fthe relationship cited for two dimensional diffusion
(Thompson 1965)) ,or

o IX-8b - TAAiff) = d%/6D—

3

(the relatiohship for three dimensional diffusion

»
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-

(Resing 1965).
giyes a tau diffusion between 1x 16-% and ik‘1077 if one

assumes a jump distance of two angstroms. The standard
deviations of the slopes weré of:therotder of 2% and of

the intercépt 13, T, was known to within 2%. For the

high cbverage,case T, * was only known within 5% making

G> only within 16%. Thus the error in D -is of the.order - — .. . .

of 15%.

The tau diffision calculated for this sample was near
enough to the minima of Figure IX-1 that it was deemed

necessary to measure D for the low ‘moverage case.

Figure IX-6 shows the slope for two different field

gradients. In both cases the least'squares fit slopeVWas
positivé and smail, reflecting only an err&r in the
measurement §f T, . That is%‘t6 say no diffusion was
measureablgagﬁ?g;; the gradients used ( T, * = .59 and .73
msec).r A diffusion constant that wpuld produce one of the
minima in Figure IX-1 would be easily measureable with the
field gradients available, as is shown by the experiment
on the high coverage sample. |

It becomes appropriate to discuss these results

particularly in relationship to- Figure IX-3. ° From the

variation of T, and T  with coverage it is evident

that relaxation is more efficient at low coverages, which

implies that there is less motion at low coverage.

Intramolecular relaxation is not going to have a
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significant';coverage dependence at low coverages, but

certainly can at higher coverages. Intermolecular

relaxation ~will have a coverage dependence at all

coverages.

At low cdverages the diffusion corrélafién time is
larger, andv as . shown such slow motioné_cad effect fri
without effecting ‘Pl'. -

In summary then we have T4 relaxatién dominated by

intramolecular relaxation, and T; relaxation caused to

some extent by both intra anarintermolecular relaxation at

"low coverages. ' : i

As the coverage increases there are contributions to

both T4 and T, by inter and intramolecular relaxation.

Application of the Modél - of Intramolecular-Dipole

Dipole Relaxation Through Anisotropic Rotation

It is interesting to find out what happens if‘ one
supposes that both of the minima in Figure IX-1 are due to
motions causing iﬁtramélecular dipole dipole relaxations,
that . is there is anisotropic motién due to the surface
ipteffering With normal rotations. |

Figure Ii}l reveals a ﬂfreezing,out“ of motion at 306

degrees C and at 248 degrees .C. From the relationship

=

",

W T +616 (Abragam 1961), we have a tau values of

: e =
6.55 x 18.. sec for each motion at one of the two

P

temperaturés. " The relationship (deBoer 1958):
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IX-9 T= "T o exp(H/RT)

gives the values of each tau at the other temperature.
; SR A

Using H as measured from tﬁe}oqtside slopes of figure 1
‘one can calculate the tau(i) at all other temperatures, ‘
and thus calculate Ty and ’ T, as a function of
temperatuter so as to cemparerthe medel Qitﬁ exﬁefiheﬁteli
results. This data waé used inMWoessner's (1963) model, a
model which allows motion paraleI'to the surface with one
correlatien time, and motion perpendiculdr to the surface
with another correlation time (see Chep. 5).

By'avefaging the spherical harmonics involved in £hese
expressions over all spece with the limits of @-2~7T forv
the azimuthal angle (motion parallel to the.surface) and
with the limits of —1/4 to Tv/2 for the longitudiﬁal angle
(motion pefpendicular to the surface) the calculated Ty
and T, were 35 msecrand 2§ msec respectively,'at 3089
degrees. The measured relaxation times were 36 msec and 8
msec at 3086 degrees. ‘

Thie model does not allow one to consider motions fzfﬁf
ebout any,pa;ticular rotational‘a#is and thus results in a '
rather vague picture so it was at tEis point that the model
presented in Chaptef 5 was derived.

'The"chemicai’shiftmdata’andmthe“date"cf”KokeSWalready'”””’"“

mentioned are consistent with ethylene lying on the surface

as a Tr;complex. Consider such a molecule lying flat on

H
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Pigure IX - 7

Ztaylene 1yin: on
tae two fold =i
plane, wiile

2 sarfzce plane, rotating about
wiic 1o perpendicular to tie
wionlin, avout Tae surface norasl,
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8

the surface rotéting about the two fold axis perpendicular

tc the plane of the molecule while this two fold axis_
wobbles back and forth in relationship to the surface
normal as shown in figure IX-7. |

‘ The mbst convenient molecule fixed'frame to use is
that w  all theta(ij) = TI/2 and all phi(ij) = @

In this frame using the notation of equation V - 7:

o0 (Y, (84) Y, 2 (00)) =1
| G PY (64;) YZT(QQPH =0

{ Y22(84>)‘Y22""(e P =1 o -

.Now we w;nt to allow for motion about the two fold
axis. Alpha (1) beta (1) gamma (1) are the Euler angles
between .the molecule fixed frame and the rotational axis
fixed ﬁ;ame. The rotation abﬁut the two foldk;xis is

described by letting alpha (1) = 6 2qr. while beta(l) =

gamma(l) = 8. Then:

~.

’\1—1.1‘ <Y20 (‘92 ¢;) ’Yzz (ezl dz, >> : 1
(8 d) Yo" (0 )
Yoa (8 ) Yarfie, 4) =

i

O

To allow for the wobble of the two fold axis in

o explo4r/e)y o
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relation to the surface normal the

'S averages iniﬂ'
: 2 '
D“f’lm‘ (e, 8, 5,) Dan (028 Y")

. , : »
are taken from beta(2) = f9w (w = wobble angle) while

alpha(2) = 822+, so that:

=P LY, (85 8)Y,, (8, 49

T =¥swmi g, exp (- ig,)
exp(-9%/2y,) - exp(-9%/Ta))
tqBeos® 5, =1V expl=/xg)
o } - ”/

(YJ.\ { &3 d’s\ Yz\ (85 ¢31)>

=079 st By (1 +cos o))

Higdsin® B (1-w@s3,)2)]

exp-{-2 1/ %, * How 4zl

Y2 (s, cos? B, ) @xel t/tﬁb

(Y22 (B3 &) Y, (6 4))
=0 cos @, )Y + el - cos@.)")]
expi- e[ V2g, * Ve, o« q/ad]}
¥ s ) exp- ta, |
The averages in all cases were performed as follows:

{ D:}n.’(d@é’) Daywm XMy =
1) S:frdé' ) aa fum(ba\é

Ax f ;Ld-} Fc&éx)smgo@ | e

In order to use eguations IV-13 and IV-14 we need

evaluate all the J'-‘ (@3

to
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.'FromAthe definition‘qfia /Fouriégwrtfaﬁsféfﬁi :
3 I () = 2/ ) & Yax (08) Y5, " (047 explicot)a2

~ where the denominator of the constant comes from the

rela.ti;on given in equatiori V-4 and the numerator comes
from .the .change of limits frpm _.mihus infinity to plus
'infinityy to zero 't‘o infinity and the assumption that the
correlation function is reél and even (Abragam 1361).

Substituting into 13
IX=194 (W) = 2/53( (sm‘@,(sgc.os_ 6.))
+ Vi (SﬁniGBz( b= o5 8 ) D=ty [ 1x Rk Sy

T 3z (5intp, ws’e, Ta, P+ u‘?:@,”

32 @) = 2/g 1 (is LG +°€$@;)¥>
el Clmemen)t) 2 /et
LT e ST Ty, [\r4e™ Tet

SO0 (0) = s § ¥t &
\y— ' > ‘/q <(.3‘4"St b — ')1> z'gz
where: ‘/'Z:-‘- = ‘/’C(,' M 4’2:&..

These spectral densities can then be used in the expressions:

L

\X =15 bt, = ’3/2 ¥x* 1LI‘+1){3'\0-"7*'32V"‘°)} .
, A L

e N T(EAN T Y @) STy R 2al]
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The expression IX-14 depends on vcorrelation' timeé
associated with motions,pf alpha(l), alpha(2) and beta(2)
’reférred to as tau(alphal),‘ tau(aléhaZ) and tau(beta2).
In constructing the model one has to almost arbitrarily
assign tau values using figure IX-1l to these particular
motions. However some intuition also helps.
If the ethylene is pi- . bonded then mStion of alphé(i)ﬁr
(rotation ;bout'the pi bond)‘will be eadiest, that is will

be the 'hardest to "freeze out", and in this case COUld,ﬁﬁi

the low temperature of figure 1.

Thus from IX-9

1.57 leﬂ_qvat'300,dégrees

4

6.55 x 107 at 249 degrees

Motion in alpha(Z)wshould be rather hindered byfﬁﬁhé&'
surface, while motion in beta(2)k (a wobble of £héA
rotational axis, with respect ﬁo the ‘surface normal)
should be more facile. |

Assigning the higgmtemperature minimum to motion of

beta(2) gives from IX-1

6.55 x 18”7 at 300 degrees

2,74 x 187® at 248 degrees

Since we have no<minimum-to -assign -to-tau(alpha2)— -~
meaning that it either does not exist, or is outside our

limits we can assign it a value of infinity. .
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Calculationé based on such a model are-‘dépendent on

’ : ) ) : ‘
two parameters. The first and most important is the

activation energy of the process, the second is the wobble
angle beta(2). ‘ v » T

-'In order "to examine this model more critically values

~of T, and. TZA were calculated for each temp using-

equatibns IX-15 .-

Using~the activation energy eValuatei(from the least
squares fit slope of the outsides ofAfigure IX-1 one can
evaluate each tau as a function of temperature.

T4 was also evaluated as a function of the wobble
_ éngle w. Figure IX-8 is a plot of T4 versus the wobble
angle. It shows a minimum at appfoximatély 68 degrees,
that, is a wobble angle of 68 degreeé would shorten T4
the mést.

Of course it is possible 'that w could also be a

function of temperature, as well as tau. - It is also

cén!%ivable td introduce a digtriﬁution in w, rather than
evaluate the integralé over a single value.

Fisgre IX-9 shows a plot of T, calculated using
‘equation IX-15 versus finverse» teﬁperature, ., calculated

using the activation energy for each process as 2888 cal.

‘The slopes of the outsides lines in figure 1 give

activation energies of 2.8%.5 and 3.2% .3 kcals. The
position of the minima from equation IX-7 changes

considerably over such a range of activation energies.

-
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Figure IX-9 shows that the model produces T, 'S
which are in the right ballpark even u51ng a fixed wobble
angle; The minimum at 380 degrees 1s not so deep, that at

4

249 degreesAls,deeper. This model then predicts T, s

=  which , are longer than the measured “values at - high
= : - temperatures and shorter than the measured values— LW~

temperature.

Some caution is due in seeking an answer as to why.

%? The points measured in figure one have larger error bars,

at lower'temperaturgi, but,more‘important as explawped in

' Chapter 7 the temperature controller was of a rather poor

o quality and temperatures are unlikely to be better than 3
t_dedrees.

An 1mprovement can first be sought by making .the

-

angle over which each of vthe elements of the rotatlon

matrix is integrated a function of temperature. Figure
IX~16 shows the calculated valnes'of T4 using activation
energies of 2849 calorles ‘but carylng the wobble angle as
a functlon of temperature.

The wobble angles were weighted dsing the - Verhulst
equation, -which is an S shaped function, an example of
which is shown in figure IX-11. A

The Verhulst equatlon 1s

¢
L
£
w
%
5
%
L
£
B
i
i
E
£
{
—F
H

IX-16 F(T) = F(0)/{ F(O) +{1~F (@) }exp-kT}

e s s, -

where F(0) = minimum value/maximum value,

S TR b

gt
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Figure IX - 17
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s '

This equation corresponds to the adSorbed species
being ablé -to wobb;e- through some angle which is a
function 0f7témperature, but which reaches a maximum valﬁe
at some temperature. . o  ’ .

Again the low temperature minimum is not the same

temperature as figure ;{ a{t§nghVthgrcq;qg;gﬁggﬂvalges
are now closer and the depth of the_minima more similar.
Figure IX-12 shows T calculated and T4 measured where
T4 calc. was calculated usipg an activation energy ofi
28¢8 calories for both proéesses. . o .
The fact that the minimum at 1low temperature is
displaced from the minima for the calculated values raises

some important gquestions about the assumptions one has

made to date. -

A More Critical Appraisal of this Model

*

When there is isotropic motion and one correlation

time, thé sum of J= (W) and J, (2w) have a-single

&

i Y
-~ N

maximum (and thus T4, goes through a minimum) when

plotted against tau (Abragam 1961). It is easy to verify
that this minima occurs at w1y =.616. |

When there is no isotropic motion we have seen that

multipié'”cofrélation' timesAoccur, ahd JJ;(w) + J2 (2w)

‘can have multiple maxima. It is often stated that these

maxima will occur at wW-&. - =.6l6 (Woessner 1961, -

Pfeiffer 1971, Abragam 1961). It can be shown that this
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is not neéeséégiif grﬁé;4aﬁérihrgé;; will only be irue‘ in

some very particular situations. j_i ' -
The inverse of Ty ( Ry ) débehds "on the spdctral

densitiés Jq (W) and J, (2w); ‘In the model presented

these can be written as:

X-17 0 Ry o= k{ Ay z/leatE 4 B, Ly/ledyt
4 | + By sz/l+4w'2t + A, .y/1+4g‘yf

-

where 1/z = 1/y +4/x (‘tT of equation Ix—i4)

and x, y are the correlation' times for rotation and
wobbling respectively, and the A} are the averaged values
of the D:n' .

If one considers z to be only a function of *’, (that
“is y is long c.f. ; to x) then finding' the partial
derivatives of R w.r.t; z and y and equating them to zero
locates the‘miﬁima. ®

Solutions for the resulting two equations were fbund
numerically. The rooté of the resulting equations varied
between .984. and .999 and between .918 and .966 for the
derivati§e w.r.t. 2z, and x respactiveiy, depending on the
values of the 2a; .

Before probing any deeper it 1is worthwhile to see

what these dew valueé” of 'téurrat thé mihim& do to the

‘calculated values of Ty .
iThe above implies that one correlation time is about

1 x 187% at 388 degrees C while the other is about 4 x



166

-8 , ; o, . . . ‘
190 at- 249 degrees or vise versa. This implies that
the rotation 'is now slower than the wobble even if one

assigns the minimum at 248 degrees to T+ or °~ in this

=
I

bd

case exClusivefy to rotation., . .
A Some attempts in this directi;n were made, andrvfor
example the calculated values. for the aésignment given
abovéA(baicuiating‘fﬁé”é&éfégeWQéIﬁés_df;EHérWﬂSﬁ;}GWM7régrmWA
beforei[ are plotted in Figure IX-13. The low temperature
minimﬁm is now much closer‘fp where it is in the measured
data. The best fit is obtained using wy = .55 and wx =
.99 rather than wz = .99, but a really gobd fit is not
obtainea, and it is arbitrary to assume that . tau(alpha)
causes a minimum. ’ ‘
At this point it can be seen that ?tau(alpha) and
tau(beta) have frequencies that do not differ greétly so
that it'gs unreal to say that z is independent of vy.
.ﬁfoferenEiation of IX-17 w.r.t. x, and y rather than

z and y point out some further probk¥ems. : .
The derivative w.r.t. y is dominated by second and

fouréh terms in IX-17 and functionally does not behave
radically differently than the function derived from
assuming that <z was independent of y. (d Rj /dy)x has a
root for all values of x and although it is dependent on

X this dependence 1is such that the value of the root .

éhéggéé from ;91 to 1,88 as x shifts from 5 x 127 to 4

x 18°%,
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However (d R4 /dx)y is highly related to the values

of y,k‘and is found to have no real roots for y < 1.85 x

18°%.

It is apparent that when the correlatioh tiﬁes are of
comparable frequency the model bfeaks down. |

The situation is even more complex from a phy51cal B
point of v1ew, since 1f thls condltlon holds then the form
of the correlatggn function chosen is 1nva11d 1nva11d 1n
faet for two neasons.

\
The use of the correlation function in the form:

ix-18 Y g (6@ (&) YZ:(e)(t')dne'))) =
(Y5 i (5 &) Yo (80)) (et F/EN)

depende on the process being stoichastic and interrupted

many times turning the petiod of 1 tau(c).
“If there is little translational diffusion on the

surface then the rotational motion is intermupted by any

_potentlal energy barrier to rotatlon, and by the wobble.

Slmllaglly the wobble is 1nterupted by some potential
barhier and by the rotagion. |

If the frequency for the rotation and wobble i%
close, then it is possible that neithef is getting

-

interupted often during the periodVOf 1 tau.. Furthermore

correlation between the two motions.

Attempting to treat this problem’:correé;ly has

f i * i ./"

3 s : 2 “.
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devastating consequences.r Firstiy onééneeds to use some
oﬁhgr fun;tionél form for the éorrelation function, since
it is 1likely - that one or the other mot ion will continue
cohérently for some numbéf\@f motions. Secondly if the
two motions are cross correlated then the the number of
terms in the gpectrai densities goes up immensely. | Each

of the terms of the form:

xow (D (85 D (6¥)) -,

now becomes five separate terms. Quite literally a single
correlgtion function would then have some 225 terms in it.
Such a mathematical surface would be very complex indeed

to handle.
4L

Comparison of Measured and Calculated Values of T,

'Onelcan use the Ji<ﬂ4\ to find the talues of thé
intramolecular 4contribution to T, as another check on
this model. ‘Substitution of the J‘(cq), vinto equationb
IX-15 yields .a T; shorter than the T4, (i.e. the
intramolechlar contribution to Tz is different than

TQ.) but is apprOximately ‘a factor 4 longer than the
measured T, °s. '

- ~

- Tz is shortenéd”beyénd the calculated value that

'**assumes"“intramoiecuiarW*dipﬁsf"’dipole”"r'Iaxation'ﬁoniy:*ﬂ*”””"”'”'”

Figure 1IX~-3 1implies a coverage dependent process that: at

least at low coverages affects T, “but not Tq - This
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would appear to be an intermolecular contribution. A

‘model consistent with the T, measurements taken in a

field gradient and with the data of figure IX=3 would be

intermolecular dipole-dipole relaxation caused

°

‘by diffusion, with shorter ‘"relaxation times at lower

coverages being a result of slower diffusion at lower

coverages.

Summary. of Conclusions to be Drawn From the

Relaxation Analysis

In the temperature and coverage range of these

'experimehts we are able to paint some pictures of wh&t is

-

going on on the surface.
) _ , 4
- At coverages of about .4 monolayers we have a system

where two intramolecular motional processes occur at

similar frequencies. These two processes have a much

shorter correlation ‘time. than that of ~ translational

rdiffusion across the surface. A model consistent with the

measured éimesnsuggests that these two motions may be the
rotation of the ethylene about the C2 - axis perpendicular
to the plane of the molecule, and the motion of this axis
with respect to the surface normal.

- e
As the coverage increases translational diffusion

‘also ~ incréases, and begins to ‘have an effect on

Kl .
kS

relaxation.
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Chapter 18
Overall Conclusions and Further Work

My first question was related to the possibility of
using conventional NMR spectrometers for doing catalytic

research.

‘The answer to this question while positive needs to
be made with severe reservations. In order for studies to
be ICanlusive about reactive"speci;s_ on the;‘surface
experiménts, ﬁeed to be carried out at low covéfages. lWe
are unable to conclude anything about the first fraction
of a monoléyer that goes on the surface simply because the
apparatus available has poor capabiliﬁies for measuring
broad lines at low concentrations. At the same time the

#

pulse NMR spectrometer available, while more appropriate

for the study of a broad line system, does not separate

. species of only slightly different chemical shift, because

of the low field involved for proton work at 15 MHz.
Continuous wave NMR techniques ‘are too costly in
expenditure of time to be considered a profitable way of

investigating heterogeneous catalysis. It is desirable to

o

be able to measure small quantities of a species which may

be relaxing quickly, and for this, timeTﬁ@veraging pulse

and Fourier transﬁogmjggcqggggggkq;wgigh'fields seem able .

~ to supply more information much more quickly.

While it is recognized that NMR techniques are costly

L]



also of money, and consequently spectrometers are unlikely

to be made available for only one or two research

projecfs, it should be noted that»%gafb a research

instrument not under. the constant care of a technician
. o ¥ ,
there is some optimum rather small number of projects that

sh%uld be carried out at once.  Too many workers using the — - -

same appratus leads to .scheduling problems ofv a severe

nature, an inordinate amount of down time, the frustration -

of setting up special experiments several times over, and
periods of waiting while fields stabilize after being

changed.

Conclusions About Measurements of Olefins on 2inc
Oxide

‘ 7
I have been able to study ethylene adsorption on zinc

oxide from coverages between .2 and 1 monolayert While
there is no evidence for species ‘other,than the ones
identified neither is there evidence that they do not
exist. However from .2 of a monolayer on up the species’

on the surface retains olefinic character, and experiences

a downfield shift from ethylene in the gas phase, withlthe

greatest shift at the lowest coverage. This shift is mqst

consistent with donation of electrons .to the surface;

consequently, in contrast fbwiﬁéwééﬁclusions of Kokes et
all (1972) the adsorption site is likely to be a 2inc

atom. The carbon spectrum of ethylene on Zn0 altﬂough at

E
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;nighéq COvérages‘, also supports this conclusion, in - that
the carbons are shifted downfield,/

Studies of propene adsorbed on Zinc o ide were also
done. ‘Again at low coverages Ghilg olefinic character was
maintained a downfield éhift,charécteristic of elecf?dn

donation to the surface was experienced. More evidence

/fork a sﬁroﬁély boﬁ;é  species below coverages of .25
monolayers has been shown, in that,ﬁhe %ﬁgnal becomes. too
 broad to observe. i |
Other adsorbed species were :studied with only a small
amount of success. o signal was observed for H, | on a
surface despite knowledge that thé concentrations were -
high. This nggative result does suggest a rather tight
binding to the surche. |
Some '“F substituted eﬁhylenes were studied and were
fouﬁd to behave rather differently on the surface than

-

ethylene. Reasonably large upfieid chemical shifts were
experienced by the fluorines in all cases.
Some shift.measu;emgnts werehxggde with physisorbed
.epecies, mostly for comparative reasons. The shift in
/‘these cases can be explained on tﬁe bgéis'qf Van'dérvﬁaals
inte;éétioqs. | ' ‘
'Afﬁe prdﬁlemé 6h?measu}ing'chan§e3"0f CheﬁiéélﬁVShift'"

'“fucn*”adsorptiOnimhave"”been”“examiﬁéa7“and;itiwa5“€6htIudeﬁ’””’.
that an empirical correction f£or magnepiC’,éUSCeptibility

was more appropriate than a theoretical correction.



A model has been constructed for the interpretation
of nuclear magnetic relaxation experienced by species

adsorbed on a surface. This model is much more flexible

than those previously developed, since it allows f#r'

¥

calculation of all the spectral densities at once, whether

or not they are functionally dependent on the frequency.

Furthermore it is possible to consider many different
possible metiops without‘ usiné‘ a different set of
transformations. |
yApplicarion,of this model to ethylene adsorbed - on
zinc oxide with the assumption ‘that the‘molecule was
relaxing through a rotation’ about the Ce . axis
perpendicular “to the’ double bohd, while this axis wobbled
~with respect to the surface normal, closely reproduceé the
experimental data.
on closer examination it was found that any model
which included a reduced cerrelatiOn function of the form
exp (-&/ ) involved a bad assumption for . this
particular system. This is so beéause ‘there are two
_ correlation times that are quite close, and thus the

motions involved are unlikely to be stocastic.

Measurement  of the- translational  diffusion

coefficient was found to be possible only at higher

" coverages with the spectrometer available. I was able to
»
measure the diffusional constant at coverages approaching

a monolayer, and to show that translational diffusion has
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in thls area.
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the cause of one of the minima of-

K
+

Further Work

A large amount of work is av

7
Much useful information abo

'wou1d~be gained by the tabulation

llttlet effect on Tl at low coveragei» and thus is not

the Ty vs. l/temp

——

allable for . researchers

ut ‘surface interactions

of | chemical shifts of

adsorbed species  on various surfaces as a function of
. L .

coverage and %n relation to the chemical shift of the free

speeies. Such information could
with other surface measurements
with surface potential,, I.R.,
measurements;

Structural studies particula

symetry,of the adSorbed species

AR,

undoubtedly be correlated
and’ models,particularily
and thermal desé?ption
rily of species whe;ekthe

is thought to be of

importance as in an isomerization or qther heterogeneously

catalysed reaction would yield va

luable)}nformation. .

N.M.R. will also allow kinetic studies where the

concentration. of some adsorbed species (or intermediate)

AR :
could be followed rather than following the _concentraf?on

~of some unbound species..

These and other studies are |

out notably due to improved Four

becoming easier to carry

ier Transform techniques.

One promising technigque maayerading ~under the dubious
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a

" acronym of ‘the PENIS -experiment'-(for proton enhanced ,’

-

nuclear induction spectroscopy)(Plnesj 1972) - promlses ”a,
gain of the "order of Lpﬂﬂ in sen51t1v1ty for - carbon 13

studies, and has already been used in surface work(Kaplan

o
1973)

Th1s Unlver51ty is about to convert its XL-18@ NMR

spectrometer to pulse and Fourier Transform capab111t1es.,,V
This 1nstrument should be .much superior  for do;ng

catalytic, research than the ones‘available_here'in-tﬁe,
past years. For‘thiszreason I wili'suggest some‘.furtnér
catalytic work that could be done. ;

For some time during this study NMR measuremenis of

cis, trans, and 1 butene adsorbed on Zn0 were performed,,

on the C. W. spectrometer. All of these isomerize over

the catalyst, and it was found that they had different

rapparatus. . A pulse study of this rQaction would not only

characteristic spectra immediately after adsorption and -
that tne final spectrum ‘Was the same for all three
butenes.

The kinetics of these{isomerizations are slow enough
to follow on a pulse machine, but proved not slow enough

to follow and still get good spectra with a C. W. |

elucidate the kinetics, but would allow one to determine |

~“the intermediate Species in the isomerization.

I was able to observe a resonance for ethylene

adsorbed on platinum which had been supported on silica. L
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Withugooa compﬁter backup it would be possibﬁf to measuré
spectra fbr ‘such a syStem and.forvthe sameicoverage of
ethylene on the silica “and sﬁbtract them numerically,
enabling one to determine the‘spectta only of the ethylehe
on piatinum. There are no NMR studies of adsorbed spécies

on 'metals although there are studies of hydrogen in .

.palladium. , : ‘ e

One of the large . frustrations in interpreting the g,

data obtained in: this work ~was the knowledge that the

.system was underdetermined, and that one could only

spééulate as to the source of minima in the 'T. - versus
l/téﬁﬁ‘ curve, then see if calculations_based on thoSe
speculations were consistent with the measured  fesu1ts.
It would he very satisfying to be able to pin the system
down. |
i One method of doing this would be to examine
quadrupole relaxation in fully deuterated ethylene
adsorbed in the same 2ZnO.

The perturbation Hamiltonian t;or quadrupole
ggiaxation is of the same form we have -already caonsidered;

2 ,t
i.e.: (Abragam 1961) ' T ke

X-1 Ham=% F% (Q)A%

N

’"ﬁﬁéféﬁfﬁém?i;f/7"4i"5ie the same random functions but the
Agk are now proportional to the electric field gradient
at the nucleus, In this case r,. (wJ) . becomes the

b



——
L -

i

~m—— —expanding it by making two more transformations " from
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C-D .axis anq/it'startsfwithfawdifferent”angﬁiar*déﬁenaeﬁéé’

in fﬁe moiecq?e fixed frame. The F(ﬁ)(Omega) would be.

N,

4

found in the 1lab fixed . frame 1in the same fashion as

outlined in Chapter 5, and in’the most general fbrm would

%

be the same function,

The minimum corresponding to. this correlation time

would be a;>a different position on the tempé;a;g;gﬂg&;ghwﬂﬁ;w;

'since omega(o) would now be different. The correlation

time would however be the same.” One would now have more

pieces of information, and hopefully a determinable

, P e
problem; that is could make an absolute assignment of the
motions involved. '

Such an experiment involves being able to make pulse

. A\ . ’ .
measurements of Deuterium. Such an apparatus 1is not

available at this University and is not presently planned,
although it is a small enlérgment of the present facility.
A more sophisticated experiment for £finding the
motions'on,a‘sugjace might\ alsp be made by using an
adsorbate that conﬁained several nugleii with 1I>1/2,

Huntress(1976) outlines the theory necessary for finding

the ptinciple elements of the diffusion tensor ‘by

utilizing quadrupole relaxation. In the asymetric top
case measurements must be made on ~three chemically or
geometrically different nucleii. Utilizing this work and

the molecule fixed frame, to a rotation axis frame, to a

Loy

»

[
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179

~ B ’ - .
» . & .

surfaéévfixed ffame, then to the’spéce fixedr fraﬁe___;and
séperatiné the variables properly, one could make absolute
assignments of the. surface motions. It should be noted
however that one more unknown is added, and thus one more

chemically or geometrically different nucleus need be

R " B .
e -

‘measurable. == ‘ ,

’

Nuclear Magnetic Resonance studies of species-

adsorbed on surfaces is a field of' investigation still in-

its infancy. It will be interesting to 'see what future

1

/’ +
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Appendix A. The Correction in Chemical Shift Due to

Magnetic Susceptibility

When placing a sample of magnetic susceptibility into
a field we must ask what is the real field at- a’ point
inside the sample. The field is equal to H, + Ha
where Hy equais the demagnetizing fields.

Congidér,the field tbwé;ise fromiucﬁargeé where the
field goes from + to -. If Wwe want to know the field
inside a long column we have ‘a situation as diagrammed
below which;fepfesents a'cqiumn of_infinitérlength in the

n £

z direction. Maxwell s equation

b
L ‘
F

says that the divergence of'grz 0.
®m FB-o0

-2 LD
where B = ﬂ;u'ﬂ M.

We want to know what the divergence of the field is

at the surface of our column.. From ()

-y D : - 3 2 '
(<) V.H =14 (V.M),where the V.M term is often called .’

~— the volume charge density'e, and .is commonly defined as
-V.M, a sign convention consistent with placing minus

signs where the field leaves a surface and + signs where a

field enters a surface. .

How we want to evaluate Hy . We are only concerned -

v : -
with the field due to the surface since everywhere else M
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: -y
is continuous and §.f = 0. A solution of‘ equation (2) is

Hey = JG‘U\(" ,
¥ r‘)’ ;‘ , *

(3)
Wwheresis the charge/unit area. Since the total charge %S(‘LV

the total charge' on a -surface is equal toSaaﬂ.However',

Guasses law says that:
#

..j.vv\\d\j =-SI‘1'7\'A.¢\ where W

is the normal vector to the surface A. From the above it

can be seen that

(4= -M.7 = M cos ,

L

We want _’to find H: From (3) we can see(that =
ot.‘H"';‘ c-aniRcoscb A Rsngy v 23]
R*rz2)%2

(5)
= W wsszA&aL% - R W¢X/(R‘_+E z>’/2

since both y and z terms will cancel out due to symmetry.
The field H' is Just the 1ntegral of (5).

J A?PS 42(Ru 4’>X~‘*1)/Qz+215 /3

° o3 5,
SR e‘) *

The integral is solve{ by letting z = ’bR then"

(6)
= ’TM‘K

. T 5 b
- © © Q*b")))‘
The integral has a value of 2 =o that 6 becomés
(7) H" = =247 M S L

=2 AHy
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" where H(sample) and H(ref) are the

190

™

where we are assuming that M ={H, , that - is the local

fields " are small compared éo Ho . To ask what is the
” ¢ . '

field at some point ity becomes convenient to. remove a

small sphere and ask what is the field within that hole.

1

' It must be equal to Hg + H” + H" where H" is the

i

demagnetizing field due to the removal of our small

sphere.
H" is evaluated using equation 3 as before except
integrating over a sphere rather than a g¢ylinder and

performing the integration in polar coordinaEes. It

=

proves to be equal to 4/3 1M in the opposite direcetion.

The total field inside out little sphere is then:

(9) H=H, -27KHy + 4/3mXAH,

=Hy -2/3m X Hg

Y

Now suppose we have two différent‘samples, one a reference

sample of: overall magnetic susceptibility X(ref), the

other a sample of suséeptibility-X(sample). We want to

find the real difference in the fields at ‘which they
resonate  without consideration of the ' difference in
magnetic susceptibilities.

.

The chemical shift is defined  as being:

—-

(10) §={H(sampre) - H(rerjyH,

. fields of which the sample -and reference resonate

’
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respectively. But - the field at the sample is from (9)

equal to H(sample) - 2+ /3X(sample s and the field at

the reference sample is H(ref) - 2-1 /31(f'ef)Ho . So from

(10) we have: <

(11)S(r‘eal)b :{H(sample) - 2 0 /3)(sample)H, - (H(ref) - G

2 /3Wref)Hg JYHq . . | =
$(ras) = H(sample) - H(ref) + 277 /3( X (ref) - A(sample)/H,

- ‘ o
g (observed) + 2-17/3( X (ref) - Qsample) '

h

»

Other expressions are derived in a similar fashion for

other shapes of sample tubes.





