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SCOPE AND CORTENTS

The nuclear magnetic resonance spectruzm of the
protone in the water of hydration in a single crystal
of natrolite has been investigated and analysed according
t0o Pake's theory in order to locate the protoms in the
ntxwa%uww.‘

The line shape of the proton resonance in
natrolite powder was studied over a wide range of
tenperature. The observed changes in the line shape
partially revealed the dynanics of the water of hydration.
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INTRODUCTION

Huclear magnetic resonance at ordinary radio fre-
guencies was Yirst introduced by Rabi, Millman, Kusnﬁ,
and Zacharias in conjunction with their atomic bean
experiments. Purcell, Torrey, and Pound (194¢) and
Bloch, Hansen, amd Packard (1940} independently obtained
the first magnetic resonance in bulk zatter. Since then,
many applications have been developed. Nuclear properties
such as the gyrosagnetic ratio and nuclear spins and
dipole noments can be measured with very high accuracy
owing to modern methods of measuring radic frequencies.
Magnetic field strengths can be measured with an accuracy
never before available and can be very precisely controlled.
Following Pake's application (Fake 1948) of proton magnetic
resonance to determine the location of the hydrogen atosms
in the structure of gypsus there rapidly blossomed a wide
field where magnetic resonance was developed as a probe
1o study molecular chemnistry and the structures, inter-
actiong, and wmotions 1o be found in solids. A nunber of
excellent pieces of theory are now available which allow
us to deternine from soue of the resonance patterns obe
served certain configurations of atoms such as pairs,
triangles, and tetrahedral arrangements and information
regarding the dynamice of the atoms., However, only a
start has been made. Anbiguities are still encountered

in the interpretation of the spectra from many substances
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and often the behaviour of the spectrun as the conditions

of the specimen are altered simply defy explanation at this
time., Fortunmately, the theory concerning the interaction
of two protons, as used in this work, is basic in the field
of proton sagnetic resonance and has been proven to be
guite sound, especially in the many studies of hydrated
erystals which have made use of Pake's theory.
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CHAPTER X

I. 1. Introduction

This chapter summarizes the phenouwenon of magnetic
resonance and some of the theoretical ecaleulations con-
cerning the radio-freguency absorption spectra of two
interacting, like spins in both single crystals and
powdered solids.

When an atomic nueleus with spin I is placed in o
wmagnetic field the obsexvable cosponent of the angular
momentum is guantized such that only the values wh, where
mm I, Ielysoceesey =1 are permissible. Many isotopes
possess a nuclear magnetic dipole moment f, which is
enllinear with the spin and is alse guantized by a magnetic
field, The permiesible values of the cbservable component
af the magnetic monent are M= /mﬁ whore }/ is the absoclute
nucleay gyromagnetic ratio., The energy of an isolated
magnetic dipole /2‘ in a magnetic field E?!:@ = (0, 0, B,) is
—,'2-3:, = - /413, consequently, spplication of a magnetic field
0o a nucleus gives rise to 21+l Zeeman energy levels of
NGYGing - / mhB,, uniformly spaced by an auount - fﬁﬁ{ ~,.
Since the selection rule Om = #1 applies, all possible
transitions have the energy ~ /ﬁﬁg and freguency Um
/33,3,’217 +« This say also be considered as the Larmox

fregquency of the precession of the spin axis due to the

3e
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torgue exerted by the applied field upon the nuclear dipole.
In & bulk sanple transitions between the Zeenan
levels are observed by applying to the nucleli an electro~
angnetic wave of the reguired freguency to induce transi-
iiﬁnﬂ and by detecting the net absorption of energy from
the source of excitation., Since the probability for both |
upward and downward transitions is the same, there must be
a greater population of nuclei in the lower energy levels
in order that a net absorption of energy occur. Upon
initial application of the excitation, the Boltzmann
population distyibution provides a slight excess of nucled
in the lower Zeeman levels thus causing net energy absorp-
tion, and thereafter an aqum&iainw of the populations of
the levels is prevented by non-radiative spin-lattice
relaxation mechanisms thus allowing a continuing but less
propounced absorption of energy, which eventuwally appears

as heat in the bulk matter comtaining the resonating nucled.

I. 2. Proton Magnetic Resonance
The proton has spin quantus nusber I & § and there-

fore m = + 4, The two Zeeman levels have a separation
yﬁﬁb # 2p.B, where B, is the magnetic flux density of
the applied field. The entire spectrusm consists of one
line at 42.5760 B, Mc./s. where B, is given in wb./m.z

In solids and liquids, however, interactions between
the resonating nuclei and their neighbours cause a more

complicated pattern of nuclear energy levels, investigation
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of which leads to considerable knowledge of the nature of
these interactions.

Consider a systes composed of two protons separated
by a short distance, such as one finds in water solecules.
In addition to the applied field, Bg, sach proton experiences
the small sagnetic fleld of the sagnetic dipole momnent of
the other proton. Pake has treated this matier quantun-
mechanically by considering the two protons as a system
with total spin of 1 apd three energy levels coryesponding
tom = +1, O; and -1, Tbe interaction between the proton
dipoles perturbs these three levels as shown in Fig. 1.
The separation between the levels produces two spectral

lines at frequencies

‘ 2
o 2p=lo * ¥z Mo ( 3 cos®® -~ 1) Cu/Be ssvees(l)
I hma‘dw

where M, = the proton moment, 1.41041 x 102% amy.wmﬁz
r = the distance between the two protons, in weters
Po ® the magnetic pexrmeability of free space,
4vx 1077 kg.-a./coul.?
h = Planck's comstant, 6.62517 x 10”3 joule-sec.
B, = the applied field, in wb./un.?
& = the angle between the ﬁxfutnaily applied magnetic
field and the line joining the protoms.
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Pigure 1

The three Zeenan energy levels of a two proton systes.

On the left is shown the level schewme when only the inters
action with the applied field is considerad. At the
right iz shown the perturbimg e«ffect of the uagnetic
dipole interaction between the protons. The energies

are given beside each level, The allowed transitions

anvd the appearance of the spectrum are also illustrated.
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7.

The two signals are syumetrically placed on each side of the
unperturbed proton frequency, b, and their frequency separ-
ation is independent of the applied field.

Several factors cause each reaonance line to have a
width of several ke./s. 7The magnetic dipoles located within
& few Angstroms of & nucleus participating in the resonance
croate ssall logal fields of the order of Xﬁ**mh@fﬁﬁg BUpPSL ~
imposed on the applied field. The aigﬁhr&ié sun of these
local fields depends on the orientations of the neighbouring
dipules. The vast nusber of cosbinations of orientations
that axe possible gauses & continuous range of values Of
this logal field, Therefore, at different tises and places
in the sasple, resonating nuclei can be found in a variety
of magnetic fleld strengths, and the cbserved absorption line

appears a8 a genssian curve., Any other source of variation

of the field tﬁxaagh the sample, sueh as inhomogeneity of the
applied field, causes a further broadening of the lines.

In & typical investigation of a single crystal contain-
ing proton pairs, the crystal is mounted on a rotation axis
which is sadintained perpendicular to the spplied field. The
getnetry for a crystal rotation s ghown in Fig.2. € denotes
the angle between the field B and the line jeining the
protons P, hereinafter referred to as the p-p line, ¢ is
the angle between B, and an athi%x&xy‘amia ﬂhiéﬁ is fimed
relative to thaAﬁxyﬁﬁnxﬁ ¢ is the angle between the
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A geosetzrieal diagram to illustrate the angles and axes
used in describing a single crystal rotation.
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afvrenentioned reference axis and the projection of the
p-p line on the plane perpendicular to the rotation axis.
§ is the angle between the p-p line and its projection
on the plane perpendicular tc the rotation axis. It can

be seen that
cos?0 = cos® § cos” (d - &,)

The sinusoidal variation of signal separation ( 0 ) for a
rotation of the crystal follows a "Pake Curve' i~

AV s m [3 cos® § cos®($ - ) - i] PR | |
2ne?

From neasurement of AYversus € the ;:mmemm S, EX y AN

r can be determined thereby giving the length of the p-p

line and its divection with respect to the rotation axis

and the reference axis.

Obviously if there is more than one p~p direction or
length in the unit cell, a mpﬁxam Fake curve with approp-
riate phase and amplitude is associated with sach type of
p=p line,

1. 3. Resonance Line Shape in a Powder

For a powdexr containing proton pairs the absorption
curve, as expected, is the susm of the absorptions from
each tiny single crystal in the sample. The following
sismple argunent, assusning infinitely narrow resopances,
shows how the powder specirus is deduced. Firstly, the

randon orientation of the grains means that there is an
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isotropic distribution of p-p directions. Thus the nusbher
of pep lines whogse angle with the field lies in the range
& to & + 4@ is proportional to sin & 48, Now the strength
of the abserption between frequencies 7(0) and V(0)+ 4 v(e)
is proportional to the nuubexr of p-~p libes mﬁw%@xﬁm@ly
inclined to the field so as to give a line in that ifre~
guency range. Therefore £{( V) d~ varies as sin @ d© where
£{V) v:iﬁ the spectrun density. EBvaluating sin 6 % in
terns of v and beaxing im mind the frequency bounds within
which the two signals from a proton pair are confined, one
fimds for the line shapei-

; ‘ o oyl 2
£(V) = (1 o STl Avhs ) for mw-v,(_m

3}1§ B a 47 he?

20 hy

~% -%
& o (Veve) 4mhe (¥ -7y amne®
f(V) = [1 -~ v , w(lqu . » )

2 aned
for - 3Py Feo 3 o
o— . VY -Vo &
%‘nhx:& &whxss

-
(V=) wmﬁ)

ﬁf‘ﬁ Po

Thieg function is shown in Fig.3(a). W%hen the szi:i;pﬁlm

2 2
ox 3}1& p‘} < 1) - sz < 3’*@ )‘Q
4 7 he” a9 m:@

£]{V) = (1*

broadening of the lines is taken into acoount an absorption


http:s.igu.ls
http:anectX'W.it
http:absoltpt.i.on

{a) Absorption curve fox a powder containing proton pairs,

assuning nearest neighbour interactions only.

{b) Absorption curve for a powder containing protom pairs,
assuning the presence of interactions from all othey
neighbours., The corresponding dexivative curve is

also shown. (After Pake)

The frequency is indicated on the horizontal scale.






12,
curve and derivative of the shape illustrated in Fig., 2(b)
are obtained,

I. 4. Moments of a Resonance Curve

The line shape for two interacting spins is yeadily
predicted, but the problem of three spinsg is considerably
aore couwplicated. As the nwiber of astrongly interacting
apinzg is increcsed the task becomes o formldable that only
very special cases of high syasetry can be treated. In any
gvent, the line structure for five or sore spins would
generally be so complex that nothing could be resolved,
especially with a powder sample. Fortunately, these
difficulties do not render magnetic resonance useless as

5 peans of ascertaining information about the arvangement
of the atoms. Van Vieck (1948) has made theoretical
caleulations of the noments of the absorption intensity

in terms of the position and strength of the various nucleax
dipoles in the crystal structure. The n*® soment of a

resonanca curve is defined as

v)" = [(v-v)" () d Y

Where the dominant source of broadening in the line is
magnetic dipelar interaction the resonance is symmetvical
about 7, and the odd moments are equal to zero. Van Vieck's
calculation of the second moment yields the following result,
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13,
where the resonance is obtained at fiwed frequency by

varying the applied field.

where ﬁs = the number of interacting resonating nuclei
Mo Py = the absolute nuclear magnetic dipole moments
cf the resonant nucleus j and the non-
resonant nucleus f, respectively.
ejk, ejf = the angles between the applied field and the
lines joining the nucleus j with resonant
nucleus k and non~regonant nucleus f,
respectively.
¥ jko rjf = the distances between nucleus j and nuclei k
and f, respectively.

The second moment is seen to be composed of two terms,



&,
ong being the contribution frow the interaction that the
nuclel in resonance have with each other and the second
taking into account the proxinmity of other elements or
isotopes with strong local fields, The formula makes it
apparent that procurement of a value of the second nonent
can, in spite of the lack of detail in‘thﬁ line, strongly
suggest the configuration involved, especially when safe
assunptions can be nade about sone of the bond lengths and
directions.

he second mowent for a powder sample is deduced fxom
the sbove expression by replacing { 3 cos®e - 1 )2 by its
average over a sphere, which is 4/5. The expression for
the fourth sowent of a resonance line is rather long and

is rarely used in analysiz of experimental results,

I. 3, Motional Nergowlng

Admittedly aagnetic resonance does noet wateh Xexay
and neutron diffraction in ite power to solve problems
concerning rigid structures. On the other hand, it becowes
most valuable in the investigation of the dynamics of the
atons and moleculss., In fact, befure sagoetic rescnance
wet widespread usage, the great extent of molecular motion
that occurs in solids was only partially realized.

The onset of these motions with rising temperature
is revealed through their drastic effects on the width and
monents of the resonances frozw nuclel in the moving con-

figuration. In most cases the motion causes the spectyum
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to decrense in width. The reason for this is best sesn in
the formulae for second moments., If the reorientation of
the molecule oocurs at a high snough rvate, the average
must be taken of ( 3 cos®® - 1 }3 over a2ll the values of
8. An interesting example is that of a systes rotating
about an axis fixed at an angle 8' with respect to the
field. Ehﬂvangla'&jk that the line between nuclei j and
ik makes with the applied field is now replaced by Yﬁa*
the angle that it makes with the axis of rotation, and a
factor § ( 3 cos®e' - 1 )a is inserted into each term of
the summation. For a powder, % ( 3 @ﬁﬁaﬁ' - 1 }§ is
averaged to 1/3, In the special case where the inter-
nuclear vectors are perpendicular to the rveoxientation
axis it is seen that the motion causes the second moment
to be } as great as for a rigid configuration. Measure~
m&nﬁ of linewidth is found to contain less information
about motion in solids, but the actual shape bas been
theoretically predieted for simple cases such as a nuclear
pair with a fixed rotation axis. High speed rotation of &
system of two like spins about an axis perpendicular to
the internuclear vector causes the resonance from a powder
sample to decrease in width by § while retaining the same
shape. Last of all, mention must be made of a type of
motion found in all ligquide and in many solids. The

resonating nuclei are located in atomic aanfiguxatiaﬁs

15,

which tumble about randomly oriented axes, ﬁhﬁﬁﬁhy averaging
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1o zexo the local fields origlonring within the rotating
configuration or moletule, and which move in transiatiomal
fashion relstive tov the surrounding nuclei, thersby aver-
aging to zero the Interselecular dipolar interactions.
Thus the resonances from a liguid ave characteristically
very narrow, to the extent that the true linewidth is
masked by the field inhomogeneity in a conventional low-
resolution spectrometex. It is eoncepts such as those
outlined above that can sccount for sany of the observed
changes in the resonance shape as the sample is heated and
the atoms are incited to move about.

A matter requiring discussion is the rate of

reorientation necessary to cause notional narrowing.
In a rigid lattice, nuclei are ovbserved to be precessing
over a range of frequencies of the order of the linewidth,
§V . Bleoewbergen, Purcell, and Pound (1948) have thor-
oughly dealt with the influence of motion upon the spin
interaction and have shown that when the average pevied
of the reorientation motions approaches the value 1/2m§v
the narrowing process begins. A correlation freguency,
Ve , is introduced as a‘mﬁmwaza of the reorientation fre-
quency. The motional narrowing is shown to be described

by the following function:~

(§2)? = (80)0 2 tand 5V e (3)

L

where ( 81))ﬂ is the rigid lattice linewidth,
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It is through the dependence of 1 on temperature that
the narrowing of the line is expressed as a function of
temperature. If the moleculay motion is thermally activated,

2. can be expressed as

~B/RT
Vo= v, e /

where B is & maaauxé of the activation ensrgy

of the reorientation.
The cotmon procadure is to fit eguation {3) to observed
linewidth versus temperature curves in order to arrive at
a value of the energy E. A cosparable rasult can be ob-
tained if the root second nmoment /{ Azlyﬁ'is substituted
for the linewidth. |

The theories that have been presented in this ssction

are by no means the most refined of those available to
analyze motional narrowing., Considerably more detailed
davelopments have appeared, based on these first fundanental
approaches. However, it is believed that in the present
work comcerning the study of moleculay notion in natrolite,

the basic theory suffices to yi@%ﬁ.mmmaimﬁfui results,



CHAPIER 11

Apparatus

The nuclear magnetic resonance spectroweter used in
this work is of conventional design., = The external fileld
is provided by a Varian electromagnet with pole faces 12
inches in diameter and 3 inches apart. A current of up to
two anpoeres is supplied to the high ispedance windings
from meroury vapour rectifiers. For field stabilization,
the resonance signal from the F1¥ nuclei in a teflon
eylinder is continually detected and degeneratively fed
back to a bank of power triodes through which the magnet
current passes, thereby automatically adjusting the cur~
rent to stabilize the value of the applied field to 1 part
in 250,000,

The oscillating detector is of the type described
by Volkoff, Petch, and Smellie (1952). The spectrum is
scanned by slowly varying the capacity in the oscillator
tank circuit., 7This is done by seans of a Haydon clogk
drive sotor amd reduction goarxs. The sweep rate used in
this work was of the order of 50 c¢./sf A General Radio
frequency meter type 4204 amd a Hallicrafters Model &X-62A
gommunications receiver are used to measure the Lreguency
of the oscillating detector with an acouracy of about
1500 ¢./s. |



19,

The externnl pagnetic field is modulated by a 220
c./8., sine wave from a Hewlett-Fackard 20048 audio
oscillator which is amplified to provide a modulation
amplitude of about 1074 wb./m.®  The x.f. signal in
the oscilliating detector i& thus modulated at 220 o./s.,
the nodulation being proportiomal to the first derivative
of the absorption curve, The r.f. signal is passed
through a detector stage. The a.f. output is amplified
in a narrow band amplifier tuned to 220 o./s. and then
fed to a phase-sensitive detector. The d.c. output of
the detector, which is proportional to the absorption
derivative, is measured by a Varian G100 {100 mv.) recording
millivoltmeter. Freguency narkers are accurately placed
on the recorder chart at intervals of a few ke./s.

Single crystal sauples are oriented in the external
wagnetic field by a simple device. The rotation axis is
a teflon shaft mounted in a heavy brass block which is
clamped between the magnet pole pieces so that the rotation
axis is perpendicular to the applied field. An accurately
calibrated circular Vernier scale at ome end of this shaft
provides a measurement of the rotation angle ¢ with an
accuracy of about six minutes of arc. At the other end
of the shaft is mounted a Unicas single crystal goniometer
system which holds the crystal at the center of the wag-
netic field and glves it two wore degrees of freedoun,
enabling one to bring the desired crystal axis parallel to
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the rotation axis. 7The sanple and goniometer system are
enclosed in & brass cup which serves two purposes: it
affords the necessary r.f. shielding of the oscillator
coil and it forms an enclosed chamber to facilitate heating
or cooling of the sasmple in studies of the teuperature
dependence of the spectral pattern,

Powder semples are usually sealed in a soft glass
tube and mounted directly to the teflon rotation shaft
without the use of the goniometer. The v.f. coil congists
of 8 few ﬁuz#n of bare silver wire cenented to the glass
sample bottle,

The systen for heating samples is fairly simple.

Adr from the low pressure tap in the laboratory is blown
through & pyrex tube containing o nichrowe heatexr elewsent
and then fed into the brass can surrounding the saaple,
from where it escapes via a small port. The tesperature
is controlled by a variable transformex which supplies

the heater coil and by the tap which controls the rate

of flow of the air. Temperatures up to 300°C, were easily
reached and maintained to within 1 centigrade degree.

An even simpler system was used for cooling the
sanmples. A ssall nichrome heater coil connected to a
variable transformer was used to boil aix frow & laxge
container of liguid air. This cold dry air was fed directly
to the saunple holder exactly as in the heating arvangement.
Changing the boiling rate of the aix by adjustaent of the
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variable transformer gave suitable control of the teapera-

ture. Tesperatures as low as -120°C, were readily achieved
and maintained to within 1 centigrade degree.

The tesperature of the powder sanples was neasured by
a copper-constantan thersogouple., Une junction was located
in the center of the powder while the reference junction
was kapt in a water bath of known tevperature. By ewploy-
ing a Croydon Thermocouple Potentiometer one could determe-

ine the sasmple temperature with an accuracy of about 0,5° C,
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CHAPTER 11X

Hatrolite, a Fibrous Zeolite

The structure of the silicate minerals is based
upon the 5i0y tetrahedron in which the silicon ion is at
the center of the tetrahedron and tha'amyg«a iong form its
four corners. A three~dimensional framework, which is
formed when =ach tetrahedron shares all four cormer oxygen
atoms with other tetrahedra, characterizes several classes
of silicate minerals, including the zeolites. AL™* can
be substituted for 547" because the interstitial position
in an ostygen tetrahedrom provides a site of suitable volune
anl co~ordination. 7The complete structure sust satisfy all
valencies mmxi have no net charge. 7o neutralize the
negative charge arising from the AlOg~ tetrahedra the
ecrystal must contain a cation such as K*, mNa¥, Ca®™, or

m*‘i"

s in the appropriate amount. The co-ordination required
by such ions is not critical and they norsally occupy
relatively large spaces surrounded by eight or more oxygen
alons.

The mﬁ@iit@@ resenble the feldspars, feldspathoids,
and ultrasarines in that the frasework consists of Al and
5i0, tetrahedra linked in such a way that the ratio (total
no. of oxygen a#amu)/{tatalth + 5i) = 2 ; but they have, as
their nase indicates, the distinguishing feature of being
hydrated. More specifically, they are characterized by

22,
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reversible dehydration and cation exchange processes. The
fibrous zeolites edingtonite, thousonite, patrolite,
scolecite, and wesolite are all built of the same chains
of linked tetrahedra and differ only in the size of the
unit cell, the type of linkage between silicate chains,
and the position of the symmetry axes and planes which
relate each chain to all the others.

The crystallographic data for natrelite is as
followgi-

orthorhombic) space group Fdd2 - ﬁig

a = 18,30 + 0,01 A,
b = 18.63 * 0.01 A,
¢ = 6,60 +* 0,02 A,

This data is after Meier (1960).

ihe chewical formula is NapilpghigQ;q.2Hg0 with the
fixed ratio AL/Si = 2/3, Bight of these foraula units nake
up one unit cell. Natrolite which has formed in the norxmal
habit appears as long needles paraliel to the € axis. The
golour is often white; the specific gravity is 2.25; and
the hardness is greater than 5.

Chains of AlO, and 5i04 tetrahedra extend without
iimit in the ¢ direction. As seen in Fig. 4, the AlQy and
8510, tetrahedra cccur in an ordered arvangesent and each
chain is joined to the others at its four cormers in such
A way as to make a strong silicate framework with large
pores to acconmodate the cations and water molecules., The

wide clear chamnels parallel to the ¢ axis are intercon-



Figure 4

{a) & diagram showing the hydrogen bonds (dashed lines)

linking the water wolecule to the Aiﬁd and sie‘ tetrabedra
in natrolite.

(b} A projection of the natrolite structure on the (001} plane.
The AlO, tetrahedrs are shaded.

(Lfter Meier)
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nected by swmaller tortuous channels which further increase
the porosity of the nmineral.

In the several studies that have been wade of the
dehydration progess in natrolite during the last bhundred
years, considerable difficulty has been met in arriving at
the true nature of the process. Control of the water vapour
pressure seeits to be of sone importance. The proper degree
of dehydration for a given tmmp&xa@uxﬁ'iw reached only after
several hﬁﬁxm of holding the sample at that tesperature.
Many workexs have found that the water is more reluctant
to leave the channels after each subsequent dehydration and
rehydration, MNeasurements of the heat of hydration hnv&l
been sosewhat difficult to interpret owing to the serious
shrinkage of the silicate framework as the water leaves the
pores and the strong tendency for the matrolite to adsorb
water on its surface. Nevertheless the general character of
the isobaric dehydration curve has been establisbed; for a
water vapour pressure of 10 m.m. wore than 906 of the dow
hydration oQCcurs ovexr a range a# a very few degrees sosewhere
between 260° and 290° C. The mechanism of the absorption of
siall molecules in the pores of the zeolites has been likened
to the siuple operation of a sponge. Not every liguid ox
vapour can be absorbed; sose molecules are too large to
enter the chamnels. Yet one finds, for example, hydrogen,
carbon dioxide, alcohol, hydrogen sulphide, air, iodine,
percury, sulphur, and asmonia in the long list of substances

known to be readily absorbed by most zeolites.


http:su:lpJn.ll
http:sulpld.de
http:l6t:'t.WQ
http:vapo\.lr
http:i'Clu:ud.em
http:ebara.ct.QX
http:t�le.'\5\tte.tM

26.

Howaver, the cations and water in tﬁa zeolites are
not s0 independent of the silicate structure as umight be
suggested. In natyolite, at room temperature, the water
molecules and sodium atoms occupy definite sites in an
ordered arrangewent. The bonding of the water to the 5i0,
tetrahedra is probably, as suggested by Meier, accosmplished

in the manner shown in Fig. da.
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CHAPTER IV

Procedure and Results

iv. 1. Introduction

This chapter describes the procedure followed in the
proton sagnetic resonance study of natrolite, both in single
crystal and powdered forms. An account is given of the
measurements made and the information gained about the

location and mobility of the waters of hydration.

Iv. 2. BSingle Crystal Work
The first step in the investigation was a study of

the proton spectrum for several orientations of the applied
field with respect to the crystallographic 5 and ¢ axes as
the crystal was rotated about its Qiaxia. this rotation axis
being perpendicular to the field. The desired crystal
orientation with respect to the field and the rotation axis
was achieved by observing the guadrupole spectra of the
4127 and Na®® nuclei and making use of the coalescence of
satellite signals from the sysmetry-related Al and Na sites
which ocecurred whenever the aﬁyliaa field was perpendicular
to any of the three crystal axes. Complete knowledge of
the orientational dependence of these guadrupole spectra as
given by Petch and Pennington {(/962) was invaiuable in this

alignuent procedure.

27.
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Two broad proton lines were observed; theilr width
was approximately 12 ke./s. The frequency separations { 0V
of the abgorption peaks were seasured for various values of
the angie between the agplied field and the gaxis of the
exystal. The results are given in Table I. A plot of AV
versus ¢ is given in Fig. 5., The origin of the rotation is
chosen such that ¢= 0° when B, is parallel to the ; axis of
the crystal.

The unit cell of npatrolite contains four non-identical
water nolecules so that for ap arbitrary crystal orientation
one would expect to observe four pairs of absorption peaks in
the proton resonance spectrum. In the 2 rotation the ap;;iim
magnetic field lies in the crystal mirrvor plane so that sites
related by the nirror plane give identical results. Hence,
only two pairs of absorption peaks would be expected to appeax.
However, it turned out that these peaks so nearly coincided
that they could not be resolved because, as was later deterune
ined, the projections of the two p-p lines on the plane
perpendicular to the rotation axis are approximately at
xight angles and the angle (§ - § ) between the p-p lines
and the yvotation axis is within a few degrees of 34%4'.%

In fact, further work has shown that no resolution of the

separate Pake curves is possible for rotations about any of

% 54944 is sin~} [Z/3. When % - § = 54944’ the positive

and negative extrema of A7V are eqgual in magnitude.



TABLE I

Dosexrved value of fxeguency separation of the proton

resonance lines for a xotation of a single crystal of

natrolite about its & axis,

Rotation angle, & ,
degreas

30

40
41
42
43

&5

Independent observations of

line separation, ko./s.

34.4
34.7
33.7
34.3
38,8
40.8
40.5
40, 1
40. 2
40, 8
39.7

35.0
35.0
4.2
34, 4

40,0
40,6
40,7
40.5
4.7

36.8
34.5
34.8
34.3

33.4
33.9
34.1
34.3

35,0
34.9
as.1

40.8 40.6 40.6

3.9

29,
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Figure 5

the frequency separation { AV ) of the proton lines plotted

against the rotationm angle ¢ for rotation about the & axis

of the crystal. The black dots represent the average of the
observed values (given in Table 1) for each value of £.

The solid line is a plot of 40.2 sin 2 2 ke./s.
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the three crystal axes because of the near coincidence of the
frequency versus angle plots which arises from the conditions
outlined above, thus making it impossible to employ the usual
Pake method of determining the interproton distance and the
orientation of the p-p line.

Fortunately it was possible to make a direct measure-
wment of x, the interproton distance. The p-p lines are
orignted such that when the field is sade parallel %o any one
of them thereby producing & large separation between its
pair of lines, the other three p-p lines make angles € with
the field such that none of the six lines are located farx
enough from the free proton frequemcy 7, to overlap the
lines in the pair from the p-p lines parallel to B,. The
crystal orientation was adjusted so as to obtain the maximus
possible separation of these two lines. In this situation
we have 6 of eguation (1) egual to zero., The saximum value
of AV obtained was 85.63 ke./s. Setting this equal to
spg n¢/1rhr3 we find that r = 1.06144 Angstrous.

To obtain the orientation of the p-p directions, a
rotation wag done about an axis in the crystal lying in the
a-b plane and making an angle of 33900' + 06’ with the & axis.
Tais rotation was chosen as it allows one of the paixs of
lines to be well resolved from the other three pairs for a
sufficiently large portion of the rataiion to permit one to
locate the a@@wupximﬁ% p-p direction. The observed {requency
dependence of the signals upon the rotation angle ¢ is given
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in Table II and plotted in Fig, 6. ¢ was chosen to be zero
fox the position where the fleld lay in the a-b plane. The
positive extremum of A7V as given by equation (2) and the
point where AvV= 0 were directly cbservel. Using the value
of ¥ determined above, eqguation (2) was fitted by the anethod
of least squares to the palr of i&na# corresponding to the
water molecules mha#a pp lines nade the smallest angle with
the plane perpendicular te the rotation axis, The values

obtained for the parameters ares-

§ = 13.6%° # 0.5°

€ = 36,9° + 0.2°

By spherical trigonowetry the direction cosines of one of
the p-p vectors with respect to the crystallographic axes
are found to bei-

®x = ,621 + ,008
B = 523 % ,005
y = 584 2 . 003
The directions @f.the tﬁxq& other p-p vectors are obtained
by the operation of the s&ﬁmﬁtry elewents of the erystal. |
Un the basis of this information the cbserved line
separation for the rotation about the & axis can now be
interpreted, While this rotation does not aid in the

deternination of the location of the protons, it does serve
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TABLE XX

Observed values of frequency separation of a pair of

roton res ce lines for a rotation of a single crystal

of natrolite about an axis lying in the aéﬁlginngranﬁ

making an angle of 33%900' with the & axis

Rotation angle, ¢ , Independent observations of

degrees line separation ko./s.
~169¢2" 0.0

is 61.5 60.3 60,2

16 63.9

17 G4 O

is 65.8

i9 67 .4

20 68.2

25 | 78.5 74.0

30 T7:.5 76,9

35 T8.4

40 78.1

45 76.9¢ 77.0

50 72.8 71.0

55 65.9

&0 59,0
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ﬁiﬁ&gé &

The angular dependence of the freguency separation of the
two resolvable lines for a zotation of the crystal about an
axis lying in the Kag plane and waking an angle of 33%0"
with the & axis. The black dots represent the average of
the observed values (given im Table II} for each value

of . The solid line is a plot of

85,63 [2 0oc®( & - 25 6% cocZis 6@ - ] )
. aa [3 cos“{ & - 36.97) cos*13.6 1 ke./s.
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Figuze 7

Proton spectrum of a single crystal of natrolite showing the
resolution of the two outermost lines for the value & =35°
in Fig. 6, The markers are placed at freguency intervals of
20 iw./ Se
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as a usaful check that the behaviour of the speciyur as
the field vrientation changes can be adaguately described
by Pake's theory for rigid proton paixs., The observed
iine separation follows a curve which is the average of
the two unresolved curves glving the separation of the
pairs for this rotation. The two Pake curves have the
same values of r and § while the values of ¢, are equal
in magnitude but opposite in sign. For all portions of
the rotation except those for which the %ﬁalﬂ lies within
about five degrees of the ﬁ'ﬁw ﬁ'axamw the two values of
AV ag given by equation (2) are approximately equal in
magnitude but opposite in sign., Thus except for % near
0, 90, 180, or 270 degrees the observed line pair separation
is expected to follow a curve obtained by tum&ng half the
difference between two curves of the form of eguation (2),
ene having a phase angle ¢, and the other a phase angle
~¢, « The resultant equation is

z i .
Av-= 3 Mz Be 4ts sin 2P, sin 2 ¢
 whrd ’

The wmirror symmetry of t&e crystal and the symmetry of the
sin 2 function make it mmeﬂary to consider values of &
greater than 45°., A least squares fitting of this equation
to the observations for this rotation yields the following

rasultie

T
.Z._/""l— a5 sin 7—%,, = 402 t 0l Ke)s.
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where ¥, o , and £, are the unknown paraueters of
the curve., The ourve predicted on the basis of the previously
given values of the dizection cosines of the p-p lines is

the following:-

Av= 392 sin 23 ke/s

with which the observations agree well considering the errox
involvaed in measuring the separation of the broad distorted

iines encountered in the 3 rotation.

V. 5. Proton Resonance in Natrolite Powdex

The proton resonance spectrun of natrolite was studied
with several powder sanples and at maﬁyidifiétant touperatures.
Absorption derivative curves obtained at several temperatures
are shown in Fig. 8. At room teuperature the resonance is
typical of rigid paire of protons in a powder. As the
tomporature increases there is a very gradual narrowing
of the line and conseguential decrease in second noment.
A naryow r&u@m;mmw of about & ke./s. width begins to appear
in the center of the pattern at a tqm§exntutﬁ which was found
to depend stromgly on the past history of the sample, the
amount of water adsorbed on its dnwfumm, and other factors,
Although the linewidth and second moment values were not
closely reproducible in the temperature range just above
room temperature, the width of the resonance was always

found to decreasse suddenly as the temperature rose above
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Figure 8

The observed proton spectra of powdered natrolite at several
temperatures. The Irequency markers on the horizontal scale

are at intervals of 20 ke./s.
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220° C, Rapid growth of the narrow central peak was sinul-
taneous with the rapid decrease in the intensity and separ~
ation of the outer peaks.,

In erder to determine the activation energy for
notion of the water wmolecules, the second sonent and the
linewidth data are plotted against temperature in Figs., ¢
and 10. Up to about 230° C. the linewidth was taken as the
freguency scparation between the maximum and the minisum of
the absorption derivative curve. Above this tewperature
the linewidth, taken as the frequency separation between
these sane outer peaks, became increasingly difficult teo
measure accurately as the outer peaks fell in strength and
merged with the wings of the signal growing in the center.
In Figs. ¢ and 10 the dots represent the obgerved values
swhile the solid lines are plots of equation (3) with values
¢ and 12 keal./mole for the activation emergy in Fig.9 and
values 10 and 14 kcal./mole in Fig.10.
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Figure 9

The tesperature dependence of the linewidth of the proton
spectrun of powdered patrolite. The black dots denote the
observed values., Solid curves (a) and (b) are plots cbtained
using equation (3) and values for the activation energy of
12 and ¥ koal./wole respectively.
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The temperature dependence of the second moment of the
proton spectrum of powdered natrolite. The black dots
denote the observed values. Solid curves (a) and (b)

are plots obtained using equation (3) (with { S-z)}vﬁ replaced
by the second woment) and values for the activation energy

of 14 and 10 keal,/sole respectively.
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CHAPTER V

Discussion

Vo 1. Single Crystal Work

The appearance of pairs of lines in the spectra of
the single crystal sample and the observed orientational de-
pendence of their separation condirm the belief that the
watar muia@ulam in natyrolite have only four permissible
orientations with respect to the crystal axes, these four
orientations being related to each other by the mirror planes
of the structure.

The value given for v, the interproton distance, has
a standard deviation of 0.0006 A. derived from the statistics
Aaf the plots made of A+ versus field orientation in the
na&gﬁbaﬁxhauﬂ of maximum A+, However, the method used to
neasure line separations would allow a &yatéw&ti& RrroY
having a maximum value of 0.8 ke./s. A value of + 0.005 A.
is the corresponding maximus possible error im r. For
comparison, values of the interproton distance in other
hydrates are listed in Table IIX. An aﬁﬁﬂm@timﬂAth&t the
water molecule forms an isosceles triangle with an H - @ « H
angle of 108°, a typical value, results in an O - H distance
of 1,00 A, which coupares favourably with the values listed in
Table IV.

L2,
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TABLE 11T

thy

Intezproton distances in natrolite compared with values obtained in other hydrates

HaghlaSigUyp. il

CaS0,4. 2Hz0
CuCl,, 2H,0

Ba( C104) 5. 21,0
KaCuCl 4. Ha0

BaCly. 2Hz0.

Interproton distance, A, Hethod used

1.614 + 005
1.56 + .04

1.58 + .02
1.60
1.61 + .01
1.62

1.58 + .02

Proton yesobpance

neuitron diffraction

proton reschance

proton reschance

proton resopnance

proton resonance

proton resonance

Refereuce

This Work
Torrie (1962)

Pake (1948)

Itoh et al. (1953)

Silvidi and MeGrath (1961)
Itoh et al. (1953)

$ilvidi and McGrath (1960)



TABLE IV

G - H distance in natrolite compared with that in other substances

Compound O - H distance, A. ethod used Reference
NasAlaSigUyg. a0 1.06 proton resonance Tais work
C. 94 and 0,98 neutron diffraction Torrie (1962)
Hy0 (stean) 0.96
H,0 (ice) 1.01
HagyClhg, Nalillqg. 21150 i.00 ¢ .02 neutron diffraction Bacon and Curxxy (1956)

CaSO4. 200 0.99 neutron diffraction  Atoji and Rundle (1958)


http:Compow.td

Ls,

The direction cosines of the p-p vectors compare
well with the following values calenlated from the co-
ordinates of the protons in the unit cell as seasured by

Torrie (1962) using neutron diffraction:-

This work Neutron diffraction
X = L6211 + 008 x = 586 + ,020
B = 523 + .008 B = .526 + 019
Yy ® .584 + ,003 y ® 617 & .028

The angle between the p-p line direction calculated from
the neutron diffraction results and the p-p direction

obtained in this work is 2.8 degrees.

V., 2. Powder Work

The large width of the room temperature proton
resonance obtained in this work, about 50 ke./¢., is the
value expected from proton pairs with a separation of 1.6 A.
provided there is no motion of the molecule, It is ¢lear
then that at room tesperature the water of hydration in
natrolite has little mobility, as was reported by Ducros
(196D}, The observed narrowing of the signal indicates
that the water molecules undergoe rapid and extensive re-
orientation with rising teumperature. The linewidth versus
temperature plot strongly suggests that this reorientation
causes the linewidth to fall to zero rather than to sone
finite value. It is not likely then that the water molecules

rotate about one fixed axis but rather that they execute a
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L6,
moye general motion at their lattice sites. The appearance
of a very narrow resonance line at high tesperatures is
probably asscociated with water molecules which have become
unbound in the lattice and saltate from one water site to
another in the chanmels of the crystals, resaining free
for long enough periods of time to experiente an averaging
out of dipolar interactions. From the imcresasingly rapid
growth of this component of the absorption as the temperature
rises it can be seen that all of the water eventually be-
comes unbound, as it sust do considering the impending
dehydration of the crystals at & temperature not far ahuv¢
260° ¢,

The determination of an activation energy for the
reorientation of the water uwolecules in natrolite is a soue-
what uncertain satter when a plot of linewidth versus
tenperature is employed. The wmajor difficulty in this work
is the problem of defining the linewidth and obsexving a
large decrease in it with rising temperature, The line~
width was taken to be the separation of the derivative
poaks of that portion of the resonance characteristic of
bound paire of protons, as stated in the previous chapter.
At temperatures below 200° C. the linewidth of each recorded
derivative could be measured to within about 1 ke./s. Howe
ever, above 200° C. the narrow signal in the center of the
resonance was strong enough to mask the signal whose width

was being taken as a measure of the linewidth for purposes
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of obtaining & value of the activation energy. In such cases
it was often difficult to deternine the lihmwidth to within
2 or 3 ke,/s. Purthermore, the great variation of linewidth
ag observation of the resconances was repested at a given
tenperature causes the slope of the linewidth verses tempera-
ture curve to be less definite. In addition the assumption
was made that for teuperatures above 300° C. the linewidth
approached zero rather than a finite value.

The behaviour of the resonance line is more com-
pletely and less ambiguously described by the variation of
second moment with temperature. For all values of tempera-
ture the second moment of a recording of the spectrum could
usually be determined to within 1 x 1078 wb,®/n.? , although
the variations for different recordings of the spectrum at a
given temperature were as considerable as in the case of
linewidth neasurement. Modification of equation (3) te
describe the change in second moment depends on there being
a fixed ratio between the second moment and the square of
the linewidth aﬁ the line experiences motional narrowing.

In the case of natrolite, this ratio is not very constant
thus detracting from the significance of the value of
activation snergy obtained from second noment wessurenents.

The value of activation energy obtained for reorient-
ation of the water molecules in the channels is not expected
to differ greatly from the activation energy for expulsion

of the molecules from the channels in the form of liquid water.
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Hey (1932) gives a value of 12.3 keal./mole for the mean
heat of hydration of natrolite in the reaction with liguid
water, which value falls within the range suggested by

this work for molecular reovientation.
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