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ABSTRACT

[}

"Electron paramagnetic resonance techniqueé have been
used to investigate the nature aﬁd possible effects of adsorption‘b
of‘gaséous speciés on several adsorbénfs,,in particular several
syﬁfhetic zeolites, at temperatures from 77°K upwards. Analysis of
the spectra obtained has been aided through’comfuter simulation of the
various spectra and comparison of these to-the actual obéefved.
spectra. |

The moleculg chlorine dioxide ( ClO2 ) has been studied
in various lowvtemperature‘métrices but little has been published for -
‘ClOz ih}the adsorbed‘Sfate. An attempt was made to find an adsorbent
such that an inert matrix might be approximated, fo give a base from
which-to make»pomparisons. To this end, adsorbents including silica
gel, synthetic zeolites 13x; 10X, 4A, SA, Na-mordenite and
‘H-mordenite were ihVestigated. Thevresults vary between those from
silica.gel, where spectra yielding EPR parameters similar to other
matrices were'obtaiﬁeé; to those from 13X where it was evident that

two distinct adsorption sites of the C1l0, were preseht. In the 13X

2

as in the other synthetic ieolites, EPR parameters markedly different
from other studies were found and were attributed to the intense
electrostatic fields present in these zeolites. Results obtained

2

ffeely rotating in the cages of the zeolites to other molecules

at room temperature for these adsorbents ranged from Cl0O, molecules

having hindered rotations.
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Nitrogen dioxide ( NO2 ) was also investigated with a
- view to finding simiiar interactions. Although changes aS'mafked :
as for ClO2 compared to other studies were not'observed, the

synthetic zeolite H-mordenite yielded spectia clbéély approximating

those obtained in solid N,0, matrices. It is proposed the NO, molecules

274 v 2

are caged in the numerous side pockets emanating from the main éhannels"

in this zeolite and are effect;vely isolated from other N02 ﬁélécules.

.;The resulting spectra.are Strikingly mére reﬁolved than those

bbtained uSing'other.adsorbenfs and enabled accurate computer

simulations to be madé. |
The-adsorpﬁion.ofvnitric oxide ( NO ) produced an effect

not found with the other molecu}es. A néw Spécieé was formed from

~a reaction of the NO with H-mordenite and could not be removed at

room temperature, indicating'a strong bond‘to the surface. The new

species does not'confain nitrogen as identical spectra were obtained

4NO and 15NO .

from adsorpfion of 1
Attempts to observe spectra which could be assigned to
the difluoroamino radical from adsorption-of tetrafluorohydrazine

‘were unsuccessful. The spectra observed were assigned to a species

having no hyperfine structure and an anisotropic g tensor.
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CHAPTER ONE

- INTRODUCTION

,f"Surface studies havé gfown ih interest over"feceﬁt
yearéldqe in pért‘to both increased knoWie&gé Qf_thé stfucture‘-
_of éurfaces and aléo‘to the applicatién of différent‘técﬁniques‘
to the study of this area. Adsorption studies, surface structure
stﬁdies'and'studies of .reactions on sﬁrfaces all have COﬁtributed
greétly to our knowledge of surface phenoﬁena. A great deal of
interest and activity in the'app%icatioh of spectroséopic techniques
to prdbléms in Both catalysis and surface chemistry is evident. The‘
fact that infbfmatidn can be obtained at the molecular level rather‘
than the:systémflevel has been a driyiﬁg forcé-fqr cohtinuing.rapidv
grthh in this ;réa of‘intérest, |

No one spectroscopic technique can hope to pfévide



all the information available from studies of adsorbed species.
?erhaps the most.sucéessful and widely used application has been
_ that of infrared spéctroscopy. ‘Many reviews have been written on
infrared spectroscopy as applied to the study of surfaces (for example
[1-6]). Gamma-ray.resonance spectroscopy, although relatively
unexplored at present in this regard, has also been uséd to some
extent [7]. E

Magnetic Resonance teéhniques, both electron paramégnetic i
fesbnance,,hereinafter called EPR, and'nuclear maghetic‘resonance,
hereinaftef called NMR, hold promise of prdvidiﬂé énSwers to soﬁe
.bf the cohpli;éted situations that arise on surfa§e§ in systems.
inyolving fhe gas—Solid interface. The application of fhese
techniques isugfill at a reiatively early stage. NMR studies have
--been varied. ‘The detection‘of relaxatioh phenomena of mblécules
adsorbed on surfaces has been a prime area of interest (for_éxample
t8—11]). Othe%bNMR studies hgve included such effegts as the stgd}‘
of chemical shifts on various surfaces [12] énd studieslof adsorbed
water [13-15]..

The.aﬁpliéation of "EPR to the stﬁdy of adsorbed
molecules has béen very productive. The ability of this technique
to detect smalllconcéntrations'of paramagngtic species and to
relate the uﬁpaifed electronvcharge Aistribution to the molecular
structure has ma&e this‘an.extfemely useful method of investigatiﬁg
systems involviné surfaées.

Many réactions'which oécur at surfaces also involve

paramagnetic species. It is possible to stabilize highly reactive



molecules either by adsorption into porous media such as Zeolites.
or molecular sieves (for example [16-18]). Controlled reaction

of these 'trapped' molecuIeS‘would then be possible to.pfoduce
specific products, whereas corresponding reactions in.the‘gas phase
may not be as selective. Under suitable conditions, information
about ‘the adSofbed-species such as its identity, stability, motional
state, chemical structuré, and intefactibn with various surféce

- fields can thus be obtained.

The ihteréctions between paramagnetic molecules and itsJ'
surroundings cén greatly affect.the EPR spectrum. When the mbleculeé
ﬁnder study are adsorbed on a sﬁrface or in some way trapped, one
would ﬁaturélly éxpéct some differences in the EPR parameters
‘from thosevobsérQed for 'free! ﬁolecﬁles. These.ihteractiohs Will
be réferred to éé matrix interactions. Maéfix interactions determine
the ability of é paramagnetic molecule to rotate or reorient about
various mqleg@lér axes.‘ These intefactions‘can'also perturb the
‘wave -functions of th§ molecule and thus produce changes in the
components of bofﬁ the g:and hyperfine tensérs of the molecules.

This étudy is concerned with the EPR spectra of
paramagnetic molecules adsorbed on synthetic zeolites and on silica

’.gel, and the. effects of such-adSorptioﬁ on the EPR parameters.
Erief intfdecfions on adsorption and the structure of zeolites
are given for compieteness. in fact, a knowlédge of the surface
structure of the‘édsorbents is extremely beﬁéficiai to_the

interpretation of the observed phenomena.



A chapter on EPR is included buf the reader is-referred
to other sources for a ﬁore detéiled coverage of the theory.
Chéﬁter Five givesvsome insight into the application of various
spectroscopic techniques to this research area and presénts
background on the application of the EPR technique to some surface
phenomena.

The remainder of this‘thesis includes a discussion
Qflthe experimental techniques and the results obtained from the

various systems investigated.



" CHAPTER TWO -
ADSORPTION -

The components of a‘solid (ions, atoms, or molecules)
are sﬁbject to forces which are in equilibrium deep_within'the
1attice but ‘are unbalanced near the surface.”;This results in én
attractive force field only extending a few.angstroms, but.enough
to attract moleculés of a liquid or gas in the immediate proximity.
These.forceé cause molecules to become attached to the surface,
the phenomenon being known as adsorption. The term was introduced
by Kayser [19] in 1881 to denote the condensation of gases on free
surfaces. Desorption is the complementary process, the removal
of gases from fhe surface, while the surface is termed the
adsorbent. The physical adsorption bond derives from similar
poﬁesional forces as those responsible for condensation whereas

chemical adsorption or chemisorption alters the. nature of the



adsorbed species. Adsorption is commonly measured in terms of
the mass adsorbed as a function of pressure, the measurements
undertaken at constant temperature. The resulting plots‘are

termed adsorption isotherms.,

2.1 Surfaces.

It is convenient to distiﬁguish between external and
internal surfaces when considering the large available surface
areas of the adsorbents normally used. The external surface
of a solid frequently represents no more than one percent of the total
surface accessible to gas‘molécules, thévadditional internal surface
'_-arising from the walls of the pores, cracks or interstices within the
solid. If.is obvious also that the smaller tﬁe particiés, the )
larger will be the external Surface. The demarcation line between
these two kinds of surfaceé is arbitrary, but the term 'interhal‘
surface', then, would comprise the walls of all cracks, pores and
cavities which are deeper than they are wide. This internal'surface_v
must of course ge open to the exterior of the solid and in porous
solids 1is generéliy several ordérs of magnitude greater than the
external surfagé. The concern of this study is with porous systems
“having large iﬁ£érnal surfaces.

A coﬂvenient classification of péres has been given by
Dubiniﬁ [20]. ?bres of width below 208 are termed micropores, those
of width above 2008 are termed macropores, while those in between

are considered transitional or intermediate pores.



2.2 Classification of Isotherms.

Many adsorption.isotherms have now been determined andv
have been found to be of five different types, each type éharacteristic
of a different surface makeup.- These have been classified by Brunauér,
Déming, Deﬁing and Teller [21] and are shown in figure 1.

Adéorption isotherms are‘genefaily analyzed by referénce
to an equation in which thé capacity of a éomplete monolayer
appearS-a§ a paraméter. Knowing the cross~sectional area of the
_adsorbate molecules, the épecific surface.area of‘the_a@sorbent can
bbevcalculated from the.monolayer capacity.

Type I“is_of mainvintereét in this study and is - =
outlined below, Langmuir [22] was the first to a%tempt an
interpretation of adsorption phenomena and type.I:isofherms are
commonly éalled'tangmuir isdfherms.

The isotherm is characterized by the equation

V oP
= m

v (2-1)

1+aP

where V is the volume of vapour adsorbed at'an equilibrium preséure P;
Vm’ the volume of vapour adso?bed at full monolayer coverage; and O,
a constant. It i5 obvious from observation of the isotherm that
a saturafion ofbthe éurface appears to occur at higher gas pressures,
not always the cgse as seen for the other types.

Langmuir assumed ihat initially, all gas molecuigs striking

a surface would condense on it. Once completely covered by'adsérbate



{1V

ORDINATES: Adsorption, (mg/ g)

-

1

AB

D)

CissA

)]

Relative vapour pressure P/ P

.
{scaled 0 to 10)
FIGURE 1. rive different types of adsoipﬁion isotherms,

as classificd by Brunauver, Deming, Deming and Teller.



molecules, fﬁrther condensation would cease since the surface forces
would be neutralized. Saturatioﬁ in this instance is in the form |

of a single monolayer over the surface. Before this limit is
reached, part of the surface must be vacant and‘Langmuir_assuméd a
dynamic equilibrium between the condensation of gas molecules hitfihg
the free suffacé and the‘evéporation.of condensed molecules

from_the océupied.sur'facef The raté of condensation should be
proporfidnal to the specific surface S; the pressure of the

adsorbate P; and the ffaétion Qf the surface not yet covered,'(l - 0),

so that:
~rate of condensation = ﬁSP(l ;_e) N v (2-2)

where U is a constant. The rate of evaporation is also proportional
to the specific surface-S; the fraction of surface already covered,
6; and the rate evaporation would occur if the surface were completely

covered, v, such that
rate of evaporation = Sv8. ‘ (2-3)
At sorption -equilibrium,

SuP(1-6) - Své : " (2-4)

By definition, 6 = V/Vh and réplacing “/v by the constant a,

equation (2—4),becdmes the Langmuir equation given by equation (2-1).
‘The use of the Langmuir equation is limitéd at the pfeSeﬁt time almoét
entirely to chémisorption studies, assuming here that sufface coverage

does not exceed a monolayer.
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Type I.isotherms afe frequently encountgred in
.adsorption studies of microporous solids, the saturation in this .
case being a complete filling of the pores with adsorbate molecules.
Any slight rise in the isotherm would then come from multilayer
' adsorétion on the relafively émall exfernal Surface of these
micropdrbus‘solids.

Extensidns'of.the Langmuir theory bf'adsbrption have been
made, including the possibility of multilayer adsorption.

- In 1938, Brunauer, Emmétt and Teller [23] proposed a theory which
retained the Langmuif concept of &yﬂamic equilibrium but extended
‘the process to_inclﬁde multilgyer adSorptién. It was assumed that
the cohdensatién—evaporatiph cﬁafacteristiés of the second and
subéeqﬁent layé;g are the saﬁe aS'those‘of the surface of the

bulk adsorbate; The assumptions for the initial‘monolaygf are the

same as for Langmuir. The equation is characterized by

P L 1 . E
V(P -P) =~ V¢ P °
o) v m 0 m

p—t

C—

|

(2-5)

<

o

P is the saturated vapour pressure of the adsorbate and c is a
constant related to the differential heat of adsorption by

the equation

¢ ¥ exp((HiéHL)/RT) , | ‘ (2-6)
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where H1 aﬁd HL are the heats of.adsorption in the'first layer
and the héat of 1iquificafion, respeétively. Equétion (2-5)
‘reduCés to the Langmuir equation wheh P/Po is vefy low and c¢
is very large. |

The BET theory, as it is called, is still the best known
and most widely used today for both porous and non-pbrous adsorbents.,
- Whiéhever‘thedry is ﬁsed, however, to represent é physical adsorption ‘
isotherm, agreement is rarely complete between the formula and-
.experimental results. Thié is due to the the assumptioné of enérgetic
~ homogeneity of.the adsorption siteé and also of a gradual_forﬁation‘

of a polymolecular adsorption layer. These assumptions are not

valid for the ﬁorbué adsorbents in use today.

2.3 Volume Filling of Pores.

Numerous experimental and theoretical studies in‘recént
“years (for example [24]) lead to the conclusibn that adsorption’
~in micropores differs quélitatively.ffom adsorption én wide pore
and non-porous adsorbents. Microporous adsorbents only have been
used in this study. The concepts 'surface' and 'adsorptionvin layers!
lose their physical meaning in these systems and it is natural to
expect that adéOrption in micrbpores leads to a filling of a limited
micropore adsorption space, Wo' When working with microporous
:adsorbents, the:value of Vm pf the BET 'and Langmuir equatiéns may
not be ;onsideféd as equal fo the volume of the ﬁonomolecular 3
layer covering fhe surface of the adsorbent. Its value is near to that

of the volume of the micropores, and therefore also to W, the
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constant of the Dubinin - Radushkevich equation. This equation
is characteristic of adsorption isotherms obtained from experiments

on microporous adsorbents, and is -given by [25]

2 2 | '
a = Wo‘ —exp(BT '<1og Ps> > (2-7)
v |\ U | o

V 1is theivolume of the amount adsorbed, a; T, the temperature; B,
a constant indepéndent of temperature and representing the basic
‘characteristic of the_poroué'structure of the'édsorbenf;.B, the
affinity coefficient given by the ratio of the différential molar
-work of adéorpfion of a given vapour to that of a vapoﬁr chosen
A'asva standard;-PS, the. saturated vapoﬁr ﬁressure of the sorbate;
’:ande, the pressure of the,adsorbaté. 'Thé éonstants W0 and B
~ then charactefize the adsorptive propertieé of ‘the given adsorbent
whereas P_, B, and V describevthé adsorptive properties of the
édsorbate. |

‘ At_ﬁﬁe present state of ‘the theory of adsorption
interactions, guffiéiently complete inforﬁatibn on the adsorption
‘field in micr&pores can be.obtained only from adsorptidn experiments.
vThe theory the;éfore, has a somewhat phenomenological character and

is being constantly re-investigated.

2.4 AdSofption Forces,

London [26] in 1930, showed that there was a very general

force between atoms such that

v_A
o < -5 (2-8)

where ¢D is the: potential
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energy of the two isolated atoms. separated by a distanée‘X; A, a
constant feiéted to the'polarizabilities of the atoms and n an
integer, usually given as 6. Thé negative. sign denetes attraction.
This force is termed a dispersion force and arises as a small
perturbafion of the motions of orbital electrons on each other
1eading to attragtidn of the atoms, Dispersipn forces are additiﬁe
such that an édsorbate molecule near the surface of an aasorbent
" experiences a‘total‘attfaétion which is the sum of all‘pairs of
-interactions. |
‘In'addition, sﬁort‘range repulsive forces are also univérsélly'
‘associated with physicéi-adsorption, givén by |

Xm

. where B is a constant and m an integer, generally much larger than n.:
Consequently,Athe repulsion is'important only at very short distances
of separation.

It:is assumed then, that both repulsion’and attraction

energies of this type have the same form and the total potential is

‘generally given by
(2-10)

where m > n. .This equation has been appiied to a variety of
physiochemical systems. A relafion of this form was first
introduced into the theory of gases by Lennard-Jones [27] where

n==6 and m = 12 and equation (2—10) is generally referred to as the

.Lennard-Jones (6-12) potential.



-14-

Other aftfa¢tion forces are also present if the‘adsorbent
" is ionic¢ in nature and the adsorbate poiar’ Strong electrostatic
fields F are known to be preséﬁt on ionic surfaces.. Barrer [28] has
defined various energy'termsvthat,c0ntribute tb the physical bond o
in thése_sygtemé. Thesé are: Polarization enefgy ép,
Field—dipole-engrgy ¢Fu, Fiela gradient—quadrU?ole'energy ¢ﬁQ’
 'Dipo1e—dipo1e energy'¢1uf>Dipgle;quadrupole eﬁergy ¢ﬁ., and

_ . ‘ Q
' Quadrupole-quadrupole energy ¢QQ'

2.4.1 Polarization'Energy.
Polarization arises when the adsorbent is
heteropolar, creating local electrostatic fields which may

"~ polarize adsorbate molecules having some polarizability. Then, -
- g - | -
~¢p - 2 F » . (2-11)

The'stréngth of this interaction is obviously directly'dependent 

on both o and F.

2.4.2 Field-dipole Energy.
Molecules possessing permanent dipole moments also

interact with F, the energy of interaction given by

¢Fﬁ = -. Fucos® ) ‘ ‘ : (2-12)

where H is the dipole ﬁoment of the adsorbed molecule and & the .
angle the axis.of the dipole makes with the field. It is expected

¢FH will assume an appreciable value_bnly;if the adsorbate molécule

can approach within a.short distance of the sﬁrface'[29].
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2.4.3 Field Gradient - quadrupole Enéygy.

Recently, the importance of the presencé of a

‘permanent quadrupole in certain adsorbate moleculés has been
fecégnized [30]. A quédrupolé is pictured as arising from
seﬁaratién of equal and opposite dipoles, the magnitﬁde of the momentv
:beihg.proﬁortionate'to the product of‘the dipoie moment and the'
_geparation of the dipoles. The'ldcél fields F willlnorﬁally héve
associated with them a field.gradient ﬁ’which can interact'powerfully
witﬁ molecules possessing perménenf quadrupole'momenfs. o

| The‘intefactions of the poies‘also contribute'to the
bond energy>th6ugh.fheir.contributions:afé normally‘much_smaller
tﬁan.those bréviously mehti&ﬁedf

| Dispersion forces, then, are‘always pfésent when
consideringfpﬁysiéal adsorption and, unléss the adsorbate molecule
has a permaneﬁf dipo}e moment, will représent the major coﬁtributioh
to the total adéorption'ehergy,‘ Electostétip forces are present if
the solid is ionic and become signifiéant and perhaps_predominant if
the adsorbed ﬁolecule has a - large dipole moment.

It,ié ¢vident that the exact fofces-iﬁvolved depend upon

the physical aﬁd chemicél properties of bqth the adsorbate and
_adsofbent. Tﬁé‘favouped adsorption sites afe also determined

by these properties.
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CHAPTER THREE

ZEOLITES

Qvef 200 yearé ago; a Swedish.mineralogist and chemist,f.
Baron_Crdnstedt; obsérVed that certain minérais appeared tp melt and
boil at the.same time when heated. He naméd these minerals zeolites.
from the Greek worﬂs ﬁzéo" meaning to boil and "1ithos" meaniné stbné}
_Littielattention was given these zeolites until the 1920's whén théir
'seléctive adsorption property was noticed, McBain [31], in
discussing the significénce of these results, coined the term
"moleculaf‘sieves" for these zeolites; In the late 1930's, Bafrér [32]
began a thorodgh investigatibn of the adsorptive properties of theée
materials which ied to cénsiderable interest amoﬁg’thé séientificv"'
‘community.‘ |

About 40 zeolites occur in nature but much interest has



-17-

also been:given to synthetic varieties. Barrer synthesized the zeolite -
mofdenite and several other synthetic vatieties‘[33—35]. By the |
: early 1950's many different synthetic zeolites had been prepafed -

viin the ‘Linde research laboratory [36, 37] Some are analogs of zeolite
materials; others, new varieties not_found in neture. Many |
present#day cormercial opetations simply_were-not possible or practical .
priot to the advent of these materials. They have permitted the.
'deVelopment.of seleCtive edsotption as aipracticai alternative to the
long establlshed separatlon methods of distillatlon,‘absorption,
extraction and fractlonal crystallization.

Molecnler'51eves (zeolites) are crystalline metal.;'
aluminosiiicates with“a threeedimensionalfinterconnecting networkft
structute of Sid4.and A104 tetrahedra.v The'fundamentai building
‘blocklof any zeolite crystel is a tetrehedron of four ongen ions
'surrounding‘a 5111con or aluminium ion (figure 2) The‘triValency

“of aluminium causes the AlO4 tetrahedron to be negatively charged
'requirlng an additional cation to electrically neutralize the
system. The oxygens are shared between neighbouring tetrahedra and
balance the chatge.of the silicon ion. The charge balancing cations
are the exchangeable ions of the zeolite structure.

| The remalnder of the bullding blocks of the zeolltes, in
order of increa51ng compleXity are: (a) rlngs; (b) primary cages;.._-
"and (c) secondary cages and channels. | |

Rings are formed of the 5111con and aluminium tetrahedra

. by oxygen bridges. The cages are composed of various sized rings
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SILICON &
~ ALUMINIU

OXYGEN
~ CATION
FIGURE 2; _'The fundamenﬁal buildihg blqcks of zeolites
a) Si04 tetrahedron b) Al_O4 tetrahedron.
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so that access to them is goverﬁed by the_ring dimensions. The
pofe opening of'the 4-membered rings (tetréhedra) is negligible.
The Gfmémbered rings have an opening of 2.2}X diameter. 8-membered -
rings havé a-pofe diameter of 4.3 X whiie 12-mémbered rings have
a‘pofe diameter of 8.9 R. |
The struétureé of many zeolites consist of simple

.afrangements of polyhedra forméd from the rings. The trunCatedv
oétahedfon, also known as'thé sodaiite.cage; is a well known éxample
6f.such a primary cage (figﬁre 3). This cage contains 24 siliéonb,
(aluminium) tétrahedra and ié compoéed of six 4-membered rings and_
eight 6-membe;éd rings. Thé free diametéf of the internal cayity ié:
6,6‘3,.and access is through the 6—@embéféd rings.

| _Sec;ﬁdary cages éppear on’the packing of the siﬁpler‘primafy
cages to fofmifhe total zeolite étructure. ‘Cages of intefest are
discusséd whéﬁ';hé struétﬁres of sbecifip zeolites are reviewed. |

| Avséructurai férmula.of.theltype | |
| ‘Mex/ﬁ[(Aloé)x (SiOz)y]oM HZO

is often used to illustréte the relatiéﬁ between chemical coﬁposition and -
structure of zeolites. Me stands for the metal ions; x,y and n are
| 0 molecﬁles in this unif cell formula.

2

The portion in-brackets represents the framework structure.

integers; and M is the number of H

The ratio y/x_ﬁaries between 1 and 5. According to an empirical

tetrahedra can be joined only to’

rule of Loewenstein [38], A10,
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' FIGURE 3. The truncated octahedron, or sodalite cage.
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N

4 4
the limit to the ratio of 1:1. The fact that only a limited number

SiO tetrahedra and never to anothér Al0, tetrahedron, thus giving
of silicon/aluminium rafioé are observed would indeed indicate that
there is an ordering in the rings of the Al and Si. The metal"
ions needéd for charge compensation occupy sites adjacent to the

_ca?ifies in the zeolites and are generally available for exchange .
with éther ions; Although ano; and di-valent ions are the most
common, tri-, tetra- and even penta-valent ions have been found.

‘ _ “

‘ . — L + 3+ : :
Synthetic varieties containing Ge4 and Ga” substituted for Si’ “and

A1 have also been prepared [39, 40].

3.1 "Adsorption in Zeolites.

As‘amcqnsequence'of their porous structure, zeolités
are in many.cases abie to contain adsorbate molecules in great
variety and yet in a highly selective manner. Since their structure -
is composed of continuous, often interpenetrating channel systems,
entry is governed by rings of various dimensions located
periodica;lyAthroughout the structure.

The variety and dimensions of the various adsorbates
v capable of entering the zeolites is therefore controlled not by tﬁé
dimensions of the cavities, but by the dimensions of the rings or
”windows” pe;;itting access to them. Owing to ring.puckering,
not ali ring;“containing‘the same nuﬁbef of tetrahedra are
-equivalent iﬁ”size [41]. Structures with, for example, 8-membered
rings can th;%efore exert a Qide range of molecular sieving

behaviour based on ring distortion alone.
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The number, size, valency and location in the lattice

of zeolitic cations have impertant effects on the size and shape
of the entry.poree to the larger cavities. They also have a
 profound effect on adsorption energies. The catioﬁs are present
in the same channels as the adsorbate molecules. They are .often
. reeessed into 6-ring windows which do not normally funcfion asvthe
vmain access to the‘ehanﬁel system, Sometimee thercations are also
located in polyhedra Which are not themselves able to hold
adsorbate molecules. These cations, of eourse, would not hinder
the migrafion of adserbate_molecules. _Other cations, however, may
remain near wiﬁdows centrolling aceess te the pore system of
the'zeolite.'AThis influence,may be moderated in three ways
[42,43]: o
1. Chaﬁging rre.size of the cations through exchange

(K+ 2?Na¥;lfor exampie) |
2. Changing the number of cations through exchange

(2Na+ Pl Ca++, for example) |
3. Changing the number of cations through synthesis

(NaAl % Sl, for example)
The effect of-the third consideration using synthesis is two-fold.
Besides remoring the‘influencing cation, a given ring size may
_.decrease sligﬁtly with higher silicon coﬁtent [44] since Si-0 bonds
are slightiy,shorter thaﬁ Al-0 bends. The.Si/Al ratio may. also
affect the poeitiens of the cations (figﬁre.4)._ Anything other
than al:1 ratlo of Si/Al will greatly affect the arrangement

of the catlon w1th respect to the tetrahedra charge it is balanc1ng
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. FIGURE 4. Cation position for zeolites of varying Si/Al
ratios, (a) 1/2 (b) 1/1
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This is especially true when mono-valent cations are replaced
by di- or tri-valent ones..

In addition to thé pofe geomet%y of the zeélites, the
various adsorptidn‘forces discussed ﬁreviously also determine
selectivity in adsofption. The polarity of the adsorbate molecules
becomes very important since strong interactibns may occuf
»betwgen the zeolite and polar adsorbate molecules. 

Clusters of moiecules arebpresent in the cavities when
‘ they are saturated. These clusters may be joined by-contacf with
other clusters through the windows. .The number of molecules in any
éluster is not:necessarily an infeger.sincé a'molécule may be sﬁared,
betweeﬁ fwo cavities or cages if it.happens to be located in the
window between;fhe two, When the cavitieélare not satﬁrated and
the number of édsorb;te moleéules is small, they are distributed,
not necesSérily'uniformly, throughout theventire'accessible pore
volume, |

Althédgh the entire pore volume.is available for
adsorption, ceffain adsorption sites are ﬁbre favoured thaﬁ others
and willlnecessérily be filled first. Théée are due primarily to
the cations'which are exposed in the crysfal lattice. These
cations act as sites.of strong positive charge which eléctrostatically
attract the negéﬁive endé of polar molecuies. Molecﬁles can also
héve dipoles induced in them under fhé infiqence of these localized
cﬁarges. These induced dipoies are, howeVer, faf weékef and iess

bstrohgly attracted.
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3.2 Structures of Zeolites.

3.2.1 X,Y Type.

The qrystal structure of the synthetic zeolites
'tYpes X and Y is similar:to that of the naturally occurring
faujasite [45]. The framework consists of a tetrahedral
arrangement of sodalite cages, in a diamond type latticé, linked
_  by héxagonai faces with six bridge oxygen ions [46,47] (figure 5).

-The unit géll-formula for the type 13X synthetic zeolite is
Nag ﬁAlOz)gs(Sloz)gé y 264H20

' This is a sodidmrx sieve énd has the samé characteristic
structure-as thé sodium Y sieve except for a lower Si/Al ratio
ahd consequentlyvmére sodium ions per uﬁit.éell. The ratio is
usually 1:1 for the X étructufe and 17:7 for the Y.

The volume enclosed by this array of cages is the éupercage,
in this case te;med»a type II 26-hedron cage, or faujasite cage
(figure 6). It is composed of 48 atoms of silicon (aluminium) and
96 oxygen atoms;i The cage has 18 square faces, four 6-membered
’.ringé, and four 12-membered rings. The latter are the most important
ports of entry into the supercage. The opeﬁings of these rings is
approxihately 8;5 R and the internal diameter of the cage is 12.5 R.
The volume of t£¢~supercége is ébouf 850 XS whereas the vélume of |
, the'sodalife caéés is about 160 RS.

Thus there are thfee cage typés presenf'in type X zeolites: -

the faujasite cages, the sodalite cages and the hexagonal prisms
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FIGURE 5. The 'structural framework of the X type' syn-
thetic zeolite.
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FIGURE 6. The type II 26-hedron cage, or faujasite cage.
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formed by the bridging oxygens joining the sodalite cages. The
hexagonal prism cavities can usually only.be entered from

the sodalite cages through the hexagonal faces where the opening

is about.z R in diémefer. The type X structure therefore contains
two independent, three dimensional networks of cavities - one of
sodalite cages linked through hexagonal prisms and one of the super-
~  cages linked by sharing rings of 12vtetrahedra'; the two systems

interconnected by rings of 6 tetrahedra.

'3.2.1.1 Cation’Positions.

From: a crystallographié study of syﬁthetic Na .13X,
Broussard and Shoemaker [46] were able to locate precisely only
48 out of the 80 Na' cations required pér unit ceil of their
sample. X-ray studies of a calcium-exchanged natural faujasite
by Pickert; Rabo and associates [48,49] yielded a more explicit
picture of the cétion distribution. Thrée cation sites were
described (figure_7); SI sites (16 per unit cell) are locatéd in
the interior of-the hexaéonal prisms, positioned between two
puckeréd 6-membered rings in six-fold coordination to oxygen.
SI is effe;tivély hidden from the zeolite surface as a conséquence

of its ‘intimate coordination to the framework ions. The SII sites

(32bper unit céil)‘are found in the hexagonai faces (6-membered

rings) at the mouths of the sodalite cages. The cations here have

sites are located next

“three-fold oxygen ilon coordination. SIII

to the 4-membered rings on the. surface of the supercage. The order

of preference of cations seems to be SI over SII over SIII'
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FIGURE 7. Cation sites in Na 13X synthetic zeolite.
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Since Si and SII sites are more than sufficient to accommodate the

bivalent'cations, the S sites are probably only populated in the

111
univalent forms of the zeolites.
The sodium ion can be‘replaced by a multitude of others,

depending on ion size and charge. Among those more commonly

+ ++ . ++ ++

eXchangedvaré Li+, K4, Rb , Cs+, Ca , Sr , Ba++, an& Cg . The
sodium can also be replaced by ammoniumvions‘and these in turn
detdmposedvto yield a decationated zeolite.

Replacément of sodium ions for calcium ions décrgases
the permeability of the zeolite from abproximately 13 R in'13X
to 10 R in_lOX,‘a calcium exghaﬁged form of the sodium zeolite.
‘Thus, décreasing the number of cations (éNa+ Z Ca++) actuaily_
decreasesvthe.adsorptive ability of the X zeblite. This is Aue to -
the fact that‘éhe cations initially replééed-are those in the:hexa-
'gonal,prisms,.which have no‘effeét on the{pore openings in the
~zeolite. Replgéement of‘the cations at tﬁe open rings‘of the

supercage actually increases the retarding effect of the cationic

potential due to the increased size and charge of the cations.

3.2.2 A Txpe.;

| In the:A.type structure, the.primary cage also consists

.of sodalite Cagés. In this insfance they ére jéined through the
équare face; (4—ﬁembéfed rings) by four bridging oxygen ions in a
cubic array [50].(see figure 8); In the sodium form, commonly called

4A, the structure is represented by the formula

Nz{lz((AlOz) 15(510,),)-27H,0.
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FIGURE 8 - The structural framework of the A type
synthetic zeolite.
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As seen ffom the formula, the Si/Al ratio in this case should
be 1:1. This type of stacking of the sodalite cages gives 'a roughly
spherical supercage, termed a type I 26-hedron cage (figure 9).
- It consists of the same number of silicon (aluminium) atoms, 48,
and_oxygén atoms, 96, as the supercage of the X type structure.
“In terms of ring sizes composing the cage, it has eightéen 4-membered
rings (square faces), eight 6-membered rings (hexagons), and six
8-membered rings (octagons). The diameter of thisl26-hedron‘cage
is 11.4 § and the volume is 775 %-.

As in the X type structure, there are three cage types:
. the supercage; the sodalite cage and the square prisms, férmed‘by_
the oxygeﬂ atomé linking the sodalite cages. The supercages, sometimes
_called truncéféa cubooctahedra, are found in a cubic arrangement,
with reSpect fo each other. Access is thrdugﬁ the 8-membered
rings with a pdre diameter of 4.2 X,.and are the largest 8-membered
rings to be found in zeolites since the fing is planar [51]. The
A type stfuctufe therefore consists of one three-dimensional netwérk
. of cavities haﬁing a maximum diameter of 11.4 R and a minimum of
4.2 X. Access ko the sodalite cages is through the distorted
6-membered riﬁgé éf diameter 2.2 X but access is only through the

central cavity system.

3.2.2.1 Cation.Positions.

The available positions for cations in the A type structure
- are at the center of the eight 6-membered rings of the sodalite cages

at the corners of the supercage, site A, and in 12 available positions



-33-

ype I 26-hedron cage.
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adjacent‘to the 8-membered rings defining the supercage, site B.
For 4A, the sodium form, eight of the twelve cations of.a unit cell
‘are found in site A, while the other four are statistically
dlstrlbuted into the twelve site B locations [50, 52] Site A

is therefore filled preferentlally to site B. Replacement of the'
sodlum ions by calc1um ions to form the SA synthet1c zeol1te,
actually 1ncreases the effectlve opening ‘to the central pore
system to approx1mately 5 R in diameter. Since the twelve sodiumt
ions are replaced’by six calcium ions,‘these'will be located in
site.A, leaving the 8—ﬁemﬁered rings clearer and yielding allarger>.
access to‘the aupercage. The sodium ions may also be replaced
2+ 2+

Mg~ , Sr” ,

by ions such as Lit, ¥, o', cst, 11", Ag', NH4+,

Baz+;ng2+; Cd2+, Zn2+, C02+, and Niz+.

© 3.2.3 Mordenite.

The zeolite mordenite belongs. to that classification
characterized by the predominance of 5~-membered rings of
tetrahedra. The“gecmetrical pattern of the aluminosilicate
framework is different from tHe A and X type structures in that the
‘bullduplie of chains rather than of polyhedra (figure 10a). There
are. six possible slmple structures'formed by different lateral
.bondings of the.chains to one another and a cross-section of that
found in mordenite is shown in figure 10b. The result is a
two—dimensional; tubular pore system,Aunlike the three-dimensional
pore systems of A and X structures [53].. The unit cell of an ideal

sodium mordenite is given by the formula

yaS . (A192)8 . (8102)40'- 24H20
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(b)

FIGURE 10. The structural framework of synthetic morden-—
ite ' . : :
(a) characteristic chain structure
(b) cross-sectional area of a chain
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Thus,vmordenite contains a ﬁigher Si/Al ratio,IS:l; As shown

- in figﬁre 10b, the chaﬁnels are circumscribed by 12-membered rings

of tetrahedra;‘larée deviations from planarity, however make a

planar projectionlmucﬁ smaller tﬁan'a 12-membered ring of the X type
-stfucture. “"The major and‘minor diameters are thus»7.0 R‘and 5.8 X,“.
respectively. Tﬁese‘large channels are intersected pefpendicﬁlarly
by-smaller channels circumséribed by 8—ﬁeﬁbered rings having a
minimuﬁ free'diamefer'bf:S.Q R “and leading to the next main chaﬁnel.
Howevér, halfwéy tO‘fhe neighbouring main channel,‘the side. channels
branch thfough two distorted 8-membered riﬁgs of 2.8 X free diameter

which open into the main channel.

3.2.3.1 Cation Positions.

In Na-mordenite, a sodium ion rests at the ceﬁtef.of each
vdistdfted.S-membéred ring, effeétively isolating the main channels
from one another:and leaving each-main channel lined With'two
TOWS ofbside pockets [54]. These pockets have a low ratio of volume
to cross-sectional area of théir entfances (figure 11). The éther_
cations afe located in the main channels and occupy at random some of

the 8- and 12-fold positions available [53].
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(O Oxygen

Oxygen in plane of p'ape_rv

Cations

FIGURE 11. Cation positions in synthetic mordenite.
Aluminium and Silicon at the centers of cach tetra-
hedron ‘are not shown.
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CHAPTER FOUR

ELECTRON PARAMAGNETICvRESONANCE

4.1 Theory.-

The basis of electron paramagnetic resonance (EPR)* is
concerned with the intrihsic spin of an electron and its associated
mégnetic moment. An applied magnetic field H allows only certain
discrete orientations of the precessihg dipoles with respect to the
magnetic field, the orientations corresponding tb different energy
levels. Irradiation of the system with electromagnetic energy of
fhe appropriafe frequency induces tranéitions between these magnetic

energy levels.

The term electron spin resonance, ESR, is less general than EPR, .

since the former doés not take into account orbital magnetism.
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The energy for these transitions is given by the equation
hv = gBH 41

.where h is Planck's constant; v the frequency of the radiation; g,

a numerical factor often close to 2; B, the Bon magnetonj and H,

the magnetic field. A magnetic field of 3000 gauss requires a
frequency of about 9 Gigahertz to induce the transitions. This
corresponds to a wavelength of approximately 3 centiméters, which is ih
the microwave region of the electromagnetic spectrum.

Relaxafion processes mqst necessarily be preéent such that
the energy absorbed by spins in the higher energy level can be
dissipated in sucﬁ a manner as fd permit.their return to'tﬁe grbund
energy‘level. Otherwise population between the energy.levels‘would
‘equalize and abéérption would cease. This.essentially is achieved
through the phéﬁomenom.of 'spin-lattice relaxation', where the
'spin system! inferacts with its surroundiﬁgs in such é way as to
provide paths féf this process, and also tﬂrough spin+spin relaxation.
The population of these two levels, when in thermal equilibrium
at a given fiel&:and temperature, may be répresented by the
Boltzmann equation. Thus, if the populations of the upper and lower

levels are N2 and Nllrespectively;

No o eeH\n . gBH |
N, TP <ﬁ;> LT, (4-2)
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where B, g, and H are defined in equation (4-1); k, Bbltzmann's
Constant; and Té, the spin temperature defined by equation.(4-2).in
terms 6f the. instantaneous relative populations of the two spin

levels, If the population difference at a given time t is AN, equilibQ

rium will be reached at a rate given by

dAN/dt = dN /dt - dN,/dt ' (4-3)

vGiventhatWZ and W1 are the probabilities of transitions from the

upper and lower levels respectively, we can write

dAN/dt = 2w, [N_-N. {1~ ggH . (4-4)
: 2 121 2 :
kT
where T now is the lattice temperature. From equation (4-4)
it is easily shown that

dAN _ 2W, (AN _-AN) (4-5)
4t - 2 o ‘ :

which.has the solution
AN = AN [1 - exp(-t/T )] ‘ (4-6)

where T1 = 1/2W. Tl’ the spin-lattice relaxation time is seen as

the inverse of a_lattice—induced transition probability. The spin-
" lattice relaxation is thus characterized by a relaxation time T1
and the spin system transfers energy to the lattice at -the rate 1/T1.

Similarly, the relaxation time T characterizes a spin-spin relaxation

2

process, a process which dépends on the effect of local magnetic fields

generated by neighboring spins.
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A consequence of the existence of these relaxation
processes is that the spectral lines observed for the transitions
between the spin levels have a finite width and are often
discussed in terms éf a 'lineshape'.

Various mechanisms may be responsible for broadening
bof these spectral lines. Portis [55] has clarified the distinction |
between the two main classes of broadening,'homogeneous>broadehing
and inhomogeneous broadening. Homogeneous.broadening is that
aésociated with transitions between spin levels which are not
themselves sharply defined but are.somewhat broadened. Thermal
equilibrium of.fhe spin system is maintained throughout resonance as
the energy absgfbed from the microwave fieid is distributed to all
the spins. Soufces of homogeneous broadening include [55]:

(a) spin—lattiéé relaxation; (b) dipolar interaction between like
spins; (c) intéraction with the radiationlfield; aﬁd (d) diffusion
of excitation thrqugh'the sample. An inhomogeneously broadened line
consists of a éfectral distribution of individual resonant lines
merged to forﬁuan overall lineshape; The distinction between
homogeneous and inhomogeneous broadening is that the

inhomogeneous bréadening comes from interaétions external to the
spin system andﬁﬁust be slowly varying ovef‘the time required for

a spin transiti;n. Inhomogeneities iﬁ the magnetic field cause
enefgy to be traAsferred only to those spins whose local fields
éatiéfy the reséhance condition. The resonance is thus artificially

broadened in an inhomogeneous manner. Other sources of inhomogeneous



42~

broadening are [SS]:» (a)vhyperfine interaction; and (b) anisotropy
broa&ening.

The shape of the absorption specfrum.is thus -determined
by.the types of interacfions between the environment and the spin
system. Thevwidthsiof these lines, hoWevef, depends on the strength b_
qf the iﬁteraétiohs and‘the relaxation time. A Qyétem Where
- relaxation is controlled by sPin—latticefintéractions and thermal
.eﬁuilibrium of the spin system‘isvmaintained throughput resonance
has a lineshape‘approximated by a Ldrentzian function [56],'characterized

.by the equation

ZAH%

E(H-H) = D)

m[ (H-H,) % + A1
s

AH

,_ here represents the width of the absorption line at half
2 . . .

the méximum intensity,‘and'Ho; the resonance field. It is»customary
however, in EPR, to display the fifst derivative of the spectrum.

| Although many interactions influence the linewidth, the |
Heisehberg uncertainty principle sets the ultimate minimum width
whichvmay be stated as

. AHi h

% = ZBT (4-8)

where T now corresponds to the relaxation time. Either T1 or T2
can be the controlling relaxation time, or both may be influential.
It is thus poséible, in certain cases, to determine relaxation times

from the observed spectra.

Another commonly encountered lineshape is .a Gaussian function
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[s6], characterized by

2 [o-ny)’ »
f(H—HO) = m/: eXp._[TTAHO ‘ ] (4-9)

%
“This generally occurs in an inhomogeneous spin system described
ébove. Gaussian and Lorentzian'lineshapes are compared in figuré 12.
Although these two 1ineshape functions are the most common,
combinations énd.variations of thesé have,also been observed and
“are described in refeience [57];
When the nucleus also possesses a magnetic moment, it

can interact wifh the magnetic field and the electronic magnefic
moment.. This méy‘result; not in line broadéning, but‘in‘the
éppearaﬁce of resolve& hyperfine structure. This hyperfine'mechénism
accounts for the muitiplet.éharacter of the spectrﬁm; The theory‘of
EPR is well covered in many articles and reviews (for example |
[58—61]) and oﬁly pertinent theory will be.further discusséd{

| The problem of expressing interéctions affecﬁing eleétrbnié
energy levels i;.usually approached through the application of the
Hamiltonian opg}ator. When applied.to fhe time-dependent

Schrodinger eqﬁa£ion, this approach yieids the eigenvalues and
eigenfunctions 6% the permitted energy levels. Abragam and Pryce [62]
héve shown thatifhe Behaviour of a spin system can be descriﬁed by a
'spin—Hamiltonié%', a particular part of the overall Hamiltonian.
Perturbation thééiy:is generally used in thé solution of the energy
levels. This representation has thé same effect as replacing. the

:interaction of the field with the orbital angular momentum by an

anisotropic coupling between the electron spin and the external
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magnetic field, the spin here now being termed the ficticious spin.
Applications of this spin-Hamiltonian approach to EPR are considered
in reviews by Bleaney and Stevens [63], Bowers and Owens [64]
~and Carrington and Longuet-Higgins f65]. |

The spin;Hamiltonian‘for a system consisting of one

electron with spin S=% and a nucleus of spin I may be written as

% ~BH-g-S + HS.T.1 - AyI.H + I.Q.1 | (4-10)

where the terms represent electronic Zeeman, hyperfine, nuclear

Zeeman and nuclear quadrupole interaction, respectively.

'4.1.1 Eléctronic Zéeman Interaction.
The most general expressién representing the Zeeman
interaction between a magnetic field H and the electron spin § is-

given by
g§%§7= B H-g:S - ' , (4-11)

H and § are expréssed as vectors, and g, the spectroscopic

splitting factor, or g value, is usually expressed as a tensor

rather than the:free electron value 8o = 2.0023. The g factor equals
the constant ge'When {a) the eléctron possesses spin angular momentum
only, and (b) tﬁé g tensbr is isotropic. Deviations from g, are due
to orbital magnetic moment contributions, due to spin‘orbit coupling,
whichialter the éffective magnetic moment and g is often found to be

anisotropic. The<anisotropy may be described by the tensor g, which
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has the form

Exx Bxy Bxz
g =|e - 4-12)
E "\ 5 %y B2 -
8, &, 8

zx °zy °zz

The S, then, does not generally represent the pure spin, and is often
termed the effective or ficticious spin.
EPR may be described as the measurement of the Zeeman
. . - -1
energycg%f?whlch is generally of the order of 0 - 1 cm ~. In

"essence, EPR is concerned with the manner in which the other

Hamiltonian terms perturb or are perturbed by this Zeeman energy.

4.1.2 The Hyperfine Interaction.

The hyperfiﬁe, or elegtfon spin-nuclear spin

interaction results from the interaction of the magnetic moment
of the unpaired electron and the magnetic moment of any nuclei
within its orbital. This interaction arises in two quite different
ways. The first is essentially the classical interaction of the two
dipoles separated by a distance r. It would then be expected
that this interéction should depend upon their mutual orientation.
- Consequently, ;e refer to it as the anisotropic or dipolar hyperfine
interaction. |

| The gécond form of interaction is non-classical and is
known as the Fermi or contact intefaction.' It is determined by
the unpaired eiectron density at the nucleus, and is isotropic. The
overall hyperfine splitting observed, then, would consist of an

anisotropic component superimposed upon an isotropic term.
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Rapid reorientation of the paramagnetic species, for example
" in solution, -can average the anisotropies to zero.
The expression for the hyperfine interaction in the

spin Hamiltonian is given by

Tr =18 T-1 ‘ NS

where I;is a tensor representing the coupling between the electron

‘and nuclear spin angular momentum vectors, S and I, and is a
combination of both dipolar and contact terms. The dipolar term

may be written as

) o IS 3(I.1)(5-1) A
| %P- = gegIBeBI =I—‘=3-- - _:.__;_5_____ (4-14)

and the contact or Fermi term written as

Hoont. = PoSL @)

where

2

Ap = - <%£> vgegIBeBII v (0)] (4-16)

and IW(O)|2 is the spiﬁ 'density' of the unpaired electron at the
nucleus. Here gy and BI are the nuclear g‘factor and magneton
defined corres?ondingly to those for the électron; r, the radius
vector between the électron and nuclear moments; r, is fhe aisténcebl
between them; gnd Ao,the isotropic hyperfine coUplipg constant.
THe tensor form of T is identical to that previously

described for g; although cdntributions from both dipolar and
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contact interactions may be separated in each term. Thus

T

T T
XX Xy Xz
T =T T T ' : (4-17)
= yX yy yz :
T T T

ZX zy  zZ

' andv

Tij = A %45 ¥ P o w®
In general, the hyperfine interaction (of the order
0 - 107° cmfl) is found to be'smaller_than the deman levels, each

level being split into 2I+1 sublevels.

4.1.3 Other Interactions.

Nuclear quadrupole interactions are even smaller in
magnitude but on occasion may have to be included to explain
EPR results satisfactorily. For nuclei with spin I > 1, the

nuclear quadrupole interaction may be expressed by

Ao = 10L @19y

where g_is again representedrby é tensor, of the same form as

for E_and T. Thé effect is a small but calculable shift of the

hyperfine lines. |
The léét term to be mentioned is the interaction of

the nuclear moments with the magnetic field, the nuclear Zeeman

interaction, expressed as

Aoy = - sBILE . (4-20)
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All symbols are as defined previously. This term is also

generally small and may be ignored in a first order treatment.

4.1.4 EPR Spectra.

The anisotropies preseht in botﬁ the g factor and the
hyperfine splittings cause the EPR spectrum to depend on the
orientation of the species underlcqnsideration with respecﬁ to
the external magnefic field. Studies of oriented species in single
crystals are necessarily lengthy and ofﬁen require considerable |
refinement of experihental proéedure and»mathematical aﬁalysis to
achiéve a_high;degree of precision in the evaluation of the g
and hyperfine tensors.

" If the paramagnetic molecules.afe contained in a
polycrystalliné:or ambrphous host, as is usually the qése in
studies on sUrfaces,‘the observed EPRiépectrum will be a coﬁpléx
supérposition af.lines due to all orientations of the randomly
oriented molecdles. This is not necessarily to say that the molecules
are themselvesi;éndomly oriented with respect to the'Surface, but
rather the adsorption sites are randomly orienfed. Information éan.
be obtained from such observations and is generally achieved by
computihg spéctrél lihe shapes for a number'of_éommbnly occurring
conditions‘for_kﬁown or guessed principél values of the g and
hyperfine tensof%.‘ The principal values are those 6btained on
diagonaliéationvbf the respective tensofs;

Sands [66] obtainedva resonance lipeshape by assuming a

random distribution of spin orientations, and then averaging the
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resonant magnetic'fieids over all orientations. Similar methods
of Cafculating these so-called powder or polycrystalline spectra have
been developed by Bloembergen and waland [67], Kobin and Poole [68]
and Kneubuhl [69].

In deriving theorétical lineshapes for these media,
completely random orientation with respeét to'fhe external magnetic
field on a macroscopic scale is assumed. Thus the microscopic
environment may Be ordered or disordered without affecting the'validity‘
of the calculations.

Following the treatment of‘Sands [66], an example of a:
calculation ofA;,powder.lineshape for an axially syhmetric case is
outlined. For phe resonance condition giQen in equation (4-1), we

have
. i
g = (giy cos2 + gi sin26)2 . (4-21)

where 0 relates the position of the g tensor to the applied

‘magnetic fleld.(see figure 16, page 75). Here Byx? gyy’ g,, are the
principal g valges and Byx = gyy = gl and.gZZ = %V,. Since all
orientations are equally probable, one must sum over all the
absorptions. With the frequency v constant and sweeping the magnetic

field H, then absorption of energy will occur at fields given by

1
-4

_ hv 2 2 2. .2 Ty
H = B (%7 cos" 0 + g151n 8) (4-22)

for each 8. The number of spins N having an orientation with

respect to the applied magnetic field between 6 and 6 + d© is
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dN = (No/2)sin6db (4-23)

where'No is the total number of spins. This becomes, from
equation (4-22)

aN = (No/2) (4H3/H3) [ (g -g]) [2(Ho/H) *-g] 75 (4724

where H_ = hv/ZB. A plot of dN/dH‘vs H yields the expected ppwder.
.spectrum; Plots of this and also of anisotropic cases are given in

Chapter Seven.
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- CHAPTER FIVE

ADSQBPTION STUPIES
As introduced earlier, many spectroscopic techniques have
found wide use in adsorption studies, Reviews involving some of the
more\common techniques have been given in the introduction. This
chaﬁter will be conéerned with studies using the EPR technique and
' their application to the surfaces under consideration. The list of
studies given is by»no.means complete, but yields enough insight
into the scope of EPR in this area. |
Ideally, one may expect to obtain three types of
information from spectroscopic experiments:
1. The identity of the active sites on the surfacés
"~ 2, The ideﬁiity of physically adsorbed or chemisorbed species
3, Thé nature of the interaction between an active site and an

adsorbed'moiecule,
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The term 'active site' is broadly defined. It can be a
"site on a surface capable of adsorbing molecules from the gas phase,
or can refer to specific sites which induce chemical reactions;' It
is often difficult to‘distinguish between themn,
No spectroscopic technique is universaliy applicable
for obta1n1ng all three types of. 1nformat10n. Magnetic reSonance
- technlques are most useful in obtalnlng information of type 1
'although it is p0551b1e in some cases to obtain types 2 and S-also.
EPR techniques hold considerable promise.of elucidating some of the
complicated and confusing situations that arise on surfaces in.systems
involving the éas—Solid interface,.
| Studies of the nature of surtaCes themselves, priof to any
adsorptlon, cemprlsed much of the earller work of the EPR technlque
in this area.- Low temperature studies of various carbon samples- gave
narrow EPR signals.due to various free radicals present on the surface
‘t70,71]. Further studies of the effects of added gaseous Qxygen to
these samples'(for example [72-74]) produced'various RC - 0-0
radicals. Not alldradical centers are necessafily onlthe surface;
however, these.teactions with oxygen presuﬁably involve radicals
at the interface. Most studies of this type have'as their'main interest
1nterna1 rather than surface effects and consequently will not be
fdlscussed here., More recent studies of this type have 1nv01ved the
use of radlatlen and the study of the defects formed in various "
substances [75’78]- EPR technlques here prov1de very useful 1nformat10n

about the typeﬁof defect, its env1ronment ‘and crystal field symmetry.
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5.1 EPR Studies of Radicals on Surfaces.

5.1;1"N¢ﬁ-Zeolitic Adsorbents.

Manf of thé earlier studies of péramagnetic species on
surfacgs were done oﬁ glaéses,_silica gels, aluminas, semiconductors,
and various catalytic surfaces. - An early study by Faber and
Rogers [79] involved adsorptibn of manganese - (II), copper (iI), and oxy-
‘vanadium (IV) on various cati@h and anion exthénge resins, activatéd

éharcoal, zeolite and silica gel. Their purpose.was an attempt to
further understand the bonding and environment éf transition ioﬁs in
unknown surrogndings on the basis of their EPR spectra.

' Ruséian‘wgrkers carried dpt studies of free radicals
produced on siiica gel surfaces:in the early 1960'5.. Hydroéen
atoms were praauced by low temperature:Y4ifradiation of the silica
gel surface,-tﬁe atoms being producéd from the gdsorbed'water molecules
or from the sﬁffacé hydroxyl groups [80-82]. ‘The hydrogeh
atéms formed Qére stabilized on tﬁe surface and thé influehce of the 
surface on the EPR parameters studied. The magnitude of the hyper;.
-fine splittinéiﬁas found to agree closely with valueé for a.free
hydrogen atom élthough the width of the componenté varied with the
nature of the:;urface under study., This suggests that the 'binding'
of the atoms to the surfécé must occur withogt significant éhénge
in the spin déﬁsity'of the uhpaired eléctfon in the atom. A
definite inte£éction, however, between the surface and the atom is
,indicated by linewidth variations dependiﬁg on the type of surface.

Accurate quantitative analysis of these effects was not thought possible
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o@ing to the lack of réliable data coﬁcérning the surface structure
of such-sélids; Wide.variations in surface properties exisfzamong
'~ “various silica gelé [83], the differences beipg caused by con;eﬁtration_
‘qf‘surface hydrokyligroups and différing degrees Qf'surface.regulérity
or crystai¥init§;“Otherffrée radicals have been stabilized on
silica gel éuffaées, ﬁotgbly ethyIAahd methyl [84-88], in each case
'the fadiéai being formed:§nvirradiation of adsbrbed molecules on the
sﬁrfagé.' | |
The:stabiiization of frée radicalslat:thq‘surfaée of-sQiids
is of'cbnsidgrable interest‘iﬁ fegard to_hetefogenéoué catalysis andJ'
"surfacé.sfructufé;‘EPR fechﬁiques have provided valuable information
‘to.EOth a}easov Beﬁzgne adsérbé§10n si1ica gel, when irfadiafed3wi£h
'ultravioié;Alight; prodhcedspﬁenyl fadicalé,'benzene cation radicé}s
: and benzéhg catibn.dimer radicals t89]. RadiblY§is of’moﬁqcarbéleic_
'iacids adsgrbed on silica ge1_[9Q]:Ha§4been sfudied ﬁsing;thé EPR?Y
: techniqué-to obtain informatibn coﬂcerning-the radicals pfoduced in
the adsorbéd state and. also the naturé'of their thermal potidn.
Monoﬁeric and_dimeric éatioﬁ‘radicals have:also been obsérved in
Y-irfadiated benzené—silicé gel systemQ [91]. Other radicai ions )
- have also béén fofmed by direct interéétion of adsorbates with the -
sélid [92—93}; .TheSe‘are generally‘produced as a result of electron
transfer fro;:the adsorbent to the adsoibate héying a ﬁigh électroﬁ
.affinity. | |
| Poroﬁs Vytor giass has also prb&idéd a con?enient 1
skabiliiing.mééiﬁm for fr§e rédicais.Turkévifch and Fujita [94]

reported the stabilization of-the methyl radical at room temperature
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~ and studied_its reactiylty wlth various’addeq gaees. Further studlest‘
'[95-97] of the methyl.radical on oorous glass have been earried
out and results-haye iudicated both pﬁysically trapped\radicals,.-.
.and'thoseiwhich have interacted With surface sltes. The aim was‘to‘
explore'tﬁe general‘usefulnesS'of poroue glass‘ae a free radical_
hoet and/or the’relationshipybetween'a“possible:catalyst and free
‘ radical host. A:novel type of'methyl radical'trappediinlporous
Vycor'g1as§.at_779K hae recently been reported, having_anfextremely
’asmall hyﬁerfine'coupling'copetaut.compared to that of the Planar‘T.
hethyl radica1; probablyaindiCatlhg a‘uon—planarvstructure'for
‘the adsorbed radical [98]. -
. .y.As ﬁentionedcpreviously, uorkers in the.area of heteroe‘-
";geneous catalys1s have exten51ve1y employed the EPR technlque.
.Knowledge of the mechanlsms of heterogeneous cataly51s may be obta1ned
‘from 1nvest1gat10ns of the elementary acts 1nvolved, and of the structures
and propertles of 1ntermed1ates taking part in catalyt1c reactlons.
'The réSonance‘signal'can provide‘evidence as to the nature of the
'paramagneticleuecies on or in tHe surfaCe;andyalso as‘tovthev
structure and'cuemical compoaition of thescatalyst. VariatiOns in'the
signal produced-by different methods of preparation and processing
may also. prov1de 1nformat10n on the catalyst structure and the nature
of the chem1ca1 ‘bonds formed on adsorptlon. | | |

Another p0551b111ty of applying EPR to heterogeneous
catalys1s problems is also avallable. ThlS would involve the study

of chemical reactlons and of the_adsorptlon process‘with a view
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to.obta1n1ng signals from 1ab11e 1ntermed1ate products on the

~ catalytic snrface. Petcherskaya et al [99] have shown the EPR
.method_to be applicable in 1nvest1gations.of crystalline
'propertles, chemical compos1t1on and electron1c propertles of

' various ox1de catalysts; Slm1lar-stud1es,and revrews thereon have

been publlshed‘[100,101].

5.1.2. Zeol1te Adsorbents. l'l

'Q Varlous zeol1tes have found w1despreao use as adsorbents
hmalnly due to the.crystallographlcally well deflned structure and -:
also to some knowledge‘of the electron1c propertles of the surface..
As mentloned 1n ‘an ear11er chapter, 2 very 1mportant characterlstlc:
| of zeolltes is that 1t is p0551b1e to vary the electron1c structurev
of the'surface.by a_srmple.substltut1on of various catlons of‘y'
7~,differenta5izes anducharge while theulattioe remains.unehanged

The locat1on of the catlons can be assumed to be the same, prov1dedh"
there is not a large size d1fference. Stamlres and Turkev1tch [102]
studled Y—lrradlated synthetic zeolltes varying the Sl/Al ratlo.v

Most of the defects‘produced are paramagnetlc ceriters ‘and EPR

has proved useful in prov1d1ng 1nformat1on -about the type of
idefect and 1ts env1ronment The same authors [103] also stud1ed the
adsorptlon of a number of molecules on- these zeolltes. Electron
charge- transfer complexes were found when molecules W1th low 1onlzat10n
potentlals were adsorbed.‘ The purpose of the study was to examine
" the zeolltes as'acoeptors 1n reactlons of this type, and_because of

their crystalline structure, show the existence of welleefined
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electron accepting.sites in the lattice.

'Studies of radicalvcatlons formed on the adsorption of
i'aromatlc hydrocarbons ‘on zeol;tes are also present in the 11terature.
' ,(for examp1e3[104]); Rad1cals produced by 1rrad1at1on of adsorbed |
“~species have . also been 1nvest1gated Electron 1rrad1at10n of
mes1tylene adsorbed on 13X produced several radicals [105]4
*‘Adsorbed 0 , spec1es on varlous Y type zeolltes have also been )

’studled (for example [106 107]) ~The h1gh1y react1ve methyl radlcal._‘v
“has been trapped-ln auzeollte matrix'and stabilized for long periodsjz'
bat temperatures below 90°K [108] ' The rad1ca1 was: generated by
hy-1rrad1at10n of methane on type A zeollte. . The free radlcal NO3 -
'was produced by the d1rect reactlon of NO and atom1c oxygen
'"and trapped w1th1n the sieve cav1t1es of 13X [109]

The catalytlc propertles of molecular sieve zeol1tes have
been recogn1ded for many years, but 1nten51ve 1nvest1gat10n has gotten |
vunder way only w1th1n the last two decades. Zeolites are suggested' |
as catalysts 1n‘such react;ons‘aS‘crachlng 1somerization and
. alkylat1on [110] ' EPR can be used for Structural determlnations ofi

,the catalysts, wh1ch ‘helps to 1dent1fy the catalyt1c centers.

5.2 Special .Adsorption‘ "Effects..‘ |

Phys1cal adsorptlon is a rever51ble process and molecules
s0. adsorbed may be _easily removed from the surface by pumplng
Chemlsorpt1on usually involves stronger forces and is often"
1rrever51b1e atvmoderate temperatures.,vWeak chemlsorptlon ls often .

‘-indistinguishable'from‘physical‘adsorption.‘ Perturbation of the



_adsorbed molecules;_diStinct from a chemical reaction betmeen the’
,surface and adsorbate,‘is-generally considered to be a physlcal
adsorpt1on process., | .
| The rotat1ona1 freedom of phy51ca11y adsorbed molecules is’

'.”an 1mportant factor to be con51dered Dependlng on the adsorblng

'temperature, the adsorbed molecule may have no axis of free rotatlon,

| pos51b1y free rotatlon about an ax1s perpendlcular.to the*surface‘or,c'

: even free rotation about three mutually perpendlcular axes.guThe |
':;p0551b111ty of hlndered rotatlon about any or all these axes .is also
to be con51dered and in many cases appears to be 1mportant 'The
'orlentatlon of the adsorbed molecules 15 also of 1mportance.l,This
udepends on the varlous adsorpthn forces present in a glven adsorbate-i
’"adsorbent system., If the surface or cav1t1es of the adsorbent
l-are cons1dered as the host matrlx to the adsorbed molecules then it. 1s"'
clear the matr1x ‘can have a pronounced effect on the molecule._ Th1s |
necessar1ly affects the EPR spectrum ‘and’ it may possibly affect the
spectrum recorded by any other spectroscoplc technlque. These w1ll be7
termed matrlx 1nteract10ns and w111 be dlscussed in more detall
when the experlmental results are 1nterpreted.

, Otherwadsorption effects-need also to be considered
.Electrostat1c forces play an 1mportant role in phy51ca1 adsorptlon. ,The .
equatlons of electrostatlcs, glven by equatlons (2- 11) and - (2 12) in .
Chapter Two, may be applled to the adsorpt1on of gases on zeolitic
molecular s1eves.l The separatlon of molecules by these 51eyes is
due. 1n large part not to the’ size of the molecules, but by":

electrostatlc forces between the adsorbate and the strong electrlc
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'fields present.in the sieves,_ It is these electric.fields‘thch.will‘
be dlscussed at ‘present. »I | | |

K1ng and Benson [111], in explainlng the 1ow temperature‘
iadsorptlon of the hydrogen 1sotopes on alumlna, have shown that
the adsorbent has very strong surface electrlc flelds, dlstrlbuted
over varlous 51tes on the surface. " They have successfully used
equatlons (2 11) and (2- 12) for thelr results. The flelds were:
- found to arise from normal structural vacanc1es‘1n the crystal
_1att1ces, vacanc1es whrch were present to malntaln electrlcal
neutrallty These same authors also found ev1dence [112] that

:electrostatlc 1nteract10ns also play a. domlnant role in the

, phys1ca1 adsorptlon of gases on zeol1tes.= It was found that o- and p;t}

' hydrogen could be separated on. synthetlc zeolltes SA and 13X In thls

- case, separatlon must be- related to some type of hlndered rotatlon o

'51nce these spec1es dlffer only in rotatlonal energy Strong'
electrqstatlc forces can produce such large barrlers to rotatlon.

The orlgtn of these electric flelds was thenvlnvestlgated It was’
found that the catlons, because of thelr local uncompensated charge, ‘
produce very strong electric, flelds and these cations’ serve as the

' adSorptlon”51tes. Thus the 51ev1ng propert;es-of these 'molecular
TsievesY‘are due only in‘part'to.the_size of the-cages‘and channeTsh‘

. present in the. lattlce. | o |

The catlon denslty of the un1t cell of zeolltes can be
,;varled systematlcally by varylng the AlO content w1th respect to the '
_ %10 content between well-deflned,lrmlts. Removal or,substitution |

4 .

“of the cations can also create changes in -the sites available for
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adsorption.} Rabo et al.[113] studied the effect of the cation'on‘the
'catalytic activity of'various synthetic'zeolites by comparing'the
~ sodium form, the.calcium form and_the'decationized form_of_the
zeolites; They found a positiue“relationship between’ the numberﬁof -
cation 51tes and the catalytic act1v1ty. Further reports by these
| and other workers have substantiated the 1mportance of these large.
electrostatlc fields of the cations -as adsorptlon and catalytic centers
: [114 115]. The. polarizatlon of the adsorbed molecules by the '
electrostatic f1e1ds has also been suggested as ‘being assoc1ated
w1th the catalytic act1v1ty of the zeolites.” Calculations by
H01Jt1nk [116 117] on; the polarlzatlon of aromatic molecules in a
.11near electric field g1ve support to thls hypothe51s. Gibbons -
.and Barrer [118 119] have calculated the electrostatlc energy
contributions to adsorption energies for molecules w1th both dipole and
quadrupole moments for various cat10n exchanged zeolites. It was.
thu55p0551ble to see the'effect of size and charge of the catiOns'on.
these energies. | | . |

Adsorptlon according to these electrostatic models of
interaction between the adsorbate and the strong.electric fields'
present in the zeolites can also predict the preferred orientation
ofvthe molecules.on the surfaCe._ The electric field normal to the
surface w111 act 1n the direction of greatest polarizability and
- cause this to be the preferred orlentation. “Polar molecules should then
be readlly oriented by the 1nterna1 fields of the solid and one should
be.able to predlct this orientation. The molecules would also be
_assumed to execute small osc1llat10nsuabout an equillbrlum p051t10n

w1th respect to the surface.
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'CHAPTER SIX

o

”‘[EXPERIMENTAL'

"'6.i  Vécuﬁm“Syétém.

| ‘The ﬁateriéls'usediiﬁ this study Qéré handied in»é 
pyrex gla§§ Qacuum‘éysfeﬁ.Con$t£uQ#éd in the Chemistry departmenf
| glassblowing shop af U.E.C; » Teflon stépcock$ Qith iviton'
O-rings were used in the gas handling part sb as ﬁot to introduce
impurities via reaction with any étopcock gréase. The stopcocks
were manufacturéd by Ace Glass.Incorborated, Viﬁelénd, New Jérsey.
Where greése'ﬁaé necessary, a ﬁaloflurocarbon lubricant,' |
- KEL—F #90 grease; a produét‘of 3M Company, was used. KEL-F is q@itg
ﬁnreacfive to most cérrogiﬁe or-réagfive.chéﬁicalé.‘ Pumpiﬁg was Vié
a"Veeco'_Qil aif%usion pﬁmp backéd‘by aAWeIsch Duo Seal rotéry pump.
The ultimate vééﬁum wés of fhe order-of 10_6’t§rr.' Both an NRC -

Thermocouple vacuum gauge. and an NRC Tonization gauge were used as
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'pfeséure_measuring devices, An NRC Model 831 detector was used in
- conjunction with-these gauges. A diagram of the vacuum system is

given in figure 13a.

6.2"Sample Tuhes.-

Figure 13b shows the’eahplevtubes used in the experimehts.
Quartz- tub1ng of 4 'mm. outer dlameter was used for the part of the h
'tube to be placed in. the EPR spectrometer. The dlameter.was
vdeterm1ned by the" 51ze of the 11qu1d nltrogen dewar to be used for
-flow tehperature experlments A teflon stopcock was used here also o
_ to'p;eyent.any«ﬁcssihle reacthns-of the sample with grease. Glass
‘wcol‘plugs_were placed ebeve.the saﬁple and in the‘cohstrictidh'to
.prEVent'pessible scetteting,of the_sample during evecuation. A small'“t
cylihdrical‘fﬁrhace was QSed which'fit around the saﬁple tube. ‘The

furnace was capable of temperatgfes in excess of 673°K.

‘6.3 Adsorbents.

The ‘Linde Dlyision offthe'Unioh'Carbide Cofporatien hindly'
supplied eamples.of the'SYnthetic zeolites-4A; 5A; 10X and 13X. |
The sampleé were white pewders and did not have any added binders
- The usual commercial form of these zeol1tes is pellets of various size
and a clay blnder is added to fac111tate the moldlng. As an
adsqrptlon materlal, the binder is relatlvely inert but may intfodﬁce
vunkdown impurities [1201, Generally, the pellets are approx1mate1y
15 per cent blhder. S0 these spec1a1 samples were requestedl The lot
number for the 4A is- 470017; the SA M580031; lOX, lOSOOOl; and 13X,

'1370014
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'.The synthetic mordenites (Zeolons) were subplied by

the Norton Company of Worcester, Mass., in the same form as were the
Linde products. The iot number of the sodium mordenite is
V:HB 79-80E and that'fof’the hydrogen mordeﬁiteg HB 91-92E.

| The silica gei samplesvused were of a thin layer éhromagraphic
sorbent'marketed by the Mallinckrodt Chemical Works. The brand name
" is SilicAR TLC-7GF. |
| The ions in the Linde_synthetic zeolites were
eXchanged‘fdliowihg'standard procedures. Shérry [121]‘give5 an
account of_the.exchange ﬁroperties of ‘various zeolites and also

describes the conditions'required for a number of specifi¢ exchanges.

6.4 ‘Sample Preparation.

Sample tubeS>contéining the adsbrbents were degassed
for a period of_general}y 4-6 hours at a temperature of approximately
- 523% at a-pfeSSure of less than 5x10—5 torr. This period was
sufficient to remove any water from the adsorbents. The gases to be’
étudied were then adsorbed onto the surfaces at room temﬁeraturev
for several minutes. ‘The pressure of gas adsorbed varied for the.
different systems and will be given in eachvappropriate section.

EPR ééectré were recorded at 77°K on the spectrometers
to be described later in this chapter. A Varian V-4546 liquid
nitrogen dewar;:shown in figure 14b, was‘used for the low,temperature
studies; The Aéwar was fabricated entirely from selected quartz to

pass ultraviolet light with a minimum of background signals.
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‘FIGURE 14. a) Quartz dewar used for variable temperature
EPR experiments. '

b) A Varian V-4546 liquid nitrogen dewar.



-67-

Variable temperature eXperiments were performed using a
specially designed quartz dewar, shown in figure 14a. Dry nitrogen
gas was passed through a heat exchanger piaéed inva large dewar
filled with a coolaht such as liquid nitrogen or a dry ice-acetone
mikture. The gas was cooled to the approximate temperature of the
coolant and passed through the quartz dewar, cooling the sample.

The temperatdre at the sample was controlled by the rate of flow of
the gas and was measured using a cobper—constantan thermocouple.
The wave guide near the cavity was kept free from'condensed moisture

by passing dry nitrogen gas through it.
6.5 'Gases.

| 6.5.1.”‘Chlorine4Dioxide.C102.

The éhlﬁrine dioxide used in this study was kindly
supplied by Pfofessor F. Aubke of this University. In his.method
of preparatiéﬁ‘[122], a mixture of 12.2 gm. of potéssium chlorate,
10 gm. oxalic.écid and a chilled solutionlof 10.8 gm. of
concentrated sﬁlfﬁric acid in 40 ml. of water was slowly heated on a

steam bath (thg mole ratio KClO3 : H2C204-2H20 : HZSO4 was 1:0.8:1.1).

The reaction is characterized by the following equation:

2KC1O3 + 2H2804 + H2C204'2H20<+ 2C102 + 2CO2 + 4H20 + 2KHSO4.. (6-1)

The C10,. and CO2 produced were passed through a P20 drying tube and

2 5

cooled to 195°K. "Pumping on the sample at this temperature removed
the.COz. Further purification was achieved through a trap to trap

distillation.ffom 195%K to 77°K. The C10, was stored in a dry ice-

2
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, . »
trichloroethylene bath at 195 K.,

©6.5.2. Nitrogen Dioxide NO,,.

The nitrogen dibxidé used in thiS study was purchased
from Matheson of Canada, Limited. The purity of the gases in the
containers was > 99.5>percent. Furthér purification was achieved
by pumping on the solidified gas in a container immersed in.a dry

ice-acetdne-bath. The purified gas was stored in a glass sample bulb.

'6.5.3 Nitric Oxide NO.

The nitfic oxide, 14NO, was purchased from Matheson of
Canada, Limitéd, and the reported purity is > 98.5 percent.. Thé gas
was paésed thrd@gh a trap immersed in an isopentane-pentane—dry ice
bath at approximately 133°K and stored in a glass sample bulb.
Further purification was achieved by‘pumping on the sample at liquid
nitrogeﬁ temperature, | | |

The st substituted sample of niﬁric oxide was purchased
from the IéometVCorporation, New Jersey ana had a reportéd purity of

> 99.3 percent 15NO.

- 6.5.4. Tetrafluorthdrazine N2F4.

The tetrafluorohydrazine used in: this study was purchased
from Air Products and Chemicals Incofporated, Pennsylvania. The
research grade gas had a reported purity of > 99 percent and was used

directly from thé container without any further purificatibn.
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The majority of the measurements were carried out

“on a Varian E-3 X-band EPR spectrometer system. The operating

yA

cavity through a 4-port circulator. ‘The magnetic field of this

frequency of the klystron is 8.8 to 9.6 GH, transmitted to the

system was supplied by a four inch electromagnet having a usable air
gapAof 1.2 inches, capable of homogeneous magnetic fields in

excess of 6 kilogauss. Homogenei£y>was éuch‘as‘to also resolve

70 mG linés. The magnetic field was'modulated-throﬁgh a 100 kHZ
field modulatioh unit in ‘this sYstem. A Varian E-4531 ca?ity of
réctangularvmoaé TE7p2 was used for the experiments. This
'specfrqmeter s}étem has a ﬁalibratéd field control and also
calibratéd frequeﬁcy and power meters. The magnetic field intensity
" was measured'as:é function of fhé proton résonance in an NMR probe,
while beiné freduency moduiated by a magﬁe£ometer constructed by the
Chemistry Depa;ément Electronics Shop. The magnetometer output was
displayed dn ah“Hewlett—Packard 5245L frequencf counter. This counter
was also used £6 measure the microwave frequency of the klystron by
means of a SZSSA frequency converter. A block diagram of this EPR
system is show;iin figure 15.

| A poffionbofbthe experimental spectra was récorded using

a Varian-v-4506&100 kHZ EPR spectrometer modified by the Chemistry
Dééartment Eleﬁtrohics Shop. The operating frequency is about 9 GHZ.
A standard Varian rectangular cavity, model V-4531 was used with this
spectrometerl ;A ma*imum field of about 9 Kilogauss was attainable

“from the Varian V-4012A 12 inch magnet having a 2.5 inch gap between
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the poles. Frequency and field intehsity measurements were
performed as previously described.

Further measurements were carried out on a spectrometer
similar to that just described,'altﬁdugh a Varian V—3900'magnet:
capablé of 15 kilogaus; suppliedlthe magnétic field. A
Varian V—ZSO} Fieldail Mark II Magnetic Field Regulator'éontroiled
thé magnetic field. The remainder of fhe.épeétrometer was

essentially the same.
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' 'CHAPTER SEVEN

"ANALYSIS -OF ELECTRON PARAMAGNETIC RESONANCE SPECTRA

The task of assigning numerical values to the parameters
in the spin Hamiltonian given by equation (4-10) cén; in somé”
cases, be quite formidéble. The consistency of the aséigned valués -
must bebchecked through, genera}iy by méans of aAtheoretical calculation.
‘Various methods used for the calculation of resonance fields have
been reviewed'by Swalen and Gladney [123], and some computer
programs- available fo thié end are discﬁssed. Gladney [123,124]
hés‘written a program which, though restricted, is genefally
- applicable to many EPRvprbblems. Many papers Have since been
published on thé subject [125-128].

A comﬁletely general and extremély versatile méthod of
résonance‘fieldbéalculéfion has recently been ?ublished [129].
A method is,prdposed‘fof calcﬁlating EPR transition fiélds for a

general spin Hamiltonian with no restrictions. The method has also
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been supplemented with the caiéulation of‘transition'probabilities.
lhe inclusidn of a lineshape.to the célculafed‘resonance field
-positions enables one t§ Simulatg EPR spectral

The -EPR spectrum of é:poly¢rYSta11ine or powder sample

- involves a‘spatial aveféée over>different ofientations of the épins
With respect to the direction of the magnetic fleld, thé resonahqé :
fields fof each orientation béingvcalculated usually.By one of tﬁe

' afqremehtibﬁed methods. ‘ A brief-summary.of‘abmethod givén for
solving the épiﬁ problem deécribed by‘é spln Hamiltonian and thé'-
applicatioﬂ of tﬁeSe results to theAsimulation of EPR sﬁectra will
be given for édmpleteness. McClung [130] has’ recently publlshed a
51mple method to solve a sbln Ham11ton1an for an orthorhomblc R
.'paramagnet1c‘¢enter in a'rigid lattice. ‘'The Hamiltonian is -
restricted in fhe sense that.nuclear Zeeman‘and quadrupole terms are
‘neglected and the g and hyperflné tensors are assumed to be
51mu1taneously'dlagonallzed in the same axis system. l The.solulion is
given for a paramagnetlc species w1fh electron spin S=%‘and ohé
nuclear'spin Il Although somewhat 1éss general in applicatidn;lj
4the techniqué ls instructive,

The spin Hamiltonian is then
HZ 8 sgH + hsTL BN Y
‘where thé symbols'haVebbeen-defined previously. Experimental data’

are not necessarily collected in a molecular coordinate frame,

whereas (7-1) operates in a molecular frame. We must refer to some
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experimental‘or laboratory frame of reference; A 'tensor frame'
is defined as the axis system in'which that tensor is diagonal.
For our spin Hamiltonian, the g tensor frame is taken as the
molecular frame. For this erample, the T_tensor’is alao
‘dlagonal in the‘molecular frame. Generally, Euler coordinate»
.transformatlons are used to reduce the frames to the form wanted
for study.v'These’transformations correspond.to rotation of the
vector networks by the'appropriate angles;‘ ThlS will often be the
case when the molecule is in a host matrlx such as a crystal and
its molecular coordinates are 1mp11cit1y deflned with,respect
tolthe crystal ares.t Approprlate transformatlons are alao requlred
.when the g and hyperf1ne tensor frames are not co1nc1&ent. In.thls o
case. generally the g tensor frame 1s taken as the molecular frame
and the hyperflne_tensor frame transformed accordingly..

McLung usee‘the following technique to solve the'.
Hamiltonian. lhevelectron spin operator, S, is quantiaed along
" the direction‘of gfﬂ'to allow exact treatment of the Zeeman term.
quantization of the nuclear spin‘operator'l) along the direction of
' T+S; then leada to an expreasion for the hyperfine interaction which
is most suitahle for a perturbation treatment. Figure 16 shows‘the
relationships of the frames uSed Generally H .is a 1arge»static_
magnet1c field. applled along the laboratory Z axis. = (X,Y,Z) is the
laboratory frame and (X,y,Z), the molecular frame.. The angles 6 and

'¢ relate the p051t10n of the applled magnet1c fleld to the g and T

tensor frames Cthe molecular frame).
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FIGURE 16. The molecular and magnetic field c,o_ofdinété
- systen. ' : C ’ :
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The hyperfine term may generally be treated as a
pertufbation which‘splits the electronic Zeeman levels

of‘the spin_system.' Using the zero-order basis functions
|'s, Mg 1, M)

: secondjordéf pertdrbation theory [131] yields‘the eigenvalues .

‘EMSMI = gBOHOMS + thsMI ~ hszxTny [S(S+1) - MSZ]MI
| - - 28BoHoT o
| 22 2.2 ...2 2
f (g Ta - gy Tzz)sln O cos 6»
2 4.2 o ‘
BT
. ix yy( ‘_'Tiy)‘zsinz 6 sin? ¢ cos® ¢ »h2M§Ms,
. 222 ' —
. ga ZgBOHO.
2,22 2.2 .2
18 06T v BTy
2.2 . 2.2
gaT g T@
2.2 2 12 (12 7% 32 2 . .2 2
*ByxByy8zg zz(Txx—Tyy) ~cos” 8 sin” ¢ cos” ¢
g2g4T2T2
‘xh [I(T + 1)<—M ]M

7-2)
4gBOH0 . :
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- ’ L _
where g = (gisin2 6» + ggzeosz'e)2 _ (7-3)
’ L ‘
C 220502 2.2 2.%, -
= (g°T sin” 6 + gzszzCOS 6)*/g (7-5)
. 2.2 2 22 9 |
T = : _
o '(gXXTxXCOS qb . gnynyH’l b). /g (7-6)
EMS MI are the elgenvalues -of the b351s functlons named abovej

hBO, the Bohr- magneton H o’ the magnltude of the applied magnetlc
- field; h, Planck's constant' with alliother terms being previously
fdéfined " In the 11m1t of axtal symmetry, thls result reduces to that
' of Bleaney (132).

| Once the magnetlc fleld H is cemputed for various values
of 6 and ¢ for the appropriate M ‘and MI values, it is pqssible
to’simulate the EPR Spectrum. An appropriatelline shape must be
added to each'transition;.usually invthexform>of a Gaussian or e
. Lorentzian line shape. Mr. J.C. Tait‘ef'this laboretory has written
such a prograﬁt Different programs may be used to generate the
‘resenahce'fieids for use in this prbgram;.the choice being determined
bby the comple;ity of the problem.

Considerable information is available from powder spectra;
even.thehgh-the obsefved‘EPR spectrum is é'cohplex superposition of
lines due to all orientatipns of.the‘rahdomly.oriented molecules.,

The major7los§.ef ihformation is ' derived fromhthe fact that the
orientation ofithe ﬁolecule'in the host cannot be determined from

- the spectrum alone. lLine—shapes of powder spectra have been discussed
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by a number of authérs and reference has been made to some of these
in Chapter Four. Assuming that the g and hyperfine tensors are
diagonalized in the same frame and considering, for the preéent; no:
magnetic nucleus iﬁ the molecule; figure 17 shows some generalized
line-shapes. Figure 17a depicts the spectrum expected for a species
with an axially symmetric g tensor, i.é{ gxx = gyy'= gl and gzé =g/,
'Thevsoiid'liné denotes the ideaii;ed absorption and thé broken line
a possible feal absorption. The reai absorption; represented b§
éomé’smoothly varying line-shape, consists of many sources of
broadening. . Figure 17b depicts:the spectrﬁm, Both idealized'and.real,
for a speciés'with a fully anisotropic g tensor. It is‘readilyvseen‘
that these.éomﬁiéx line shapés:céntain a number of sharp, feadily
observablevpeaks; These correspond to molecules which are orieﬁfed
so that fhe maégetic field lies aloﬁg one of the principal axes of
the molecuie, £hé result,being that the éomponents of-the'g-and._
T tensors’arevreadily determined from the positions of these lines.
The explanation lies in the fact that when the magnetic field lies.
along one of the molecular axes, the resonance field for the‘particular
.transition undef study is a maximum or a minimum with respect to
variations in é;and ¢. This fesults in a piling-up of the number of
randomly orien£éd molecules whose resonance fieldé are in thevvicinity
‘of one of the pfiﬁcipal axes, and causes .an abrupt and readily
obéervable chaﬁée in.the,intensity of the EPR absorption at these points.
| When;; magnetic nuéleusvis present in the molecule, the-
spettra are mofé complicated, but can'generally be analyzed in terms

of the absorption curves just discussed. CompliéatiOns may arise
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@ (b

FIGURE 17. Generalized lineshapes of powder EPR
spectra for a species with no hyperfine structure.

a) axially symmetric g tensor

b) fully anisotropic g tensor
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through the appearance of extfa lines owing to fhe occurrence of
~usually fdrbiddenbtransitiOns, or due to stationarities -caused when
the g and hjpérfine tensois tfy'fo'shift the lines in opposite
directions.

-One can then; under favourable conditions, determine the
cpmponenté‘of the g aﬁd hyperfine tensofs from a powder EPR spectruﬁ.
In complicated instances, appréximate‘starting values for these
: tensors_couid probably be obtained from the spectra, and more precise
determination doﬁe by fitting a cbmputer.simulated spectrum to the
Qbsérved ;peétrum. .Powder EPR spectra cannot prb?i&e information
"abbut the orientation of the principal axes of the g and hyperfine
tensors with ;éspect to‘the molecﬁlar axes, nor caﬁ informétion be
obtained about.which comﬁoneﬁt is a;sociated with a specific molecular
‘axis. This must be determined by comparison with theoretical estimates

of these quantities along the various molecular axes.



 -81-

CHAPTER "EIGHT

"CﬁLORINE’DIOXIDE, c10,
Chlorine dioxide is one of the few stable gasesfthat is
‘paramagnetic in itsuﬁofmal chémical state;_ Thelnuclear spin of the
. chldfine atom is i;%._ ‘Due in part perhaps to its extremely high
reactivity, investigatioﬁs using EPR'techniques>havé not been
extensive._ Several years ago, Bennett and Ingram [133] reported

the spettrhm of ClO2 in-a dilute fluid solution of ethyl alcohol.

The spectrum consisted of a broad line at room temperature, separating

into four components on cooling. More recent studies of ClO2 in

various solvents at low temperatures have pfoduced.better resolved

Spectra,‘fhe reéolution in some cases being good enough fo distiﬁguish

the hyperfine éfiittings due to the 3_7'C1 isotope [134]. |
The sbectrum reported‘in rigid sulfufic acid at 77°K is

somewhat better resolved, although compléx [135]. Here agaih, features
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due to the 37Cl isotope may be distinguished from those due to the

35

predominant Cl. Irradiated potassium perchlorate has provided

a source of trapped Cl0, molecules in the crystal environment. Two

2
.independent studies [136,137] of the‘ClO2 molecule in such crystals
have led to similar analysis'of the spectra. The principal values
of both the g and hyperfine tensors were obtained from these spectra

whereas the rigid solufion spectra could yield with certainty only

- one principal value of each of these tensors.

8.1 Silica Gel.

Silica gel wéé initially choseﬂ as ah adsorbent dué in parf

- to its'high-sﬁrface area and the fact tha; the silicon nucleus

(except for ?QSi'of natural abuﬁdance iess than 5%) does notvhave'

a nuclear spin; This would provide a mégpétically inert

environment eliminating a poésible sdurcé‘of line broadening.

Adsorption of ClO2 at room temperéture atipressures_higher than

8 x 10_3 torr?produced a.bfight vellow colouring of the silica gel

when cooled to 77°K. Spectra recorded for these pressﬁres were
compoéed of'extremely broad iines indicating'far too high a
concentration;of C102. To avoid dipolar broadening, less than a mono-

layer must be ;dsorbed.‘ Pressures of less than 1 x 10_4 torr of ClO2

produced*muéhgglearef spectra, with readiiy resolvable features.
There was no édlouration of the silica‘géi:at these pressures.

. An equilibratiéh tihe of up to 20 minutés was needed for maximum

signal strengfh; indicatingislow sorption of the ClO2 molecules

throughout the surface of the silica gel, The samples could be
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stéred at.robﬁ fempéfature and recooled to 77°K with no loss
~of signal. Pumping at room temperaturé removes véry little
.‘C102 indicéted by‘very 1itt1e change in th¢ spectrum, bpt the
C10, may‘be removed from the silica gel by pumping at highér

2
temperatures.
| . 'The surface of the silica gel is not uniform, and a
large Variety of adsorption centers are poséible with thev
,poséibility of *densely! quulated areas on the surface. This

- would accounf for the inability to observe spectra with a small -

enoﬁgh linewidth to distinguish all the features clearly.

Ci

Figure 18
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In confofmity‘with earlief'works,'the axis s}stem for the
magnetié parameters of fhe ClO2 has been chosen so that the z-axis
lies along the two-fold symmetry axis, y is perpendiculér to z in
the plane of the moiecule, and x, the third orthogonal akis

(see figure 18).

Figure 19 shows a typiéal spectrﬁm of.C102 adsorbed on
':silica gel, récorded'at 77°K. Chlorine has two naturally occurring
isotopes'35C1 ana 37Cl in the ratio of approximately 3:1. Both
| isotopes have a nuclear spin of I = 3/2,_and the ratio of their.
magnetic moments is 0.82089:0.68329. The observed speétrum is then
essentially a superposition of tWo spectrzi,'SSClO2 and 37ClOé,
with the fatio bf the corresponding hyperfine components given by tﬁe
‘ratio éf the respective magnétic moments.

" The Qélues for fhe coﬁponents,of:the.hyperfine and g teﬁsors
"were obtained Hy comparison of.fhe recorded spectra to simulated EPR
spectra using fhe varioué programs previodsly mentioned. The |
simulated speéf;um is shown in figure 20. Both T and g were found to
be anisotropic.' The_resulté are tabulated in Table 1.

The main distinguishable features of the spectrum are those.
associated with the x component of the hyperfine tensor, particularly
those as$0ciated with_mIQiS/Z.' These are the outer lines of the
spectrum. Both the'y'and z components are concéntrated in the céntral

v portion of thelgpectrum.

Figure 21 shows a spectrum of Cl0, adsorbed on silica gel,

2

recorded at room temperature. Features due to the isotopes are not

discernable here. From the spectrum;vthe CiO2 appears to be freely



TABLE 1

Reference | Hyperfine components Linewidth Medium
. (gauss) used for :
e oo owy o
Tix Tyy z2 A Exx Eyy - 8y
137 79.9 | -13.4 | -12.5 | 18.0 i 2.0018 - 2.0167 2.0111 KC10, - @ 77°K
| 137 72.7 | - 9.6 | -10.0 | 18.0 | 2.0025 2.017 | 2.011 H,S0, €& 77K
136 74.7 | -10.8 | -11.5 | 17.5 | 2.0016 2.01667 | 2.01214 KCl0, @ 106K
135 70.5 2.0015 | H,80, e 77K
+ 0.2 GAUSS £ 0.0005 ADSORBED ON .... .
this work | 76.1 | -17.0. | - 7.9. | 17.1 Il 2.0023 | 2.0123 ~|.2.0115 3.5 silica gel @ 77°K
this work | 74.9 | -16.7 | - 7.8 | 16.8 || 2.0023 2.0123 2.0115 H-mordenite @  77°K
i wor | 710 | i7n | s0 |1 | mooss | mors | zorts | s | wemersemices 7k
this work | 82.2 | -18.4 | - 8.5 | 18.4 A2.0025""hwmgfbiéimm\Amﬁféiié ”éls an e 77°%
this work 8.6 | -18.3 - 8.5 | 18,3 Il 2.0023 2.o;é3 2.0115 5A e 770K i
this work | 84.5 | -18.9 | - 8.8 | 18.9 |l 2.0023 | 2.0123 2.0115 2.0 13X site 111 e 77k
this work | 77.5 | -17.4 | - 8.0 | 17.3 || 2.0025 | 2.0123 | 2.0115 | 2.0. Iéx site 1T . e 77%K
:;;s work |79.0 | -17.7 | - 8.2 | 17.7 | 2.0023 [. 2.0123 2.0115 ox e 77%
this work | 77.2 | -17.3 | - 8.0 | 17.3 || 2.0023 2.0123 2.0115 Lix e 77%

..38_.
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50 GAUSS

FIGURE 19. EPR spectrum of chlorine dioxide adsorbed on
silica gel, recorded at 77° K. -
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FIGURE 20. . - Computer simulated EPR spectrum of chlorine
dioxide adsorbed on silica gel, recorded at 77° K.
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20 GAUSS

FIGURE 21. . EPR spectrum of chlorine dioxide adsorbed on
silica gel, recorded at room ‘temperature.
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rotating on the silica gel surface or in the pores, and the isotropic
'parameters are .included in Table 1. - A simulated spectrum is shown

in figure 22,

8.2 Na and H-Mordenite.

ClOz'adsorbed on‘H-mordenlte and recorded.at 77°K yields
essentially an.identlcal'spectrum to that obtained on silica gel. The
.components of the hyperf1ne tensor are sllghtly dlfferent and are
listed .in Table 1. : These, along ‘with. those assoc1ated with the other
;adsorbents, w111 be d1scussed later. | |

.Na-mordenite‘produces some interesting results, Under
_51m11ar condltlons of sample preparatlon, the spectrum at 77 %k appears_
much broader and cannot be 1mproved by pumping. Unlike silica gel,
the sample shows no coleur; A typical spectrum is shown ln figure 23.
The xbcomponenteiof}the hyperfine tensor are still readily |
discernable and the values are listed in Table‘l.eeThe spectrum‘
recorded at roon temperature, unlike that of sillea gel, indicates
that some features may have been partially averaged due‘to some

~ motional process_of the ClO The most l1kely would be a rotation

9
about the z axis, averaging the hyperfine and g tensor components

_df‘the X and y aresf A spectrum simulated'Under these conditiens however,
does not match the observed speetrum (seevfigurestS and 26). This
.suggests that the rotation is‘hindered. Spectra recorded at higher
.temperatures shqwa>only a decrease in signal height and it is likely
diffusion of the:ClOzlmolecules will occur at these elevated temperatures.
At 3730K, the ClOé is completely.remeved from. the Na-nordenite.



- -90-

3329.699

I

3304.699

3279.699

3254.699

3229.629
FIELD ™ (GAUSS)

3204.699

3179.699

3154.629

FICURE 22, Computer simulated EPR spectrum of chlorine
dioxide adsorbed on silica gel, recorded at room temp-
crature, ' - '
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FIGURE 23.
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‘Figure. 24 shows a simulated spectrum for ClO2 adsorbed on
Na-mordenite, recorded at 77OK. Figures 25 and 26‘shovalO2
‘adsorbed on Na-mordenite, recorded at room temperature, observed and

simulated,.respeétively;;.

'8.3 - 4A and 5A Synthetic Zeolites.
, adsorbed on .

Figure 27 shows a typicallspeétrum of C10
. 4A synthe£ic zeolite, recorded at 770K. .Thé_linewidth-is greatly'
decreaééd from thét observed oh either silica gél or the sfnthetic
:ﬁgrdenites; ‘Coﬁsequently; fﬁe features in the central portion of.
thé spéc;fuml(éonresponding to tﬁe:y.and z. components of the hypéréi
finé'épiitting),are.Bettgrfdefined. There ié a §ubs£antial increase
in‘the magnitudevof théléomponénts-of'the hyperfinebtenéor, and'fhe
. results afe‘given_iﬁ Table ‘1. Figure 28ISH6ws_a Simu1a£éd speétrumb
cqrreépondiné.to CIO2 adsorﬁed on 4A. | |

Adsorption on SA synthetic ieoiite again yields a similar.
spectrum and has“ﬁot been shown here. The outermost features of the
_Sspectrum axe soﬁé@hat bfoadened, which possibly suggests the existence
of two adsorption sites. This Will be discussed léter. Spectra
recorded at roOm‘fémperature'are mafkedly chénged, although the
ClO2 does nof épﬁéar to be freely rotating.' A partiai rotation or
-somé Qtﬁer formxbf hindéred rotation appears evident. The

- hypérfine and.g tensors are given in Table 1.

8.4,_13X'Synthétic Zeolite.

A typical spectrum of C10, adsorbed on 13X synthetic

2
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© T'IGURE 24, _Computcf_simulated EPR spectrum of chlorine
~dioxide adsorbed on Na-mordenite, recorded at 77° XK.
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FIGURE 25. EPR spectrum of chlorine dioxide adsorbed on
Na-mordenite, recorded at room temperature.
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FIGURE 26.  Computer SJmulatcd EPR spectrum of chlorine
dioxide adsorbed on Na- mordenite, recorded at room
temperature.
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FIGURE 27. EPR spectrum of chlorine dioxide adsorbed on
4N synthetic zeolite, recorded at 77° K.
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FIGURE 28. Computcr SLmulatcd FPR spectrum of chlorine

dioxide adsorbed on 4A synthetic zeolite, recorded at
77° K.
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ieolité is éﬁoWn_in figure 29. The spectrum was recorded at 770K.

A simulated spectrum is shown in figure 30. It is evident from

. the spectrum that two adsorptioﬁ sites are present in the'zeqiite..'
" The outermost coﬁpoﬁents (mI =+ 3/2, X aiis) show tﬁis quite clearly.’
| A linewidth difference between the two sites enéblesvthem to be-more
‘readily»distinguished,-particulérly in the éentral}portion of the
spectrum. .Téble l;lists the conmponents of‘the hyperfine and g tensors
for the twé sites. | | |

Further pumping increases the resoiution'of the‘lineg

although theClO2

can'bé removed from neither site by pumping af room
température. ;Véfiable tehperature tanneéling type) experiments were
pefformed in thé.hope that fhe C102 would be'femoved'preferentially
from bne of.the’;ites.».Unfoftunately, line broadenihg.at temperatures
higher than 77oklmade it impossiblenfor'accurate observations to be

made. It isvapparent that the C10, does not remain rigidly trapped

2

in the zeolite as the temperature is raised, but the exact type of

motion could not be determined.

8.5 10X Synthetic-Zeolite.

a The calcium exchanged form of thé 13X zeolite, 10X, was
also used as an adsorbent. The spectra rec&rded at 77°K were similar
to those on 13X é&though the presence of twa sites was not.as obvious.
' The reasons. for fﬁis-wiil be discussed later; The linewidth is broader
than that Qbserved on 13X. The spectrum at room temperature wés
similar to that ébserved on silica gel, indi;ating free rotation of

C10, in 10X at this temperature. This is unlike the 13X sample,
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e

FIGURE 29. EPR spectrum of chlorine dioxide adsorbed on’

l3X.Synthetié zeolite, recorded at 77° K.
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where the motion of the Cl10, was still hindered at room temperature.

2

“Table'l gives the components'of the hyperfine and g tensors.

8.6 Lithium Exchanged 13X Synthetic Zeolite. .
Lithium was ekchanged for the sodium in a sample of 13X

and’Cloz then adsorbed as before. The spectrum recorded at 770K7

did not show twq disfincfAsites as: did the 13X, and the lines were
éomewhat broader. Table 1 gives the components of the hyperfiné“and

" g tensors.

8.7 Discussion.

Cloétis akbent”moleéu1e énd has the symmetry propertiés_
of the C, point‘grOup; *QuélitatiVe discussibns of the electronic
structﬁre of thisttYpe of mdiecu1e (AB2)‘haVe been given by Mulliken
[138] and w51§hv[139], Foliowing»the molecular—correlafion diagrams
givenVBy these authors, the gfoundvstate hagxthe_configuration.

o b? 3v)? (1a)? (4ap? (@) , %8,

The b1 orbital consists of the Py orbitals 6f.the chlorine ahdvoxygens
with possible admixture from the chlorine dxz orbital, and is'antiQ
.bonding.
Althouéh an isotrbpié‘hypérfine éplitting Qould not be.
~expected from anveiectron in a bl orbitai,.the.édd electron is expécted ‘
‘to.cauSé a pdlariéétion of tﬂe inner s-brﬁitals on the chlorine and
oxygen atoms. This would introduce a smalljisotropic hyperfine
component; An anigotropicyhyperfihe tenéor with the maximum principal

value observed when the field is perpendicular to the molecular plane
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(along the X- ax1s) is also expected, of opposite sign -to the smaller‘

in-plane pr1nc1pa1 values, since the unpalred electron is in a b

borbltal. :
The dev1at10ns from the free electron value 8os. generally
B ermed g- shlfts may be represented.by the general formula

(excluding,d orbitals).

Bgii = fleiels Agps Ag) | S (8-1).

where f(c c s A O) is a functlon of the spin-orbit coupllng constantsf

cr
on the atoms chlorlne and oxygen (X and A ), and the products of the
coeff1c1ents of the orbltals on the atoms . 1 The denomlnator is the
energy dlfference of thevtwo states which ere mixing. The varlous
;states Wthh are. allowed to mix and contribute to the g-tensor may
be determlned u51ng group theory [182] For C102, the.domlnant
_ g-shtftaffects.gyy and ;s expected»to be lerge andipositive. The‘
shift in the x direction, Y-S should be close to zero, and negTigible
if d orbitals are neglected. l.AgéZ is expected to‘be positive,
endyless than_Agyy

The structural parameters for chlorine dioxide have been
obtained by CurT?et al [140,141] as a.result.of a micronave study? o
and Ward [142]'nhoicombined fUV? speetroSCOpic‘dataTwith high

resolution IR data. The results are summarized below.

reference 140, 141 reference 142
rci-0 & o 1.471 | o 1.472

£0C10 (°) .- 117.6 117.4
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ﬁsiﬁg_the precgdiﬁg information, the results of chlprine
diqkide adsorbed on various Surfacés'may be analyéed. The reéuits‘
- obtained ffom the present work and fhose of.previoﬁé~workers gfe -
summarized‘in TaBlé 1; .
| A general dis¢u§sidn of the adsorﬁtibn.bf chlorine dioxide
on fﬁese surfacésAis usefui priorltovthe discussion of the  individual
.cases, Chlorine dioxidefhés been found to fossess a subStaﬁtia1 '
dipqiehmoment;.1.784 D. [143]. Thisrdipqle mqment,-togethér with_.
‘ the quédfupoie moment duéito the:cﬁlpriﬁe>nuc1éus witﬁ I=3/2,-Play'.
important rolés in thé adgofptibn'ésqutailed previoﬁsly iﬁ_Chapter Two‘,
,fﬁé strdng-attréétive forcé due.to the'ionic cﬁargeS‘of'the édSofbent 
inyefagté wifh %hese mﬁitipolé moments aﬁd.is.éharatferiZéduby
'thé éhénges 6bée}Ved in the compoﬁeﬁts of_thé é and hYperfine téﬁsoré
ésttpmpared to £ﬁ¢se components observed fo} éhlorine dioxide-
.isolated‘ih.Othef media. |
It’is;important‘in!this discﬁséiéﬁ to énalyze these
obseryéd Parame#ér changes in tefms of aasofptidn - i.e. tﬁe éite éf'
adsOrption; thé éosition.of the'chlorine’dioxide in rélation to;%he
trapping site; Aﬁ&‘movement of the chlorine_dioxide on the surface
or.at.thé Si£e.'f |
,Bﬁckiﬁgham [144] has cohsidered the intéraétion potential
energy Uy, of‘tﬁéicharge_distributions 1 %nd 2 possessiﬁg charge”
' q ahd muitipole{moments ﬁ, 6,.{;.; ¢,'FZ;$f;Z are the potential

and its derivatives at the center of mass of 2 due to the charges of 1;
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Henée
S - _ ]/ - _ : v' _
Ui = oy " uFp, - CEBFp,, -l o - (8-2)

Assuming the adsorption center to be a positive chargefas.
previously discussed for the zeolites, then the favorable relative
orientations for a charge¢dipole_interactidn and ‘a charge-

quadrupole interaction are as follows:

- ‘charge-dipole - - ‘charge-quadrupole

where + represents a positive charge; —»represents a dipole; andi'
- represents a quadrupole. The adsorption in the zeolites expected

for C10

5 according to this model’is discussed in the next

paragraph.
~ These same adsorption sites_(positive_charges) can produce.

stfoﬁg electric fields which, in addition.to'providing additioﬁal

v attracfive forces for adsorption, canvalsb detérmine the relative

'éosition of the édsorbed_molécule. In the presence of anvelectrié

field‘the dipolgs (or induced-dipoles'if‘ihe molecule does not

pogséss a‘permagent moment) are oriented in the same diregtidn as the

field. It has,géen shown [145] that even for pronouncedly aniso-

tropic dipolar ﬁbléculeg,'fhe mean polari£ébility in a hdmogeneous

-external electric field is practically equal to (ui+a2+a3)/3_where
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al,az-andvuz are the molecular polarizabilities in the three axes.
We thus expect chlorine dioxide to be adsorbed on the surfaces
studied as

The chlorlne atom is. assumed to be the p051t1ve ‘end of the moleculev
‘Assumlng substantlaily strong adsorptlon the only probable movemenf,
A a51de from p0551b1e slight wagglng as 1nd1cated by the arrows in
the flgure would be a rotatlon about the .z axis of the molecule
ﬁ(blsectlng the 0-C1-0. bond angle)

Calculatlons of these electric fields hare been

performed by Pickert et al [48] and more recently by Dempsey [146]
and applied to yerlous_zeolltesT The calculatlons were performed--.
by 'érowingf the crystal on a computer. The basic quantlty of
interest is the electrostatlc potential at either an 1on 51te J.Or

at a point in free space. Thus

=y - | | -3
ERET RN | S
where G is the charge at ion i in the basis at lattice point Kk,
distance r, . from the potential point j. The eiectrostatic

i,k,]

energy of this basis is

Belagy - LB
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summed over the ions of the basis or some proportion of these,
depending on the symmetry. Another quantity of interest is the

-
electrostatic field F given by
F = - grad ¢ (8-5)

Evaluation of ¢ at any point in the crystal Qas done using'thé
‘transformétion method of Ewald [147]. Values of the.field'; aﬁd the »I
components of the field gradient tensor were also derived by

Dehpsey using the Ewald méthod. Théir results will be apblied to

the EPR spectfa of chlorine dioxide adsorbed on the synthetic

zeolite 13X aﬁa tBeSe in turn related to the other adsorbents.,

Béfo;e discussing the'parameters obtained from the spectrum |
of ClO2 adsorbed,on JSX, it should bg pointed out that fhese paraﬁeteré
were obtaiﬂed without including the.quadrupole interactiﬁn term
in the Spin‘Hamiltbniaﬂ. Byberg et al [136] haVe‘shown this interaction

to be of importance in the C10,

molecule trapped in irradiated
KC104, in parfiéular giving risé to 'forbidden'tranéitions of>high
.intensity in ceftain molecular orientations with respect fo the
magnetié.fiéld.‘ When the off-diagonal tensor elements ofcg%%;
become comparagie to the diagonal parts Qfég%iz andcggzi considerable

mixing of nuclear spin states occurs. The selection rule

AMI =0 (8-6)

breaks down and transitions with

BMp = % 1, M. =22 - (8-7)
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become observable as well. Several spectra were simulated including
the quadrupole interaction but the observed linewidth masked
thése features. The deviations of the simulated spectra from the
experimental spectra, in particular line intensities, are presumed
due to this interaction. |
Figure 29 clearly shows two distinct adsorption sites

on the 13X, the hyperfine splitting constants differing conéidefably
between tHe two sites.l The constants are in fact much larger than
those preVionly observed in other media (see Table 1). The two
sites are very likely associated with the surface cations at sites
v SII énd SIII? as described in Chapter Three.

flThe large change in the parameters indicates that the
intense eleétric fields associated with the cations distort
thevelectronic}stfﬁcture of the C102. Both sites show an increased,v
hyperfine'splitfing constant indicating an increase in unpairéd
electron deﬁsigf af the chlorine nucleus. Our model of ClO2
adsorbed is such that the dipole moment is oriented along the electric
field direttion;-with the oxygen end of the molecule closest to the cation.
One would then ékpect a net shift in eléctron density towards the
oxygeﬁ end of th; molecule and a decrease in the hyperfine splitting
constants. The opposite in fact is the casé. The unpaired electron
occupies the'antibonding‘bl orbital and thé unpaired electron
density shifts towérds the chlorine. This éffect arises because it

is energetically .more favorable for the two electrons in the bonding

orbital to be closer to the cation than to have the singly occupied
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antibonding orbital close to the cation. Orthogonality conditions
ensure that if the bonding drbital shifts towards the cation,
the antibonding orbital must shift away from it. The ekperimental
results.agrée.with the proposed model. |

The previously méntioned calculations of.Dempsey of ‘the electric
fields in 13X show the field at SIII to be much larger than that -at

'SiI._ It is reasonable then, to aésign the site with the largest

The third site, S

shift tO' S 1’

111" as outlined in Chapter‘Three; is
- inaccessible to adsorbed molecules and therefofe is not observed.

Two 6thef zeolites having the same basic X structure as 13X
were also used éé.adsorbents. 10X is a calcium zeolife whereas the
13X is of ééurse sodium. It is expected that only one sitevshould
be observéd for é 100 percent exchanged form since two sodium
catiqﬁs are replaced by a single doubly-charged calgium, thus leaving
site S;q unoccuéiéd. In fact, the manufacturers state‘that the
zeolite 1is 6n1ym75 percent exchanged, leaving the possibility of

sodium cations in sites SII and S available for adsorption, as

III
the catioﬁé in thése sites are exchanged after those in SI' The
specfrum of ClO2 én 10X is consequently less resolved than the 13X
but only one sitéﬁéppears'to be present.

A 1ithiLm exchanged X structure zeolite is expectéd to show

“two diétincf sités similar to 13X, with increased shifts in the
hyperfiﬁe,splittiﬁg constants due to the smaller size of the lithiuﬁ
cation. Only onéﬁaistinct site was observed although indications of a -

second site, much,less populated, were evident. It is reasonable to

site contains adsorbed water retained from the

assume that the siII
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exchange process and so is unavailéble for adsorption of C102.
The'observed site is then associated with SII’ and approkimates that of
SII'in 13X. An incrgased electric field intensity.is postulated for
the lithium zeolite due to the increased charge/size ratio. The
decreased size of the cation; however; decreaées the extent of exposure
of the catipn to the caVipies providing less contact with the C102
Z‘méleCules even though the specific electric field intensity af the
cation surface is stronger;

The spectrum observed on silica gel, although less
resolved than on the zeolites; is'helpfui in analyzing the paraﬁeters-
obtained. The isotropic splitting coﬁstant obtained from the room
temperature spéefrum is 17.1 gauss. This is in good-agfeement Qith
those obtained:ffom the other studies mentiqned andvis to be
expé@ted, sincéchis should vary liftle from medium to medium. The
isotropic splitting constant obtained frqm the anisotropic spectrum
(i.e. Ty = Ao.; Bxx;’thé observed splitting,TXX is composed of
boph isotropic tAo] and anisotropic [Bxx] parts) agrees with that
observed. This offers additional support to the assigned vaiue&
of the parameté;é.

Some ﬁéntion should be made of the rather large value
assigned to the hyperfine component along the y-axis of the
.molecule (acroés the oxygens in the plane of the molecule). It.seems
reasdnable to e*pect some change in this‘component from the 'free state'’
value due to thé‘manner iﬁ which the Cl10, is adsorbed. A decrease

in the 0-C1-0 bond angle is probable, possibly accounting for this

observed change. Agreement of the calculated isotropic value to
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that observed lends support to this view.

The parameters obtained from the spectra observed on the
zeolites 4A and S5A are in agreement with the arguments proposed
for the other zeolites. The electric fields produced by the cations
are less intense than those in 13X as indicated by the parameters. The
cation sites are less well defined as compared to 13X and only one |
site appears evident.

Chlorine dioiide adsorbed on the mordenite samples
indicate also.a much 1es§ intensé electric field at the adsorption
sites. The spectrum recorded at room temperature indicates some
motion of the Cibz,‘aithough somewha? more restricted than that ébserved

on silica gel. Rotation about the z-axis of the Cl0, molecule seems

2
" most probable, But a spectrum simulated for this case does not agree
‘ with the observed spectrﬁm and a restricted rotation is assumed.
Accurate measurements of the hyperfine and g tensor components was
not possible dﬁé'to the large observed linewidth.

The méasured components of the g tensor were in agreement

with those prediéted for a molecule such as ClOZ: 8yx is close to

the free-spin value, as is generally found for an electron in a b1

orbital compose&,of px-atomic orbitals. Comparing this to the SeO2

radical [148] where a negative Agxx is associated with admixture of

the selenium dxz level into the b, orbital, it is reasonable to

1
assume little pafticipation of the 3d chlorine orbital in C10,. The

values for Agyy and AgZZ are also in agreement with theory, Agyy having

a large positive. value with'AgX* < Agzz < Agyy'
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" CHAPTER NINE

" 'NITROGEN DIOXIDE, NO

2

Nitrogen(dioxide,-like C102,_is a stable paramagnetic
molecule:whose normal chemical étate‘is a gas. The EPR
techniqﬁe has frequently'been used to study this molecule in the
| gaseous and liquid phases [149,150]. One of the purposes of the
preseﬁt study was to compare the spectrum of the adsorbed molecule

to the well-established spectra of NO, in a variety of environments.

2

Particular attention will be given to comparison of spectra on other
adsorbents and in various matrices.,

The reported spectra of NO, in various polycrystalline

2
‘medié'generally show linewidths of the order of 10-20 gauss,

- Yimiting the amount of detail which can be resolved [151,152]. More

recent studies of NO2 in N204 have produced spectra with much smaller
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‘linewidths, revealing greater detail [150, 153]. EPR spectra of
NO2 adsorbed on zinc oxide [154, 155] and on magnesium oxide [156]
are also not well resolved. Comparison of these spectra to those

of this study will be made in the discussion.

9.1 Silica Gel.

2 adsorbed on silica

‘gel is shown in figure 31. The expected pattern of three groups

of lines due to the interaction of the odd electron with the 14N

The spectrum recorded at 779K for NO

nﬁcleﬁs, which has a nuclear spin I=1, was observed. The complexity
of the spectrum ari§es from the fact that both the g and hyperfine
tensérs are énisotropic. The spéttrum islcohplicated‘further by
‘brbadehing'of those lines associated with tfansitions involving .

m, = * 1 compared to those with m. = 0, together with an over-

I I

lapping of some liﬁes. The‘observed line width also overshadows
some features. Table 2 gives the g and hyperfine tensor components
derived from thélcomfuter simulation of the spectrum. Figure 32 shows
the éomputer fitted spectrum. The spectrum observed on silica gel
is comparable in resolution to those obtained on other adsorbents
as yet reported in the literature.

| “Wﬁen gﬁe temperature was raised from 77°K a broadening
ofvthe spectrumléécurred. Specific changes in_the specfrum occur if
the adsorbed NOZ.Begins to rotate about a giﬁen axis on wafming. The
~linewidth of thélgpeCtrum even at 77OK makes-if difficult to

distinguish axially symmetric tensors from completely anisotropic ones.
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Hyperfine components © g-value -.
(gauss) ' 2
) . . . . - i ' . . . A : d- ,

Reference "TXX » Tyy TZZ AO 8vx gyy_ g, ‘ | nedium

154 52 47 65 54.6 2.007 | 1.994 2.003 , adsorbed ‘on Zn0 ¢ 77°X

156 53.0 | 49.0 | 66.4 | 56.5 2,005 1.9915 | 2.002 adsorbed on Mg @ 77°K

156 50.0 | 47.9 | 66.4 | 54.8 2.0058 1.9920 ©2.0018 . solid N0, @ 77K

153 50.3 | 48.2 | 67.3 | 55.25 || 2.0061 1.9922 | 2.0022  solid N0, e 77K

150 | 50.2 | 49.6 | 68.3 | 56.0 2.0065 1.9960 2.0029 | solidN,0, @ 77K

(x0.2) gauss o - (*£0.0005)
this work 52.3 48.7 67.8 56.3 2.0051 1.9926 _ 2.0019 adsorbed on silica gel
. | ' : e 77K
[this work | 53.1 | 51.0 | 65.5 | 56.5 2.0066 1.9956 2.0029 adsorbed on 13X @ 77°K
this work | 50.1 | 48.1 | 66.7 | 55.1 || 2.0062 1.9926 2.0025 adsorbed on H-mordenite
| | ‘ ' e 77°%K
15,
NO,,
this work | 71.1 | 67.7 | 93.8 | 77.5 2.0062 1.9926 i. 2.0025 |- adsorbed on H-morderiite
' | e 77%
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FIGURE 31. EPR spectrum of nitrogen dioxide adsorbed on
silica gel, recorded at 77° K. '
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FIGURE 32. Computer simulated EPR spectrum of gitrogen
dioxide adsorbed on silica gel, recorded at 77° K.
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The increased broadening due to the increase in temperature makes
it impoésible iﬁ this case. At approximately 2OOOK, the NO2
aﬁpears to be freely‘rotating on.the silica gel, since the structure
 oﬁ the three groups of lines is completely brbadened. Above this
température, the spectrum could not be discerned from the

'background. When the sample was reéooled, the signal was recovered

unchanged.

9.2_ 13X Synthetic Zéolite.

| The spectrum at 77OK of NO2 adéorbed on léXléynthetic‘

- zeolite is simiiar to that obseryed on silica gel. The pérametersb
_aefived from the,spectrum aré given in Table 2, Ling broadening

is somewhat more evident in this case. Differentiation between

'axiélly'symmetric;and fully anisotropic tensors is very difficulﬁ.
Figure 33 shéﬁs,a typical spectrum while figures 34 and 35 ‘show computer
simulated épectpa for fully anisotropic aﬁd axially symmetric tensors
.rgspectiveJy.

A comparison'of figures 34 and 35 shows the similarity
~ of the two specﬁfa and the difficulty thatvmight be éncountered
in analyzing spéétfa with the linewidths ggﬁerally found. The
spectrum correséénding to axially symmetric-tensdrs‘could be caused
2

by rotation of the NO, about. the z-axis. No spectrum was observed

at room temperature.

9.3 ‘H-Mordenite..

Figure. 36 shows a typical spectfuﬁ of NO, adsorbed

2
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FIGURE 33. EPR spectrum of nitrogen dioxide adsorbed on
13X synthetic zeolite, recorded at 77° K.
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FIGURE 34. Computer simulated EPR spectrum of nitrogen

dioxide adsorb
77° K.

ed on 13X synthetic zeolite, recorded at

3162,399 .
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FIGURE 35; Computer simulated EPR spectrum (assuming
axially symmetric g and hyperfine tensors) of nitrogen
digxidq adsorbed on 13X synthetic zeolite, recorded at
777 K. !
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PIGURE 36. EPR. spectrum of nitrogen dioxide adsorbed on

. )
[I-nordenite, raecorded at 777 K.



-121-

on H-mordenite, recorded at 77°K. It should be noted that

much higher pressures of NO,

were needed to observe spectra than

those required for C10,. - Probable reasons for this phenoménon

27
will be given in the discussion. ‘An obvious feature of the

‘spectrum is the reduced linewidth as compared to NO, adsorbed

2 .

on other surfaces yielding a well resolved anisotropic set of

2

triplets.' The resolution compares to that observed for NO
matriX'af 770K as reported by Schaafsma et al [153]

: trappgd:in é.N204
and James ét al [150]. A computer simulated spectrum is shown'
in'figur¢-37 énd'the resﬁlts‘are givén in Table 2. The consequénﬁes
of the narrow‘liﬁéwidth will alsé be diéCussed later.  |
The spécﬁrum.fér 15N02 adsorbéd‘oﬁ‘Hamordenite is;shéwn .

in figure 38, aﬁé'a simulated spectrum in figure 39. The.parametéfs
obtained aré give; in Table’2.énd agree with those‘expeéted fdr 15N
with i'= %. o \ | |

| An attempt was madé to record spectra at highef temperatures
with a viéw to ogtain information on possible motional processes of

‘the NO,, since the narrow linewidth at 77°K should enable any

2
new features -to be easily seen. Unfortunately, this was not the
‘case and line broadening at higher temperatures obscured all

details.'

9.4 Discussion..

NO,), like Clo, is also a bent molecule with the symmetry

properties bf'the'C2V poiht group. Following the approach of -
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FIGURE 38. EPR spectrum of

N nitrecgen dioxide ad-
sorbed on H-mordenite, recorded at 77° K.
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FIGURE 39. Computer simulated EPR spectrum of N
nitrogen dioxide adsorbed on H-mordenite, recorded
at 77° K. ‘
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Walsh [139], the ground state has the configuration

v Gap e ta) ey, )

. The unpaired electron occupies an a, orbital, delocalized and construct-

1
-ed from Both s and p orbitals on fhé éentrél nitrogen étom. The
PYperfiné spectra should thus dispiay a.céﬁsiderable i?dt?opic‘

' é?litting and the anisotropy should be'such thdat its maximum vaiue
‘6ccufs when the C

5 axis bf;the'moiecule is aligned along the

‘magnetic field. The éssignment of the molecular axes is shown below o

N/{(:y
7N,

o 0

1Where.the x-axié.is perpendicular‘to the plane of the moiecﬁle.
| Tﬁe dgminant g-SHift, as with CiOé; is expecfed to

. be along the y—axis'élthpugh in this case‘it will be negative.

Thesebg-shifts are determined from the general formula given by

'equatioﬁ (8-1). The g—value along the diféétiOn of the maximum

.value of the hyperfine tensor should'be clése‘fé the free spin

‘ vélue or slightly;greater. The shift along z, Agzz wi11 a;§Q

be small and positive.
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Table 2 includes the results of N02‘observed in various

matrices and adsorbed on surfaces other than those studied here.
The results of:this,WOrk are also included. - Comp3riSon of the

2 with the well establlshed spectra in a

var1ety of env1ronments is the subJect of the follow1ng dlscu551on.

“The dipole moment of N02

of ClO belng .29 D [157,158];'and.on‘this basis alone, one would

is considerably less than that

expect somewhat weakerladsorption ln comparable situations. The ;
'nitrogen nucleus has a“nuclear spin I =1 and so a quadrupole moment

- can also affect the absorptlon spectrum The weaker adsorptlon
l;forcestare substantiated by the. loss of SPGCtrum’o“ Warming the sample
fto‘room temperature.z This is intcontrast to the results-of'
”eColburn et al [159] who observed the spectrum of rapldly tumbllng

NO molecules .at room temperature in 13X zeolltes. The pressures

2

of NO2 in equilibrium with the zeolites were,however, several orders

of magnitude ‘larger than those in the present experiments, The
_pressures needed to observe the NQ2 spectra'were however,.much"

higher than those needed for C10, indicating a much reduced adsorption

A 2
attraction.
The erpected orientation of NO2 on adsorption differs from
that of ClQ2 since the dlpole moment is aligned in the opposite

direction;_ ‘One would expect then that the.nitrogen nutleusvwill
'be closest to the adsorptlon s1tes. Rotation about the molecular

z- ax1s would seem more probable, then, in this case than w1th ClO2
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_ The results observed from the‘adsorption on silica gel
are quite'similar to thoseﬂreported for the adsorption of NOé
'on MgO [156] - The isotropic‘hyPerfine'splitting of 56.3 gauss is ;
1n good agreement w1th and varies little from that observed on
'other-surfaces. In fact the isotropic portlon of the hyperfine
.ttensor changes 11tt1e between the surfaces studied and NO2 molecules
trapped in other media. The fields inherent in these different
-;environments uary from very‘weak in:the‘inert gas‘matrices to very
strong;injthe synthetic zeolites. ThiS‘imolies that the's;character-f

‘of the molecular orbital of the nltrogen is not apprec1ab1y

affected by the surroundings of the molecule. Small changes however, ‘

1are observed for the anisotroplc components, but are snaller than

' the-llnew1dthvused for the simulations., The a551gnment of g.values
agrees.With that eicpected.-iforzthis‘molecule:;;.gxx is greater than~‘
the free spin value ge; gyy is ;éss than gé;-and gzZ very nearly
equals g,  This is'in accordance with the work on the isoelectronic;
‘ molecule CO2 [160] |

The observed spectrum 'of NO2 adsorbed on the zeolite,

13X is.not_as striking as_that for'ClO2 for several reasons.

Qirect evidence for two distinct adsorption sites is not immediately
ohvious. rTheilineshape isbsomewhat different from that ohserved
onvthe:other surfaces‘andhthe spectrum‘is beSt simulated using a
Lorentzian ratherhthan a GauSSianllineshape function; The‘g

values are similar.to those observed on other surfaces and the

deViations‘in thehanisotropic components of the hyperfine tensor are
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less than the linewidth. The only‘noticeable effect of adsorptiou
is‘the different lineshape. The strong electric fields in the
cavities of the.zeolite do not have the pronounced effects observed
. in the case of ClO This is surprlsing in that the ~approach of
the nitrogen nucleus is much closer to the origin of the fields
than-uas the chlorlne nucleus, due of course to the proposed mode -
of adsorption; | |
NOépadsorbed‘on Hemordenite yielded a Spectrum whicht
venabled a more precise assignment of parameters., 'The‘hyperfine_
components,are‘clearly seen:and the gﬁtenSOr readily measured
The‘aSSignment 1s very close to that of Schaafsma et al [153],
:of the components of both the g and hyperfine tensors. 'The
| adsorption 51tes in H mordenite are thought to ‘be 1n the 51de
pockets 1in1ng the.main cylindrical tubes of the structure
(see Figure~11), Each pocket has space sufficient’ for only one
i molecule reducing broadening due to recombination of the radical to
.tOrmINZO4 and‘also dipolar broadening caused by other NO2 molecules.
In the'experiments of Schaafsma et al, solid NéO4‘was
chosen as the hostAmatrix due to its inertness towards NO2 and the
"absenCe of any internal-electric fields, being a molecular rather
~than an ionic_matrix;b Distortion of the Ndzgdue to spatial effects
-should.also be minimized since the structure.of the guest and |
host molecules arerthe same.' In light of the similarity of.the :
parametersvobtained from the spectruvaf‘NO adsorbed on

2

H-mordenite to those in solid N204, it appears adsorption, in this case,
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has little or no effect on the N02. It is likely, then, fhét

the 'trapping pockets' of H—mordenite serve only‘aé isolation
cages for the NO2 mbl¢cules and have 1itt1e‘effect on its
electronic structuré. This is in accord wiﬁh'the pafameters
-opserVed fgr ClO2 aésorbed on this same'zeolife, the effect being

the smallest for all the zeolites studied.
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* "CHAPTER TEN

~ NITRIC OXIDE?'NOE

Nitrigzoxide is another Stabié‘paramagnetic:mqleéule'
v;thch'pérmally'eXists in the_ggs'phaée,- Beiinger aﬁd Cas£1e-[161] E
hévelanalyzed in detail the speétrﬁm of NO iﬁ_the gas phase,’where
cohple#itieé due ta'orbita;, spih'and~rotationa1 interactioﬁs
are present.. Early attemﬁts to'detéct NO trapped in rare gas
mgtrices,were unsucCéssful [162]. That it does not give rise to .a
aéteétable spectrum in these matrices is ﬁot Surprising aé the |
interaction with the environment is probably notvsufficient to.
qﬁench the orbital motion of the paramégnétic electréﬁ sufficiently.
~Thi$:sha11 be discussed below. |

| The Nbﬁmolecule in its‘ground state is nOt'pafamégnétic.
" NO is a Zﬂ moiecﬁié._ The.gfbuﬁd state'of'the'moleéule (zw%) is
-.ﬁonmagnétic since spin and Qrbital angular moments.are antiparallel;

and the orbital magnetism just cancels the spin magnetism.
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The paramagnetic character of NO results from the_zw

2

3/2 statej
a consequence of the spin and orbital momenta being aligned. The
3/2 State is separated by 121 cm"1 from the ground state}.bBOth

‘states .are appreclably populated except at temperatures below

about 50 K.

1 Sorption and magnetic susceptibility studies on nitric

‘v‘oxlde—siliCa gel systems [163, -1641 have indicated a partial

o quenchlng of the orbital angular momentum. It thus appears that

hcertaln env1ronments may quench the orbltal angular momentum and

.enable the EPR spectra to be recorded Recently, Lunsford [165 167],

: ,Gardner and We1nberger [168], and Hoffman and Nelson [169] have

reported spectra of NO 1n a 2n state adsorbed on MgO ZnO and varlous

,zeolltes, 1n wh1ch the orb1ta1 momentum seems substantlally

-T quenched by the surface flelds ‘of the adsorbents -These‘surface

flelds were studled as well as the effect of the adsorptlon on ‘the ﬁO,

| | The results to be presented here are 1n.accord with. those
'V‘preyiously reported, although in. the present.work a reaction of
the,NO with certain surfaces was observed ln addition. Preparation:

of the‘samplesvis the samé as for the adsorption of N02.

'10.1 -Silica Gel,
Attempts were made to .observe the spectrum of NO
adsorbed on silica.gel'at 77°K hut>Were uhSuccesSful} Although

'Solbakken et al‘LlSS, 164] reported that theifirst molecules
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adsorbed at this temperature were in the. excited state 2”3/2

continued up to nearly monolayer ¢overage, no sPectrum was

and

observed.

10,2 13X Synthetlc Zeollte.

The spectrum observed for NO . adsorbed on 13X synthetlc
"zeollte at 77 K is shown in flgure 40 No hyperflne structure was
‘ev1dent and the spectrum appears 51m11ar to that reported by
hGardner et al [168] The‘parameters were a551gned byrcomparrson--d
z'to the 51mu1ated spectrum figure'41; and are given'ianabled3t
h181nce ‘any hyperflne structure is apparently less than the 11new1dth
the effects of this and any other broadenlng 1nteract10ns were jl‘
"1nc1uded 1n the linewidth. and the spectrum was simulated us1ng an :

. ax1a11y symmetrlc g tensor.

“Q 10.3 H Mordenlte."
— T :

The spectrum observed at 77 °k for NO adsorbed on

synthetlc H- mordenlte it also 51m11ar to that reported by

vGardner et al [168] and to that of Lunsford [165] reported on MgO.

Some structure 1s,ev1dent and as an ard to analysls, the spectrum

of 15NO'wasialsoArecorded Figure542 and,43:show the spectra,for

14N0-and» NO respectlvely. .Simulation was attempted in a similar

' manner to that of .the 13X sample uslng an: axlally symmetrlo g tensor,

‘but now-rncludlng hyperflne splrttlngs, 'The results are shown.in

vTahle 3.,_It;rsfobvious from theﬂresuiting spectra, shown in |

figures 44 andv4$‘respective1y for,14NO and 15NO, that,the.Situation



" TABLE 3

g values

‘(gauss) Hyperfine components

S

3ference By » gyy’ gzz Txx »Tyy § , Tzz.- * Medium
o gl gy _ ,
165 1.996 '1.996 1.89 "33 <10 | N0 adsorbed on Mg0
, ‘ | | B 6.77°%K |
o 1 14 _
169 . 1.994 1.994 1.873 28 'NO adsorbéed on 4A
| : e @ 77°K-
166 1.997 ©1.997 1.91 31 14N0 adsorbed on Zns
: e 77°K -
168 1.970 1.970 1.786 - N0 adsorbed on 13X
' | e 77°K
168 1.967 . 1.967 1.773 140 adsorbed on H-mordenite
| 967 - | S e 77°K |
168- 1..990 1.990 1.859 | N0 adsorbed on sA
- o e 77°K
£0.001 £0.001 £0.01 11 Line width used for -
| : simulations (gauss)
this-work |  1.967 1.967 1.78 90..0 14N0 adsorbed on 13X
- . ' ' e 77
this work 1.994 1.994 1.87 23 35.0 - 10 adsorbed on H-mordenite
' S | | e 7k ~
this work [V 1.994 :Li;994-'»‘ 1:87- 38 3500 - 1No adsorbed on H-mordenite
. ¥ g8 : o @ 77°K a
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TIGURE 40. - EPR 1p9ctrum of nltrLc OAJde adsorbed on
13X oynthqtlr aCOlltC, recorded at 77O K. '
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FIGURE 41. Computer simulated EPR spectrum of nitrig
oxide adsorbaed on 13X synthetic zeelite, recorded at
77° K. ‘ ' ' ‘
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FIGURE 42. EPR spectrum of N nitric oxide adsorbed
on H~mordenite, rccorded at 77Q_K.<
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- FIGURE 43.- EPR spectrum of -7 "N nitric oxide adsorbed
on H-mordenite, recorded at 77° K. :
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- FIGURE 44, © Pompuftr sxmu]atod EPR spoctrum of - :

nitric oxide 1dsorbed on H~morden1te, rcuorded at
: 770 K. , : ‘
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FIGURE 45. Computer simulated EPR spectrum of "N
nitric oxide adsorbed on lH-mordenite, recorded at
o .. - ‘ :
777 K. N ‘
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is more complex than this. Both sémples were evacuated to remeve
 as much adsorbed species as possible with the resulting spectrum
shown,in.figure 46. . The spectrum then observed at 77OK was identical

" in both cases;and showed censiderable-Strutture;'

10, 4 Dlscu551on

Interactlon of the surface f1e1ds w1th AB. type

- radlcals quenches the orbltal momentum of these radlcals., An
unsymmetrical env1ronment llfts the degeneracy of the Zpﬂ qrbltelsf
l(ﬂx and ny'orhltals, def1n1ng the,NfO bond:as the z—ax;s) . For the NOd
'vm°1ecﬁ1¢s"th¢?unpai?¢d electfon‘Witl‘be in the 2pﬂxf level in the
fabséﬁseiof any;spinforbitdinteractien,e o

' ~£ Exnlieit'fermulae;fOr:the h teﬁ56£ ofiénielectren indd?n'
vstate were glven by Kanzlg et al [170] A is the crystal f1e1d ';
Asp11tt1ng, X the sp1n orblt coupllng constant E, the effectlve

2

energy dlfference between the ' levels and the Z levels, and k
the effectlve g factor for the orbltal contrlbutlon (k=1 for the

free molecule). The equatlons are glven by

1

g =.g -2k <~——~——->, . (10-1)
2z ¢ A - o .
SO > P ) L L

f (10-2)
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FIGURE 46.. EPR spectrum observed after adsorption of
- nityric oxide on H-nmordenite, followed by evacuation,
recorded at 77° K, .
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' The apparent axiaiISymmetry of the observed spectra'tdue mainly
~ to the linewidth) indicates X/E'must be smallr "The calculations
of-Gardner et al on'the 13X and Hémordenite [168] wiil_not be

repeated here since the same adsorbents were used. |

The spec1es formed on adsorptlon of NO on H mordenlte
‘and subsequent pumplng of the sample is 1ndeed curlous. It is reason—
able that' the NO is ea511y removed by pumplng 51nce its d1pole moment
- is much less than that of NO A Value of 0. 158 D was reported by . |
.Stogryn [171] The specleSf;s,obV;ously not due to_a nltrogen .'”‘
. contalnlng molecule.since:no changevin'structure was‘observed on'

adsorption of 14vo and 15

'in contrast to I=1'for'l4N. Numerous attempts at ana1y51s u51ng

NO, the‘nuclear'spin of 5y being I=%

'computer s1mu1ated spectra were made with no success. The.presence
of more than one spec1es is p0551b1e but no. ev1dence for thls was
'gluen by tests of 1ncrea51ng the m1crowave bower level |

. The react1on_of NO w1th the surface of H—mordenite
has produced a spec1es strongly attached to the surface. Fadlure
to remove the spec1es by pumplng is. ev1dence of this. It is 11ke1y
the NO has reacted with some part of the surface to form-a species.which?'
if not chemisorbedglis very strongly attached .ferenin and co-workers
[172], when study1ng the adsorptlon of NO on varlous zeolltes u51ng
1nfrared spectroscopy, found that NO was adsorbed as N2 ) the oxygen
freed by the reaction probably belng adsorbed The1r assignment
was shown to be correct by adsorbing N O directly. The formation of'
N O would account for 1dent1ca1 spectra belng observed for lSNO and
2

14NQ.srnce N 0 is not paramagnetic. . The reactlon of the oxygen
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atom with the H-mordenite would'then be responsible for the

observed spectrum,
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rLCHAPTER'ELEVEN :

DIFLUORAMINO RADICAL NEZ
The,NF radlcal ex1sts 1n equ111br1um w1th 1ts d1mer

. tetrafluofohydra21ne, ,_at normal temperatures. The

2 4

dlssoc13t10n of N2F4 into NFz-radlqels has been studled_pyeviquely
v.(for example [173 174}); andtit ﬁae been”shbwn:thet.the diflqo?emimo ,
radlcal.;s-qulte stable emd is;capaple of‘egisting'indefiniteiy o
in the:free state | At room temperature and atmospherlc pressure,
vthe radlcal is present to the extent of only 0.05 per cent The
radlcal concentratlon reaches 90 per cent iny at 573 K. and ene
atmosphere, at 423° K and 1 mm er at 298°K end 10710 atmospheres:
The EPR spectrum observed in the gas phase con51sted of
apSingie broagxllne showing no hyperfine structure-due to e;ther

the nitrogenvor the fluorines [173]. Isotropic spectra showing
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resoiVed hYperfinebstructure have been observed for NF ‘diSSleed

, 2
in perfluorodimethy1hexane [175] and in 1iquid N E4 [174]. 'Adrian

"et al [176] studied’ the NF radlcal in an argon matrlx but were

2

unable -to offer any f1rm 1dent1f1cat10n of the anlsotroplc components.

”Farmer et al [177] reported results for NF_ in both.argon and |

-2 .
1krypton matrlces at 4v2-k Unfortunately, nelther of these studles
'»"ylelded the anlsotroplc hyperflne parameters. More recently, - o

B Kasal and Whlpple T1178] studled the rad1ca1 in ‘a neon matrlx at

_4’K and were-able to aSSIgn the observed pr1nc1pa1 tensor components to .

f the molecular akes.‘ A recent paper by McDowell et al [179] reported
' a detalled study of how an. 1nert gas matrlx and approprlate phy51cal
condltlons together may 1nf1uence the nature and extent _of: the
'orlentatlon of a.paramagnetlc spec1es, u51ng NFz'as an example,"f
.The work accompllshed a complete ana1y51s of the spectra and also :
a temperature study.‘ |

' Results of the adsorption of the NF2 rad1ca1 on

4

H-mordenrte are reported here,

111 H-Mordenite.

The"spectrum observed for N adsorbed oan-mordenite

2F4
‘at 77 'K 15 shown in figure 47. "Several - experlments were attempted
w1th varylng concentrations but thlS was the only reproducible
spectrum observed " ‘The observed. spllttlngs are not ‘similar. to those

,prev1ously observed for the NF2 radlcal 1n other medla, H mordenlte

' was used as the adsorbent for these experlments since 1t has
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20 GAUSS

FIGURE 47. - PR ;pectrum observed aEter adborptlon of

H?Fd on H mO}donltc, recorded at 77O K.
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produced consistent results withvthe other radicals. Computer
simulations of the observed spectrum are shown in figure 48. The

parameters are given in Table 4..

311.2v Discussion.

The NF radical 1is valence 1soe1ectron1c with C10 hav1ng

. 2 >
- the unpaired,eleqtron in a b1 antibondlng T orbital. The ground

electronic state of the molecule is 2y "The expected EPR spectrum o

1°
'of the rad1ca1 should show hyperfine 5p11tt1ng due to both the N
t'fluorines and the: n1trogen. The 1ack of hyperfine structure could
be‘attrlbuted to rapid recombination of the radlcals, in fact rapld
; recombination could even obliterate the entlre spectrum.s The
}spectrum observed in SA'molecular sievefby Colburn et al'[lSQ] did;-’
1ndeed show well resolved hyperfine structure w1th measured
’_14N end 19 F coupllngs of 16 and 56 gauss respectively The
reportedug yaiue was 2.0Q9. It was assumed the N2F4 was screened out
.of the seoiite'eiiminating.much 11ne broadening and the spectrum:
was.due to freely rotating NF radicals,

"The: spectrum observed in this study has been attrlbuted
to a spec1es hav1ng an anisotropic¢ g tensor with no observable
hyperflne structure. Tabie 4 gives the assigned values, Figure 48a
is an'attempt‘to“simulete the,spectrum'as-due-to an isotropic
g value_with obserVed spiittings_due toia nitrogen nucleus. A
éoodwfit could'not be obtained'with'regardkto either intensitiesior“
line bositions. ;As was»the'case with NO-adsorbed on H—mordenite,

‘the Nhé on‘NéF4'hasfprobab1y reacted with the surface to form a
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TABLE 4 -

Reference.

r—

T R, e

g-values
(£ 0.0005) -

T

r 1 R I}
Isotropic Hyperfine
compgnent (gauss) .|
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FIGURE 48, ,Computér simulated EPR spectra of épeciés
formed on adsorption of N_F -on ll-mordenite, recorded .
at 77° K “ : :

a) isotropic g and hyperfine tensor

hY anisotrooic ¢ tensor., no hvperfine
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non-paramagnetic species and a paramagnetic species having no

'pbserVable hyperfine structure.
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CHAPTER TWELVE

This chapter is intended as a summary of the work completed
in thié thesis with a view to possible further applications of
studies in this area. Greater amounts of‘informgtion,@re.stea@ilx
becoming available on the topology of the various surfaces studied,
the area where lack of knowledge has been the most ogtstanding,
More detailed conclusions could then be reached concerning the
interactions at these gas-solid interfaces.

The main species which has been studied here, chlorine
dioxide, has shown widely different interactions with ;he various
adsorbents used. The H-mordenite samples yielded EPR spectra
having'measured parameters fhe.least changed- from those obtained

in media other than adsorbents., This indicates the C1l0

4

5 molecules
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are physically trapped in the intérior of this zéolite, having
little interaction with the interhal electrostatic fields. ‘The
interaction With silica gel is somewhat similar, although fhe,
amorphous structure of this, adsorbent makes it aif£i¢u1t to
quantitgtiveiy place the ClO2 moiecules_in any particulai aréa of
its internal sdrface; 13x; on thé other hand, has éﬁVordéred
structure which enables one, from‘data thainéd from the
éxperiméqts, fo visualizé the actﬁal adsorption sités.invblvéa;'
”These have been discussed in Chapt¢r Eight. The results fOr'the
other zeolites ﬁay similarly be analyzed\&ith regard to |
.adsorﬁtion siteé and interéctions with the internal Surfacé
, fields;
'A>pubiication coﬁcérning évstudy“df ClOé adsorbed oh
’ synthetic zeoii£és'[181] has recentiy appéaféd in the_iite;atﬁre. -
fhe spectra obt;ined on the zeolifes 13X aﬁd 10X were not anélyzed- 
in terms of actuél adsorption sites, pfobébly due to'the féqt
that successful computer simulatipn of the:spectra could not be
obtainéd. The t&o distinguishable sites observed in the present
~ study were not noticed. The linewidths for the spectra reported in .
their publicatibn would have obliterated these featurés.

~ This éame paper by éietrzak'and.wdod also contained a

study of NO adsorbed on these same Zeolifes, The paper contained

2

comparable specfra to these obtained in this study for the 13X

synthetic zeolite.. Results obtained here for_NOz‘were not
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significantly different from those of NO2 studied in other media,

In fact, the spectra observed on the synthetic zeolite H-mordenite

is in excellent agreement to that for N02 in an N204 matrix, both-

media studied at 77°K. The proposed adsorption sites for the

NO2 molecules in this zeolite are the small pockets lining the main -
passége—ways. ‘In the case of C102, the observed spectra correlated

5 this

well with the structures of the 13X zeolites, whereas for NO
Was'not so. Specific adsoiption sites may only be assignéd:to thé

zeolite, H-mordenite. This is attributed to the fact that ClO2

has a larger dipole moment than NO, which enables it to intéract 

2
more.strongly_with sbecific.cation sites in.iSX. In H—mOrdenitg,
- these siées aréxnot aé well-defined,~and poupled'with thé smail dipple'
imomeﬁt bf‘thé NO', the‘observea sfectra sﬁggést the‘moleéuieé té bé |
confined in the;e side pockets.
The spectra observed for nitric oﬁide adsorbed on

various zeolitesfghow yet another pbssibié-effect of adsorptidn.”‘v
While the spectra which are first.aﬁparent on adsorption are
similar.to those observed by others on a variety of surfaces, pumpihgk
of thg_sample td;decrease.the concentratién;of the NO.on 'the-

surface yields a new spectrum. This is a§SEgned'to é species

formed by a reaezioh of the NO molecules with the surface, This new
species has beén shown not to contain nitfogen. This is
:confirmed'by thé facf that identiéal EPR épéctra are éBséfved

14 |

for both 15NO and ~ NO. The obsérVance'of‘chemical reactions

on surfaces either through the formation of ‘a new species or a
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change in the spectra for the original species is then another .
area with wide possibilities;

The use then, of the EPR technique, in the study of the :
.gés-solid interface‘qan generally be catégoriiéd in three areas;

Information about the‘nature of the_surfaces‘is’
possible in many éases and the oppbrtunify,for study hére is
'limited only to the number of surfaces which yiéid EPR‘signals.

‘The addition of gaseous molécules to thése surféces
widens the sgope.considerably. In~£hese céses,»gs was found for :
Clbz, this technique ﬁay,provide an‘"inert matrix!" which perhéps
enables the speéies in question to be»studied with greater |
facility thanAoﬁher‘EPR‘techniques, or may even piovide.a méané' ‘
of stﬁdy‘Whefe'others‘haVe not as yet been fbund, Included iﬁ‘fhis
area also are'tﬂé possibilities of reaction of the gaseous
molecules witﬁ-ghe surfacés to yield new species; either a new
adéorbed'speéiéé, or even spectra now due to the surface, whereas
-before the adsérption, none was evident. The latter was the
casé with nitric oxide. The opportuﬁitiesiare eXtrémely large
in this parficuiar area. |

The 1ést general area where the use of EPR has found
value in these s¥udies i§ in the area of the d&pamiqal behaviour
_ of the adéorbed.ﬁolecules. The-motion of the adsorbgd molgcules?
either hindered.ér frée may be studied at’é varietyvof’femperatufes
by this technidué. The publicatién of Pietrzak and Wood [181]

mentioned earlier was such a study, although it was not completely
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- successful iﬁ the case of C102,
The opportunities for future work in this aréa;'

‘cémplemented by other spectroscopic;teéhniques; 1ook promising.
Tﬁg EPR teéhnique‘haé Certéinly not Been exploréd to ifs(fullest
ih ény of the three areas meﬁtioned.  Since'knowiedge of the
surfaces is vital to an undérstanding.of ﬁh¢ resuits, tﬁe moie‘
aécuraté the informatién-avai}able!ih this afea; thé'betten the"
cbnc}ugions. To this end; perhaps a combinatiqn‘of XRD énd EPR
techﬁiaues wogld prove Very vaanﬁlé; Mpdificéﬁiéﬁs\fcltﬁe suffacesf‘
could'then'bévstudied in régafd to theif-effect on the’ébservéd
.:‘spectra. A sinéie‘épeciesicouid_then bexstudiéd:iﬁ.greater deﬁéii
by~vafying‘the ;ﬁrface condifions'systematicél;y. ‘ip‘an}.ui |

' case, the future leaves much to be discovered in this area.”
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APPENDIX

'***#g#*********$#***¢*¢«****#**a*#¢****¢*£¢*¢#t#*#*k#3*4**¢¢¢q*£qg****i

IHPLICIT RlAL <3({A-H,0~1)

DIMENSIUN H(Qly?l),}P(Qlygl),b(QI 1) +G2(91 4911 +sA(L491),
LAA2{9 L, 9L ), AALPRH2(9L, 9l)oul(91;)1),Cd(9ly9l),£4(?; 9L)4,CH1IL 710,
ZCO(QLLJILJPWI(QI),39(91),&?(91),ST(Q[),LT(9l),>°7(91),CPZ(Vl)p

3ST?(9L)yVTZ(;l§,CS )()L),uALRHZ(91)19HID(91)1T1TLC(20)

READ(5, 333) TITLE
READI(5,394%) NTI1;$,JTIETA NPiI
KOUNT=0

4 _READ(5,890) GX46Y,GZ,FREQySPIN

READ(5,39L)AXyAY, A7

WRITE (b, ad%)rlrge
WRITE(6,899)FREQ
WRITE(5,880)6X,5Y, 62
ARITE(5,398) AXyAY AL
WRITE(69397)SPIN,NTHETA, NPHI

884 FORMAT(20A%)

890 . FORMATI(SFLO.3)

891 FORMAT(3FL0.3)

894 FORMAT(313) o . : .

899 FURMAT (1X, *THE FREQUENCY. IS .- ,F10.5,% MHLZ.') -
830 FORMAT(LA'GX=_*yFi0.5a' GY# 14F10.5,' GI= ',F10.5)

898 FORMATULXy YAXS '4F 1Je 34!  AYm Verlue 3yt ALs TyF10.3s" - IN GAUSS!
897  FORMATULX¢fSPIN= '4F10.1," - NTHETA= 9,13,* NPHE= *»13)
' START=SCLOCK(D.0) - . L
FREQ=FREQ*L . OD+06,
AX=AX%GX®La 329062540406
AYZAYRGY$1.35962640+05

AL=NL &G * 1. 39962640406
GX2=GX*GX .

GYZ2=GY¥%(Y

GZL2=0GL%GL -~
AX2=AKEAX -

AY2=AYHAY .

AL2=RI%AL o ‘ ’ o |
AXY 25 AX25%AY 2 . : : .

GAXZ=GX2%AX2

CAY2=GY 2%AY 2

Guzz=f72*azz

BUO=0. )473>w~zo
HH ()nd))l") 2{
RaAD=1. 74)}&927199*59 OZ

U“HI‘NPHI
IF(NPH(,;T.I)DPHI’OJ DO/fLOAT(NPHI—l)

Al‘(AX?*AXZ"Z-DO*AXZ*AY2+AY2#AYZ)*GXZ*GYZ

v‘l\l“JAZZ . ' ’ .
Ab HH/ 30 - . ' ' ‘ : ‘ '
A3=AHBAS : '

Ah=SPANE(SEINEL.DQ)
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A6=A5%FREQ
SMI=SPIN

11 BL=SMI%5M1
B2=A3%¥81/2.0D0Q
B3=A3%(A4-31)/4,000
B4=AS#*SMI

IF(SMI.L*.SP[N)GO TQ 56

“PHI(11=0 0%0
PRIDI(L1)=PHI(])
AAP=DPHI*R4D
Div=1., U/PLUAT(NTHETA-I)

CT(l)=1.D9
crz(L)fl.)u
ST(1l)=0Q,09
ST2(1)=0.20
N) 17 1=2,NTHETA
(T(I,—hT(I'l)“DIV

CT2(I)=CTLII%CT(T) T T T
CST(I)=DSYKT (1,00~ Cra(riy -
17 sr2(z):sr(1)rsr(1’

IF(NPH[ LE-1)60 TO 60
UU 99 I—),HPWK :

» COPHULD)=PALLI-L) +AAR
98 - ;'PHID(I)oﬁiIU([-l)*JPﬂI
60 - DO.8Y NP=L,NPHI
© 0 SPUINP)=DSIO(PHIANR)
(P(N’)—O””Q(HH[(@P))
°°Z(NP)->’(\’!*§r(v’)

CP2INP I=CP (NP ) HCP (NP)
CSP2INR)=CP2INR) S22 (NP)
C GALPH2(nP) = GK2ECP2(ND ) 4GY2%SP2 (NP
39 CONT [ NUE
D) 48 NP=L4N2HI
00 43 NT=1,4THETA

U(JT.NJ)—)g*<T(uALPl£(v“) >1z(w7)+uzz CT2(NT))

G2 UNT ¢ NP Y =G LHT ¢ NP ) S5 (NT y NP

AALPH2UNT 4 NP) =(GAX27 C’Z(F’)+UAY SPZ{MP))/QZ(NT NP}
A(NT,WP)“J)Q7T(U)(NT7‘P)TAALPHZ(NT,NV)‘SrZ(NT)+u“ZZ CTZ(JT))/q(ur,
NP

AMNZANT g NP V=AM, NP A (NT NP )

'_.

CI(NT,”°)=‘)(nymﬂ}*A\LPﬂ?(\l,Nﬂ)
fZ(N‘,JDF—QALOH&(\P)WAA?‘NT,QP)

CHINT NP Y=G2INTyNP}HG2{NT g NP )=C2INT NP )
CHINT N2 =04 INT N2 PFAALPHZINT o NP ) ‘
CS(NT'NP‘:Q?(VT,QP)’(Q(NT NP )

TPANT, MNP =57 25GALD I)(V’)/ué(AT,VPQ

48 ‘CJVr[iLL
G ‘ -
56 DI 58 HP=1sNPHI

DU 58 NT=14NTHETA
1122 'Ri:(d+eA(VTgWP)—A))/u(VT,\P)
DB2=30%35 L

CC=82% ({522 % (LL(VT,‘P)~0ALPH)(\ VHAL2 ) HE25ST2LNTIACT2UNT) ) /S H0NT ¢
1P )+ (ALEST2INTFECSP2INRY /CAUNT o NPY I+ B3/ GINT ) NP I LLCLINT NP Y A2 2
?)/Q’(\f{'P)'(GALRH!(VH}»AKY?)/CL(NT NP+ LA24 LT/(NT)*QJ”Z(NR))/C;‘g
JT NPY ) :

X=882-CC*4.D0
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T T T T - = - + T

C .
HINT NP)=(=B3+DSQRTIX))/2.00Q
C | ,
58  CONTINUE
c

[FISALLLT 5P [NORKUUNTLGT 0160 TO 1111
WRITE(L+603) (CT(I)1=L NTHETA)
WQITb(l'uJO)(Pﬂld(I),I*l.NPH[)

111l WRITE(6,1200)

: WRITE(6,1002)PHID(T)
D3 7O NP=1,NPH[
LF (NP, 61.1)JQITL(S'louj)PHID(NP)

DO 80 N1~1yWTHu 4
K=NT#] :
L=NT+2
M=NT#+3

: N?ITE(O,LOQI)%{NT,NP).TP(NT,NP),H(K NP).TP(K NP),H(L,NP):TP(L NP )
LH(Ay NPy TP L NP )

L1 R — [N T L T v —

780 CONTINUE
70 CINT INUE ' o
1000  FORMAT(LHL, 30/ ), 3X, 4('rIELD(GAU§S)' 3Xy VINTENSITY?'42X)//)
1001 FORMAT(5X,y#(F34295%sF3.5,5%)) ‘ ‘

1002  FORMATU'PHI=1yF5, 1, " DLGREESH)

1003 FURMAT(3(/) *PHI="4F5.1/) -

03 30 I~l’nP1[

30 WRITE(L, 601N HIJ L) gJ= Le NTHETA)
PO 31 I=1 e NPHE -
31 NlITt(lqua)(YP(JyI)'J=1,NTHETA)

600 FORMAT(13F6.2)
501 . FORMAT(L0Fd.2)

602  FIRMAT(LOF3.5)
603 FORMAT(13FG.4)
C.
- SMI=SM1-1.00
[FISHILLT=SPINIGD T3 5
GO T0_11

5 S TIME=SCLUCK({START)
WRITE(&,350)7 [HE
NTLMES=NTINES =1
KOUNT=K2UNT+1
[FINTIMES.GT Q) 6O TO 4
3590 FORMAT(LHO ¢ TIME RE lew')!,Fa 3,' SECONDS'/)

Sloa — : —
EnD
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