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To My Parents,



MEMORANDUM

To the Student:-

The time has come, the supervisor said,
To talk of many things,
Of Pnysics and N.M.R. and Relaxation,

Of Chemical Shifts and Things.
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ABSTRACT

The recent work of Rigny and Virlet on F19 spin
lattice relaxation processes in liquid MoFg has been
extended by a study of the épin relaxation mechanisms of
the magnetic metal nucleil at the centre of these uncharged
octohedral species. T1 Relaxation transitions among the_
Zeeman manifold of the nuclel M097, Mo%5 and w183 are
reflected as T2 mechanisms on the spin-coupled F19 nuclei
in MoFg and WF6 respectively, and thus can be studied by
high resolution F19 spectroscopy over the available liguid
range.

From a detailed study of the temperature dependences

of the line widths of the F19 sextets due to Mo97 and Mo95,

together with a consideration of the Mo transition
probabilities under the usual mechanisms, we conclude that
in octohedral MoF6. the Mo?7 nuclei relax by quadrupolar
coupline with instantaneous fleld gradients produced by
intermolecular collision, with an activation energy of
(14 + 0.2) Kcals moles-1. However Mo?) nuclei, with smaller é
auadrupolar moments, relax predominantly by modulation of
intramolecular spin-rotation interaction, with activation %
energy (2.2 + 0.3) Kcals mole~l, No evidence was found for
M095 relaxation by higher order (octopole, etc.) interactions.c
An activation energy of 1.6 Kcals mole~l had been measured

previously for the F19 spin-rotation process 1in MoFé; the
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different values obtained for the various processes in this
llquid presumably represent a breakdown of the microscopic
rotational diffusion model.

A similar study of spin % w183 from F19 data on
liquid WF6 gave results consistent with spin-rotation inter-
action for the dominant mechanism, with‘an activation energy
of (3.4 + 1.1) Kcals mole~!. However, in this case the
effects of w183 relaxation on the F19 spectra are small and
largely obscured by instrumental inhomogeneities. The spin-
rotation interaction constant at w183 in WF6 l1s apparently
smaller than the spin-rotation constant at the M095, a
remarkable behaviour parallel to the F19 interactlon constants
in the two molecules, and ascribed to the filled 4f shell
between Mo and W.

An attempt was made to study N14 relaxation by Rotary
Echo experiments on the H1 spectra in aqueous solutions of
ammonium ions. This proved instrumentally impractical due to
the short H1 T4 values. However, in the course of this work
it was found posslble to prepare solutions of deuterated
ammonium ions with varying ratios of the deuterated components,
and hence to study the successive deuterium isotope effects
on the proton chemical shifts and the coupling constants.
Jyg was found to decrease slightly with deuteration and JHND
to lncrease; both trends can be explained as a reduction in

the N-D bending vibration amplitude against N-H.
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The observed low fileld proton, shift on successive deuteration
through ﬁﬁu, ﬁﬁBD, ﬁHZDz, ﬁ%Dj, an effect opposite to that
described in the deuterated methanes, can be accounted for
in terms of an increase in the strength of the ion-solvent

hydrogen bond on deuteration.

P W4
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CHAPTER I

INTRODUCTION

seses pale, deluding beams. (Dido and Aneus)

(1) Historilcal

Faraday's dilscoveries 1n electromagnetism led Maxwell
to predict and later Hertz to discover radlowaves. Faraday's
experiments in electrolysis revealed the quantization of
electrical charge and the electrical aspects of matter which
are responsible for the interaction of these radlowaves with
material particles. Faraday's ice-pall experiments presaged
the invention of microwave cavitlies and wave guide. It was
Faraday's search for a common denominator for all physical
manifestations which led him to his discoveries of basic
relations between electricity and magnetism, between
electricity and matter and between magnetism and light. Thus
Faraday's work led to the development of the implements or
tools of microwave and radlo-frequency spectroscopy (1).

It was Rutherford, who in 1910 directed his students
Marsden and Gelger to pass a beam of particles through a thin
metal-foil, the deflections of the particles being observed
on a zinc sulphide screen. From this experiment on «-particle
scattering Ernest Rutherford in 1911 suggested the nuclear

model of the atom (2).
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In 1924 W. Paull suggested that the hyperfine structure
in atomic spectra might be explained by a small magnetic
moment of the nucleus (3)(4). The interaction of this magnetic
dipole with the motion of the electrons would produce a hyper-
fine multiplet in a similar way as a multiplet is produced by
the interaction of the intrinsic magnetic mbment of the
electron with the orbital motion. The introduction of the
electronic spin, by Uhlenbeck and Goudsmit in 1925, made it
possible to explain many hitherto mysterious details of the
spectra.

It appeared appropriate to connect the magnetic
moment.of the nuclel with rotating charges and to attribute
to the nucleus a mechanical spin. The evidence for the
nuclear spin and nuclear magnetic moment is now manyfold and
the concept of the spinning nucleus must be considered to be
as well-founded as that of the spinning electron. Bloembergen
(3f points out several experimental techniques that might be
performed to determine nuclear spin, as well as the magnitude
of the magnetic moment.

In 1935 H. Schuler and T. Schmidt (3)(5) observed
deviations in the interval rule in the hyperfine multiplets
of Buropium, explained by assuming another interaction between
the nucleus and the surrounding electrons via the nuclear
electric quadrupole moment. Since then it has been shown (6)

that for spins larger than % there can be the presence of an
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electric quadrupole. In general by knowinz the spin, I, of

a nucleus one can apply a 22I

rule to obtain the size of the
respective nuclear multipole, remembering alternation in
magnetic and electric characters.

Further stimulus for the investigation between the
nuclear electric moments and their environments was stimulated
by R. V. Pound's theoretical work (6)(7) and in H. Delmelt
and H. Kruger's experimental work (8) on the interaction of
nuclear gquadrupolar moments in liquids and solids. In 1955
T. Wang (9) postulated that an unexplained shift in the pure

quadrupole spectrum of Sb121 and Sb123

was due to the static
interaction of the nuclear electric hexadecapole interaction.
In 1966, the interaction of the electric hexadecapole moment
with externally added phonons was postulated to be the cause
of the observed aM= + 3 In115 transitions in InAs (10, 11).
It was further pointed out in 1967 by H. P. Mahon (12) that
the hexadecapole transition probability in terms of the
guadrupolar transition probability is

-9
Ph == 10 Pq

(11) Relaxation of Nuclear Spins in
Diamagnetic Liguids

In a spin system consisting of two spin % nucleil placed
in a constant magnetic field H,, the magnetic moment of
nucleus 1 creates a certain additional magnetic field Hy in

the region where nucleus 2 is located. Due to collisions with



other molecules of the sample, the nucleus under consideration
will change its position and thereby vary the field Hl with
time; as a result, transitions between the different magnetic
energy levels of nucleus 2 will be induced. In this manner

the magnetic dipole-dipole interaction between the spins of

1 and 2, modulated by the motion of the molecule leads to a
process for the attainment of thermal eouilibrium between the
spin system and the thermal molecular motion (13).

In a similar manner for spins larger than %, thermal

equilibrium is attained, either by the coupling of the electric

field gradients arising from the asymmetry of the molecular

charge distribution with the nuclear gquadrupole moment (3),

or by the distortion of a sperical electron cloud due to
intermolecular collisions and subsequent coupling to the
nuc lear quadrupole moment.

P. S. Hubbard (14) gave a general theoretical treatment

of the effects of the spin-rotational interaction on the

nuclear spin-lattice relaxation time, using as a model a
spherical top in which were embedded equivalent nuclel which
interacted with the molecular rotation through an axially
symmetric tensor. P. W. Atkins (15) extended Hubbard's results
to admit the possibility of an interaction tensor that was
fully anisotropic for molecules undergoing anisotropic
rotational diffusion. M. Bloom (16) and H. Gutowsky (17), in

addition to many other workers, have applied this mechanism



to explain the experimental 'results of the deutero-and halo-
methanes respectively.

Another relaxation mechanism which is time dependent,
as a result of frequent collisions in fluids, is due to the

random modulation of chemical shift anisotropy leading to

spin lattice equilibration and can thus be separated from
spin-rotational effects through the dependence of g, and thus '
T, on the H, field strensth (18 p. 316).

Summarizing, one can group the preceeding mechanisms B
into inter- and intra- molecular interactions (19). Within i
the intra-molecular interaction one can associate g

(a) dipole-dipole interactions (I + I)

(b) electric quadrupolar interactions (e?qQ)

(c) Spin-rotational interactions (I « ¢ . J)

(d) Chemical shift anisotropy (¥ )

(e) Higher order nuclear multipole interactions.
Within the intermolecular interaction one may group:

(a) dipole-dipole (I - I)

(b) electric quadrupole interaction (e<qQ) (due

to distortion of the spherical tensor).

The above interactions are useful in that they give

information on the random motion of fluids and follow

directly from the ploneering work of N. Bloembergen,

E. Purcell and R. Pound in 1948 (7).

(111) Thesis Format

This thesis is divided into parts A and B. In part
A, which constitutes the major portion of the thesis and

with which this introduction is closely linked, the relaxation




mechanlsms occurring in liguid molybdenum and tungsten
hexafluorides are considered by studying the temperature
dependence of the resulting high resolution F19 N.M.R.
spectra at 56.4 Mhz.

A theoretical study of relaxation mechanisms is out-
lined in Chapter II, following closely the approach of
Abragam (18) to obtain the relevant transition probabilities
between the Zeeman spin states of the central metal mucleus,
allowing one to obtain information on the line shapes of the
observed spin coupled nuclei.

The dominant Mo mechanisms found in MoFg were quad-
rupolar (Mo%7) and spin rotational interaction (Mo?5). The
data for the wl83 mechanism in WFg 1s consistent with the
spin roﬁation interaction. The conclusions for associating
the above mechanisms with the various magnetic isotopes of
Mo and W were obtained by interpreting the results obtained
from the temperature dependence of the Fl9 spectra (Chapter
III) and using the theory of Chapter II assuming a slow
relaxation limit (i.e., Riy « 27JIy-p).

In part B there appears an explanation of the
observed increase in JD-N-H or decrease in Jy_g» &8s well
as the downfield proton shift noted with successive
deuterations of the ammonium ion in solutions of ammonium

nitrate, as obtained from the H1 N.M.R. spectra.



CHAPTER II
THEORY
Fugit irreparabile tempus

(1) General Relaxation

A system of nuclear spins, I, with magnetic moments,

FAI, has, at equilibrium in a magnetic field H_, a magneti-

0
zation given by Curie's Law:
M, = P42 1(1+1) Ho
3k T (1)

where MO 1s the magnetization assocliated with a field HO,
and wherey is the magnetogyric ratio of the nucleus of
nuclear spin I. %A = g » kK, T are Plank's constant divided
by 2%, Boltzmann's constant and temperature in degrees Kelvin
respectively.

Equation (1) is approached under normal circumstances
by a first-order rate process with rate constant R, = 1/T1

1

where
d/dt 1n ((MZ) - Mo) = - 1/T1 (2)

where (Mz) i1s the average magnetization in the z direction.
The transverse components Mx and My likewise approach their
equilibrium values of zero by another rate process,
characterised by a time scale T2.

The average magnetization,(’MZ), can be removed from
equilibrium and its subsequent return followed by a number
of experimental means, many of which are summarized in

Abragam (18) and Slichter (20).

In discussing relaxation processes two points can be



made; firstly, nuclear relaxation in liquids is generally
governed by interactions having a distance scale of
molecular dimensioné, so that the dynamical processes
responsible for bulk transport phenomena can be studied on
a molecular level, Secondly, the use of N,M.R, as a tool
for such studies is characterised by the fact that the time
scale for such processes responsible for nuclear relaxation,
(i e. of the order of the larmor period, 10-8 sec.), is
much longer than the time scale of random motions of
individual small molecules (1010 = 10-13 gec.). (21)
Since the Hamiltonian, #4(t), for the relaxation
process 1is a function of time, knowledge of how this
Hamiltonian at one time is correlated to its value at a
later time is gained from the auto-correlation function,
and in such spin interactions as dipole-dipole, normal
electric quadrupole and chemical anisotropy, the associated
correlation functions involve angles through second rank

spherical harmonics e.g.
Y(1) = <¥oq(t) Yoolt + 7)> (3)

whereas for the spin-rotational interaction the correlation

function involves components of angular momentum e.g.
G(T) = <d,(t) Jz(t + 71)> (1)

where Y(T) and G(T) are the respective correlation functions.
The characteristic times Tg and g for the loss of these two
types of correlation may be quite different, and the

relation between them depends sensitively on the type of



(rotational) random process involved. This is analogous
to a classical rotational random walk consisting'of short
free rotations interrupted by hard collisions (21). The
angular momentum is completely changed in every collision
so that Ta is very short. However, if the mean rotation
angle 6 between collisions is very small many steps of the
random walk are required to accumulate a sensible change
in orientation and g is long. By comparing o and g

it ought to be possible to learn something about F i.e.
about where the random walk lies between the hydrodynamic
Debye limit Ta <L Tg> Ta Tg = constant, and the gas-1like

G 0

limit Ta ~ Te{ 5 > 2.

Departures from the hydrodynamic limit were first
noted by Gutowsky et al (22), (17), who observed that
above a certain temperature in liquid CHF3 the 'normal'!
rise of T1 with temperature (arising from the shortening
Te) was reversed owing to a lengthening of T and hence the
progressive dominance of the spin-rotational interaction.

In special cases T1 can be measured for two different
spins attached to the same nuclear framework (23), the
nuclear relaxation process of one nuclear species may be
controlled by an angle dependent correlation function Tgo
above, while the other nuclear species may be dominated by
an angular momentum correlation function Ta-
In this chapter the transition probabilites of the

nuclear spin relaxation mechanisms mentioned in Chapter I
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shall be considered with reference to Appendix 1.

(2) Intramolecular Dipole-Dipole Interaction

In the approximation of rigid molecules the time
dependence of the internal dipole-dipole coupling of the
nuclel comes via re-orientation of the molecule. The
Hamiltonian, in the laboratory frame,is given by Equation
(1) of Appendix 1, where the p(D) () are lattice operators
defined by

(a) - - -
P = (3D R (e ) (5)

where the Yék are normalised second-rank spherical harmonics,
th

T.. is the radius vector from the i

i3 to jth nucleus and

-
the polar angles specifying the direction of s in the

laboratory co-ordinate system are denoted by eij and ¢ij’
From equation (2) of Appendix 1 it is possible to show

that;

2 4
Py, w 41(I) =n Y7 vg S(S+1) - g;g Tol <l TM 41>

where n is the number of equivalent heteronuclear spins S,
assumed independent, each at a distance b from the con-
sidered I spin, assuming extreme narrowing with respect
to the orientational correlation time Tg and neglecting

cross-relaxation effects. (18)



l%y;

(3) IntermolecularbDipole-bipole Interaction

Similarly, the I-spin transitions induced by unlike
S-spins in neighbouring molecules under the intermolecular
translation can be shown to be: (18)

2
R, et (D = ¥REA s(sr0). 1o (17 I0ed] ()

e

a

where a 1s the distance of closest approach between the

I-spin considered and a neighbouring S-spin.

(4) Anisotropic Shielding

The Hamiltonian for anisotropic shielding can be
written (24)

) = (1), : 8
# (t) 21 ‘(11(1) g‘i(t) H_ (8)

where jl(t) is the traceless part of the shielding tensor

written in the laboratory frameand ﬁo = Ho i is the

applied d.c. field. The time dependence of the tensor

i}(t) enters throush random molecular reorientation.

From ecuation (2) of Appendix 2 it 1s possible to show that
2 2

By, w1 T LTSKI H (v-z)zra |<u II;IM;'-_l), 2 (9)

wheretré i1s the component of the chemical shift tensor in the

molecular frame.

(5) Spin-Rotation Interaction

The perturbation Hamiltonian for spin I under spin-
rotational interaction can be written (24)

H(t) = ¥ T1°c Tt (10)

11
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where E(t) is the instantaneous angular momentum of the
molecule, C 1s the spin-rotation interaction tensor for
nucleus I in the mélecular frame.

An expression for the autocorrelation function,

equation (4) Appendix 1, for this interaction is found
to be:

G(1) = 1/% ¢® T IO - I (7

= 1/4 c° 3,(0) 3_(0) einTe—T/TG
w7 ‘

(where J_(71) = J_(0)e J e—T/TG for 1, = T, of the J vector)

2L ey M T e

a .

Since by symmetry g(wl) = 2% g(m)e ™"

2 .
cc 2 2
then ,g(wI) ~ 3 Jo T

G

2 . . . .
for J >> J and Ta << 1, for the spin-rotation interaction
coefficient. From equation (2) of Appendix 1 it is possible

to write the transition probability for this interaction as

P 2 .2

M, Mgl = 1/3 C% J7 1, | <M | Ig| Myt > | (11)
for the special case of a spherically symmetric molecule.
Equation (11) can be simplified by applying classical

mechanics, 1. e.
JQ h?
Erot - 21

% kT for J2 >> J

and o << 1.
32 = 3IKT/H° (12)

I
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Substituting for JZ from (12) into (11)

_ o2
Fu, me1 = szé_ﬁ_l T, KM | Iz|m+1> | 2 (13)

(6) Nuclear Quadrupole Interaction

Quadrupole relaxation at the central nucleus of a
molecule which is octohedral when isolated implies a
lowering of the molecular symmetry in the liquid. Two
mechanisms have been considered:

(a) Nuclear centrifugal distortion due to molecular
rotation.
(b) Electronic distortion due to intermolecular

collisions.,

(a) 1In considering theeffect of centrifugal
distortion reference is made to a similar effect in diatomic

molecules (Banwell p. 42 (25)).

lee. € =3 J(J+1) - D J?(J+1)2 cn™? (14)
where CJ = EJ/hc, for EJ the energy of rotation and c¢

the speed of light and where B, the rotational constant
1s defined as
B = h/8,FIge
where IB is the moment of inertia associated with rotation.

D is the centrifugal distortion constant, where
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Hence it is possible to define

41362 n
By =By U - === 30+ 1)] == , (15)
w 8m wre
= B, [1 - €]
5 B2
where € = _2e J(J + 1)
w

Hence from (15) B; a 1/r2 and by performing a power

series expansion

ro~ r [t +1/2 €] (16)

(b) Another means of disrupting the molecular
symmetry 1is via intermolecular collisions, causing a
distortion of the electron cloud surrounding the nucleus
thus generating a field gradient which interacts with a
nuclear quadrupolar moment. However, the field gradient
q(8,t) observed in such a situation fluctuates with the
kinetic energy of collision, unlike the case considered by
Abragam (18), where q is constant to first order in the
molecular frame.

Due to this fluctuating field gradient an efficient
quadrupolar relaxation 1is possible. This being the case
the correlation function associated with such an anisotropic
interaction,Equation (3),may be used for the equilibrium
ensemble average. Here the argument of Y is the angle 6
between the collision vector and HOE, the d.c. field and
if the two body collision process is Markovian in direction,

then
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Tpo(t) Tpolt + T)> = <I¥p0(0) %> exp (=t/75)  (17)

where Te is the correlation time for the molecular col-

lision vector. Since equation (17) is a function of 8

it is possible to apply Abragam's theory (18), for

which he shows that the transition probability may be written

and

are

2
- egqQ 1 - _ 2
M 41 % [ I(2I—171Te|<M‘I+ I, + TIz [M 41>
| (18)
_ eqq 1 2 2 2
My 2 T % [ TreT=T7 ) Te I <MITE Ty 2
since the matrix elements of Iz’ which is diagonal,

represented by:

I, (T, M) =M ¢ (I, M)

If the (I, M) are normalized, then it follows that

(g(1'u"), iz A1, M) = <T'M[ Il >
=Ms ,5 ~ (19)
wM'IT
II, (I, M) = (I° - 1,° - 1,) ¢ (L, )
= (I(T +1) - MM+ 1)) & (1, M) (20)

Expanding the terms in brackets in Equations (18) separately

and operating on them gives

|<M[ T5 M - 25| % = (T - M+ 2)(T + M- 1)(T-M+1) (Ih) (a)

| <Ml I?|M + 2>]2

(I +M+2)(I+M+ 1)(I-M)(I-M-1) (D)
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| < M| I,I ++ I+IZ| M- 1> | 2 4M2(I—M+1)(I+M) -

UM(T-M+1) (T+M) 2( T-M+1) (T4M) (c)

2
| T, T T MR T L i) (ToM) +

UM THM+1) (I-M) +( T4M+1) (I-M) . (d)

(7) Line Shape Information

Abragam (18) defines the g.—matrix in terms of an
A-matrix thus allowing one to assemble information about

line shape, 1i.e

I(w) o€- Ref{® - 5—1-7} for the S-spectrum (21)

where W is a row -ector whose components are proportional
to the relati- e population of the spin states of the

I-nucleus -- neglecting the Boltzmarn factor (high temper-
ature approximafion), and where 7 is a unit column rector.

é_1 is the inverse of the A-matrix given by

=
I
}.J

e
+

Ny

+

o

2 (22)
where w is the diagonal matrix oi the discrete site
precession Trequencies, the kinetic relaxation matrith,
descrives the transfer of magnetization of the nuclear
magnetic energy level spectrum between sites and the
relaxation matrix 52 1s the diagonal matrix of the trans-
verse relaxation rate assoclated with other relaxation

mechanisms excluding the K processes.

Hence knowledge of the transition probability per
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unit time of transitions occurring between states M and
M of spin 1 as stated in the relaxation mechanisms
mentioned In sections 2, 3, 4, 5, 6 of this chapter allow
a calculation of the E—matrix to be performed and

subsequently total analysis of the spectral line shape. (26)



CHAPTER III

EXPERIMENTAL AND RESULTS

non sine pulvare palma

(1) Experimental

(a) Material Used and Sample Preparation

WFg and MoFg (Alfa Inorganics) were purified according
to the procedure of T. A. 0'Donnell (27) by placing
approximately 3 gms of reagent grade NaF into the apparatus
(see Fig. 1). A cylinder of MoFg (or WFg) was attached to
the vacuum system which was then evacuated and baked out for
a day, the whole vacuum system having been carefully checked
for leaks. An acetone-dry-ice bath was placed under trap 1
and a liguid N, bath under trap 2. The tap of the cylinder
containing the hexafluoride was opened for about three
minutes and the hexafluoride was thus admitted and trapped
in trap 1. Stop-cock 1 was then closed and the liquid N2
bath and subsequently the dry-ice-acetone bath, removed. The
whole system wés warmed to room temperature and the hexa-
fluoride allowed to remain over the NaF for about an hour,
causing removal of any HF. The hexafluoride was then frozen
again, using two liguid N2 baths, at traps 1 and 2
respectively. The cylinder containing the hexafluoride was
subsequently sealed from the vacuum system and removed.

Stop-cock 1 was opened and the system pumped on for about an
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half-hour, at the end of thls period the apparatus was sealed
in front of trap 2 and removed from the cold baths and vacuum

system. Thils freeze-thaw-freeze-pump procedure was performed

g o W i O FED ) 3 11 T,

to alleviate any pressure bulld up within the apparatus, by
contact of the hexafluoride and the impurities in the glass.
The system was allowed to stay at room temperature for a day,
at the end of which time the apparatus shown in Fig. 1 was
Jolned to the apparatus shown in Fig. 2 and the purification
process described in the above procedure was carrled one stage
further. Once égain, the procedure was performed under vacuum
in a dry leak-proof system. The hexafluoride was removed from
trap 1 and passed into trap 3, which also contained reagent
grade NaF, by subjecting a temperature differential across

the two traps. .When all the hexafluoride had been transferred

to trap 3, that part of the apparatus contailning trap 1 was

5 sealed off and removed. The freeze-thaw-freeze-pump procedure

3
ﬁ
%
-

mentioned above was repeated once more; this time the hexa-
fluoride remained at room temperature for only four hours,
before a sample was transferred to one of the two N.M.R. tubes
by conventional methods, the second transfer being carried out

a day later. In both cases it was the second sample that was
used to give the F19 spectra, as it was suspected that these
samples might be of higher purity. The purity, of these samples,
was checked by scanning the complete range, i.e., 46.5 Khz to
65.5 Khz, of the F19 spectra using a Varian Assoclates A56/60

N.M.R. spectrometer at 56.4 Mhz.
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For MoF6, absorption peaks were noted only after
attaching to the N.M.R. spectrometer a Schomandl ND3OM
external frequency synthesiser set at 72.5 Khz; while WF6
gave absorption peaks only when the freguency offset was
set at +8 Khz, or the external frequency synthesiser set
at the equivalent 65.5 Khz.

Figure 3 shows the Fl9 spectrum of MoFg (30). It
consists of a weak sextet associated with the I = 5/2
molybdenum isotopes, and a strong singlet attributed to the
I =0; molybdenum isotopes, table 1. Due to the ratio
| /@22;97= 1.02 the sextet was separated into sharp components,
attributed .to Mogs, and much broader components, attributed to

Mo97, by visual inspection.

To determine whether 1t was correct to make the above
assumptions, the two components of any one peak were cut
from the spectrum and welghed. The ratios of the weights
(Mo Fg/Mo?7F; = 1.73 % 0.12 gms) were found to be, within

experimental error, the ratios of the percent abundance

(MogS/Mo97 = 1.64 Table 1), confirming the assumption made.
Figure 4 shows the F19 spectrum of WF6, consisting
of a medium intense doublet, attributed to wid3 1 - %, and a
very intense singlet attributed to the I = 0 isotopes of
tungsten (Table 1).
Anslysis of the high resolution N.M.R. Fl9 spectra
over a range . of temperatures gave the temperature dependence

of the metal spin relaxation processes. This was done by

!lﬁ§¥§§%%@WW%%f"
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measuring the respective widths at half-height for Mo97.
95

For Mo the temperature dependence of the width at half-
height of each peak was obtained by measuring the width at
half-height of the broadest peak, and the peak height of
each peak from the 'new' base-line. The peak height was

¢ obtained accurately by considering the Boltzmann Distribution
Law, with reference to 42'C as a standard. In WF, the temp-
erature dependence of the widths at half-height was obtained
by measuring the width at half-height of both peaks and
taking the average of these values. The temperature ranges
investigated were:

(a) MoFg 22°C to 68 C
(b) WFg  9.5C to 59.5C

To maintain a high degree of reproducibility in doing
these temperature‘runs, the spectrometer was first checked
for homogeneity by observing the proton spectrum of HZO at
60 Mhz for each temperature. The temperature of the particular
run was observed by measuring the frequency separation for
the two peaks of the proton spectrum of ethylene glycol or
methanol and referring to plots in Fig. 5 or 6. The spectro-

meter was then switched to 56.4 Mhz to observe the F19 spectrum

of the hexafluoride, the homogeneity of the instrument being
maximised again by locating one of the peaks of the sextet,
or 'sitting on' one of the peaks of the doublet and repeating

the maximising process for each peak recorded.
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To maintain reproducibility in the spectra of MoFé, the
filter bandwidth was maintained at 4 hz and the r.f field at
0.03 mgauss, while the sweeﬁ rate was maintained at 0.1 hz
sec™! and the spectral amplitude at 50. For WFg the filter
bandwidth was maintained at 4 hz and the r.f field at 0.02
mgauss while the sweep rate was maintained at 0.1 hz sec-l,
the spectral amplitude being 5.0.

The separation JMo'F and JW—F between ad jacent peaks
of the respective spectra was obtained by placing side-
bands on the two outer peaks of the sextet and doublet,
respectively, from the intense centre band, using a Hewlett-
Packard 3300 A function generator connected to a C.M.C. Model
201 B frequency period counter which was connected to the

spectrometer. This gave

TMoI5-F

46.7 + 0.1 hz
JW183-F = 4308 i 0.1 hz

(11) Results
Table 1 consists of a list of the nuclear properties
(with references) of W and Mo.

(a) Molybdenum Hexafluoride:

To verify the results of the F19 T4 experiments on
MoF, performed by Rigny and Virlet (24), a TTI - I1/2 T, pulse
experiment was performed at 60 Mhz and 29.C (Fig. 7). The

results obtailned were plotted in Fig. 8 (RIF = 1.2 sec'l)
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and found to be in agreement with Rigny and Virlet's (24)
data, within experimental error.

Table 2 contains the peak wildths at half-height for
Mo97F6, as a functlon of temperature, wlth the corresponding
values of RIQ97 obtained using Equation 18 Chapter II, as
pointed out 1n Chapter IV. The diagonal values of this
g-Matrix(15 : 23 : 18) are associated with the average peak-
widths at half-height of the two corresponding peaks of the
sextet. Using these coefficlents it was possible to obtain
a value for the quadrupolar term & , provided a true
lorentzian line shape is obeyed, and other line broadening
mechanisms are negligible. The derived relaxation plot for
Mo?7 was found to be linear (Fig. 9 plot labelled R1Q97).

The multiplets due to Mo95 were treated similarly.
Knowing the ratic (eq?5/eq97) (28)(29) amd Ryq97 = 1/T1q97 at

each temperature, it was possible to calculate RIQ95 since

Ry 95 = (e@75/eQ97)2 Ryq97 - (1)

>

values for R1Q95 are collected in table 3.

Knowing fhe RiF data from Rigny and Virlet's pulse
experiments on MoF (Fig. 9 plot labelled Ryp (R+V))’ and
the peak widths at half-height (corrected), it was possible
to utilise the transition probability for the spin-rotation
interaction (Equation 13 Chapter II) with the assoclated

K-Matrix diagonal elements (Appendix 2 Equation 1) 1i.e.,
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5 : 13 : 17,to calculate the F19 linewidth contribution for
M095 spin-rotational interaction (the spin-rotation interaction

term) i.e.

Ay N, Ay ayw
observed RlF(R+V)+Aﬁ1Q95 + R1M°95 + yBZ (11)

where RZ* is a measure of the field in-homogeneity. Assuming
Lorentzian behaviour, equation (ii) only applies if these are
the only contributing mechanisms, Chapter IV will give reasons
for discarding all other mechanisms mentioned in Chapter II.
That we were jJjustified in assuming lorentzian behaviour may
be obtained by referring to the plot, Fig. 9, obtained from

table 4 for R*y 95

(b) Tungsten Hexafluoride
Mo and W appear in the same group of the periodic

table, and because of the 'lanthanide contraction', assoclated
with a full 4f orbital, they have approximately the same atomic
radii; it might be suspected that the electronic interactions
with these two nuélei are similar.

As the dominant relaxation mechanism in M095 is spin-
rotation interaction and since tungsten has a spin, I = %,
nucleus, it might be expected that the dominant relaxation
mechanism for w183 is also spin-rotation interaction. To
obtain information on line broadening due to the w183 centre
three methods were attempted, since this particular contribution

was very small.
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Firstly, the full-width at half-height of the proton
spectrum of TMS in CDCL3 should give a measure of the magnet
inhomogeneity. This value may be subtracted from the F19
spectrum of the Wla? doublet, from which R1 had already been
subtracted. Howev;r, due to impurity, theFline width was
wider than expected and this technique was discarded.

Secondly, the Rotary Echo experiment was attempted
at 56.4 Mhz sitting on one of the peaks of the wl83 4goublet.
Magnetic inhomogeneity effects were refocussed by this
technique, and therefore contributed nothing to the end result.
However, the separation from the intense W (I = 0) peak to
the weak w183 (1 ='%) peaks was =~ 21.6 hz., and as a result,the
overlap of this intense peak with the weaker peaks nullified
the usefulness of this experiment and no results were obtained.

Thirdly, Pople et al (Chapter 3 of (31)) point out that
if the rate of change of HO is fast enough, the signal changes
its shape and shows a series of characteristic wiggles (Fig. 10)
in the tail after passing resonance. The decay of this
'envelope' is of the order of the transverse relaxation time,
T2. However, during this period the magnetic moment vector ﬁ
and the r.f. field H1 will be rotating about the direction of
HO at different rates, so that they will alternately go in
and out of phase. The absorption signal which measures the

out of phase component will show a series of damped oscillations

through resonance. Performing this experiment on each of the
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peaks of tungsten doublet, and recording the decay signal on

a recording scope will yield a value for (Rz) t Where:

wiggle bea

R, + R_* +

(Foluiggio peat T2y * P2’ * Bragaeeion * R (111)

To remove the effects of radiation damping, which
Abragam (P76 (18)) points out is a function of the magnetization
M, the filling factor n and the Q of the tuned receiver circuit.

2H = u‘n-pQMOSina (iv)

which in turn yields a characteristic time ¢ given by

T = (27 % o,)"1 (v)

where w, is the larmor frequency and where 2 is found to be
shorter than T, due to suppression of the free precession of the
nucleus. Détuning the spectrometer off-resonance decreases the
radiation damping‘by the factor d/Q. Performing this experi-

ment on the intense centre line (RZ) may be defined

wiggle beat
as:
= R

(R + R,* (vi)

2)wigg1e beat F

since for the centre peak W (I = 0).

Assuming the effects due to radiation damping are small,
a value for R1w183 may be obtained by subtracting (vi) from
(1ii). This experiment did not work because the line-widths

do have a factor associated with inhomogeneity.
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However, by combining the fast sweep method for the centre
peak, the instrument having been detuned, with the conventional
F19 High Resolution N.M.R. experiment on WFg a value for le
was obtained. This experiment was performed at a series of
temperatures and an analysis of the results made using Equation
13, Chapter II with the associated K-Matrix diagonal elements
(Appendix II, I = %). These results are collected in table 5
and only apply if this is the dominant nuclear spin relaxation
mechanism, and if the 'slow w183 relaxation limit!* holds, so
that the lines are lorentzian. This data is plotted in Fig.11
labelled le183 from which the small relaxation effect due to
widl 4 noted, as well as the trend of increasing R with de-
creasing temperature, associated with a spin rotational inter-

action.



CHAPTER IV

DISCUSSION

Festina Lente

(1) General

In this chapter an atfémpt will be made to show why
the spin-rotation and gquadrupolar nuclear spin relaxation
mechanisms are the dominant relaxation mechanisms of the
central metal nuclei of molybdenum and tungsten hexafluorides.
Comparison of the results obtained by Fl9 N.M.R., with those
from the diffusion experiments of Rigny and Virlet (24) for
M0F6 and WF6, suggested a means of comparing the activation
energles assoclated with molécular rotation, as obtained by
N.M.R., with those obtained by the classical diffusion co-~
efficient as suggested in Debye's 'Polar Molecules' Chapter 5
(32). This comparisg; has lead to a critical study of the
different correlation times.

(2) Dominant Relaxation Mechanisms
at the Mo Nuclei in MoFg

It was possible to eliminate nuclear spin relaxation

by an intra-molecular dipole-dipole mechanism by utilising the

theory on this mechanism outlined in section 2 Chapter 1I.
Using the transition probability out of any site for the F19
nucleus (Equation 6 Chapter II) Rigny and Virlet (24) eliminated

an intramolecular dipole-dipole relaxation mechanism i.e.
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+

Py (F) o€ U y’ /TS-F (a)

Considering an intramolecular dipole-dipole mechanism
at the Mo nucleus (Equation 6 Chapter II) allow a calculation
of the transition probability out of any site for the Mo
nucleus i.e.

Ly 2 6
Byy” (Mo) o 6)¥f 3M0/r ouF , (b)

making use of Rigny and Virlet's result, and comparing the

ratio
Pyy 7 (Mo) 6, 2 e
MM -
PMM, (F) l& )' P rMO-F

allowsus to discard this mechanism. Further evidence for not
considering this mechanism came from the temperature dependence

95

plots (Fig. 9). Mo '~ was shown to give the opposite temperature

dependence to wh;Z/would be expected for an intramolecular
dipole-dipole mechanism. Although M097 gave the same type of
slope, as would be expected for a dipole-dipole mechanism,
this was only to be expected, since a quadrupole mechanism
was used to obtain this plot, and both gquadrupole and dipole-
dipole relaxation mechanisms depend in similar manner on the
molecular orientation, with respect to the laboratory

reference frame.

Since the intermolecular dipole-dipole relaxation

mechanism uses the distance of closest approach, a, between
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the I-spin considered and a’' neighbouring S-spin (Chapter II,
Section 3), and because of the similarity of the expressions
for the transition probability (Equations (6) and (7) Chapter
II), it becomes possible to eleiminate this mechanism, in
like manner as the intramolecular dipole-dipole mechanism.
The transition probabilities associated with chemical

shift anisotropy, as set out in Equation 9 Chapter II are

v 2 2 r}
proportional to s H o and since we were obtaining
1o 0 z

information about the central metal nucleus, which was in a
spherical environment, V; = 0 and the mechanism is ineffective
to first order.

These eliminations leave nuclear spin relazation

mechanisms associated with spin-rotation and quadrupolar

interactions at the Mo nuclei in M0F6, and the possibility
of higher order nuclear interactions.
In considering the two field gradient mechanisms

——

mentioned in‘Section 6 Chapter II an estimation of the nuclear
centrifugal distortion was made using the values i:@ = 741 e~ 1
for the totally symmetric stretching frequencwa&, (33),

ry; = 1.9 A (24) in Equation 15 Chapter IT. A maximum J = 50
was used in this calculation, since this was the value expected
at temperatures of about 70‘C, assuming equipartition of energy.
The result of performing this calculation indicated that such

a distortion yields a bond extention Q/‘k of about 4 x 104

perpendicular to the rotation axis, and hence could not account

for any sizable molecular field gradient for quadrupolar
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coupling. )

Another means through which a quadrupolar mechanism
might operate in a spherical environment entails disrupting
the molecular symmetry via intermolecular collisions, as
pointed out in Chapter II, Section 6 (b). Using the
transition probabilities associated with this mechanism
(Equation 18 Chapter II) the corresponding K - Matrix for
I = 5/2 was obtained (Appendix II). The ratio of the
transition probabilities to the square of the matrix elements
yields a value for the spin-lattice relaxation rate RII
It was found that quadrupolar relaxation was the dominant
mechanism of M097 (Fig. 9 plot labelled Ry, 97) due to its
large nuclear quadrupole moment (Table 1). The slope of
this plot yielded an activation energy of (1.4 i 0.2) Kcals
mole ~I.

The dominant relaxation mechanism observed for Mo95
was spin-rotatioh, as pointed out in Chapter III. A temperature
dependence plot for this mechanism (Fig. 9 plot labelled
Ry M095) yielded an activation energy of (2.2 + 0.3) Kcals
mole =1, Since these relaxation mechanisms completely accounted
for the observed‘Fl9 multiplet line widths Q; conclude that
higher multipole relaxation mechanisms (e.g., electric hexa-
decapole) are absent. Since the Fl9 Ty pulse experiment
agrees with Rigny and Virlet's results, within experimental

error, it was possible to conclude that there were no para-~

magnetic species present in the solution of MoFg. As the
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activatlion energies for quadrupolar and spin-rotation inter-
actions of the Mo nuclel were found to be an order of
magnitude lower than the energy reouired to break the Mo-F
bond, it was concluded that no chemical exchange phenomena
occurred in this sample.

(3) Dominant Relaxation Mechanlsms at
the W183 Nucleus of WFg

Due to the similarity in the bond lengths ry.p and

IMo-Fs» caused by the 'lanthanide contraction', and since for

MoF6 inter- and intra- molecular dipole-dipole mechanisms
were dlscarded, in like manner inter- and intra- molecular
dipole-dipole relaxation mecrhanisms may be discarded for WFg .«
As with the Mo nuclei, it was also possible to eliminate

relaxation due to chemical shift anisotropy, because of the

spherical symmetry at the w183 centre. Also w183 has spin
I = % and consequently no ocuadrupole or higher moment.

A dominant spin—ro€;f10n31 relaxation mechanism was

thus expected fof w183. This mechanlism was supported by the
observed temperature dependence (Fiz. 11 plot labelled
R1w183). The approxlmate activation energy measured from
the slope of this plot 1s ( 3.4 + 1.1} Kcals mole~1,
Since this mechanism accounts for the observed Fl9
line widths; it was possible to discount any extra broadening
process due to paramagnetic impurities, chemical exchange,

etc. Chemical exchange 1s also ruled out from the magnitude

of the observed activation energy.
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(4) Correlations between Spectroscopic
and Diffusion Results

The values of the activation energles associated with
the spin-rotation relaxation mechanisms associated with M095
and W83 and the cuadrupolar relaxation mechanism of Mo?7 were
compared with the results of the diffusion experiments on MoFg
and WF, obtalned by Rigny and Virlet (24). The disagreement
between these values points out the weakness in correlating
nuclear spectroscopic results on relaxation concerning
molecular rotations with the classical model of Brownian
translational diffusion.

To analyse this model for relaxation the approach
taken by Debye (32) will be used in defining the relaxation
time and the correlation function i.e., by considering his
description of the ahomalous dispersion and absorption of
polar liguids. This mqggl assumes that it is possible to
relate information obtained from translational diffusion to
rotational diffusion by relating the correlation times for
these two processes i1.e., T =497 Debye states 'that for

a rotating sovhere of radius, a, the relaxation time

should be represented by

3
T, = 4T N LT (1)
where n 1s the inner friction constant, as defined by

Stnkes® This relation, however, was derived by Debye for

the thecry of dielectric relaxation of polar liquids, and does
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not strictly apply to our $pherical molecule. In correlating
diffusion, Tg may be related through a diffusion equation to
a rotational diffusion constant Dn, and hence to the micro-
scopic viscosity,n , and the molecular diameter, a, through

the Stokes-Einstein relation (32)
Dr = kT/ma’y (2)

Hence in analyzing molecular motions on the basis of
the above conslderations, one presupposes a speciflc model
for the type of fandom motion. Another model often used
assumes that reorientation is a thermally activated process,
by which the molecule as a whole flips from a torsionally
oscillating state in one potential minimum to a similar state
in an equivalent minimum (34). This model leads to the

relation

- +E/RT
Y = Tae /

;= (3)

where E is the activation energy related to the heicht of
the potential barrier separating the minima. When as commonly
occurs 1/T1 depends on temperature in a manner consistant
with the preceeding equation, one 1is, to a degree, Jjustifiled
in accepting the model proposed and proceeding to draw con=-
clusions about the activation energy.

To account for the guadrupolar interaction in the case
of a spherical molecule having a nuclear cuadrupole moment

(M097F6), an intermolecular stimulated relaxation mechanism
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has been suggested. The model used in this case suggests

that intermolecular collisions are responsible for distorting

the molecular electron cloud causing a field gradient to arise.

To suggest that this model has a correlation time ¥, which is

a function of a second order spherical harmonic, may be seen

by realising that instantaneous distortions to the molecular
symmetry caused by collisions allow a measure of the reorientation,
occuring exponentially in time, of the disturbed spin system at
thermal equilibrium. This is similar to the relaxation mechanism

of Xe131

observed by Staub (41), in which distortion of the atom
occurs chiefly by the Van der Waals forces, allowing for the
establishment of an efficient quadrupolar relaxation mechanism

(Ixe = 3/2). However, Staub mentinns that the correlation time, ’
differs from that defined by Bloembergen, Purcell and Pound (7),
because of the statistical time dependence of the field gradient
caused by collisions with a uniform spectrum of frequencies to

frequencies of the order w=> ¥t DWo - Staub then says that

Ro/T = Ro/V . Hence

/1y x 1T, = 2% _l\gzou(e_qs) Z(ENLBOG) 12_} I- 3/4,
v £ E ~E_ I(2I - 1)° (a)
Where Ro is the minimum distance between two molecules, Cw is defined
in terms of the Van der Waals constants o andlg y and v 1is the
~average speed of the molecule, while E{- Eg is the energy for a
transition.
It should be kept in mind that these distortions are only

instantaneous and are, in fact, time averaged to zero.
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The usual model of a spin-rotational interaction
é which has been shown by Hubbard (14) to be a function of the
angular momentum of the molecule, since the nucleus jumps
from one J - state to another, may be considered for M095F6
and WF6. In this case no viscosity term should appear in
the Stoke's-Einstein model (Equation 2).

Several papers have recently appeared in the
literature attempting to correlate microscopic results to

N.M.R. (35), (36), (37), (38). All of these papers consider

the Brownlian motion of colloidal particles floating in a
liquid medium and all suggest that any fluctuations occurring
are due to thiéitype of motion. However, the attack on this
problem”changes with the model used (e.g., hard core or soft
core, etc.). The general approach taken by chemists in the
theory of transport phenomena tends to emphasize a model

based on the kinetic theory of gases.

(¥) Relation between % and Tq

By considering the theory of translational Brownian

motion of a spherical particle and using the Lanzevin equation
du/qty = - BU + A(t) (&)

where U denotes the linear velocity of the particle, Hubbard (14)
obtains expressions for the conditional probability density for
the velocity of the molecule. Modifying (4) to consider

rotational Brownian motion Hubbard obtains an expression for
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the probability density for the angular velocity of a
spnerical particle. From a knowledece of the angular momentum
of a spherical molecule, ani considerinz the latter of the

two conditional probabilities he defines

’7'(; = Tl = \:IB’ (5)
where
£’ = 18’ (6)

where f’ 1s the friction constant and I is the moment of
inertia of the molecule.

Hubbard then uses the diffusion coefficient D’
occurring in Furry's theory, relating 1t to the viscous
retarding toraque per unit ancular velocity i.e., Equation(é)
by

D’ = k T/f (7)
and by the use of Wigner rotation matrices he defines
T = (62)" (8)
2]
from which 1t follows that

T Yo = (I/447) (9)

*owever the theory used by Hubbard is only valid when heavy

particles are immersed in a licht medium and may not be valid

for identical interacting molecules.
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Rizny and Virlet (24) -polnt-cut that still mare
difficulties arise, since it is not obvious,.particularly
for spheric;l molecules, why the diffusion equation should be
cbeyed, and the parameters governing rotatiqnal motions

cannot be simply deduced from the correspondinz parameters m
: B

of translational motion. This suggests the inadequacy of ﬁ
Wt

the usual technigues mentioned in Section (4) to our problem. S |

By gleaning information on both transport properties and A

il

rotational Brownian motion from Mori's paper (39), and by i

e

utilising the Fluctuatioh—Dissipation Theorem of Kubo (40), e
Rigny and Virlet were able to obtain information which did m
not regulre that the particle under observation be heavier

than the molecules interacting with it. However, to re-

calculate a new relationshirp between‘u and 7;15 beyond the

scope of thls theslis.

(6) Further Work?

Since the order of magnitudes of the line widths being
measured were less than 1 hz for the spin-rotation interaction,

the N.M.R. spectrometer was being pushed to its limits. The |

results may be improved by connectineg to the machine a signal .
averager; with this instrument the results could be recorded
in digital code which could be analysed by computer!

A theory on transport oropertles should be developed ej

to consider the relations hetween the correlation times used 1

i.e., T;arm,Tk; however, it would be advisable for such a
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theory to take an appreach which:-differs from the Debye

theory, because of the spherical symmetry and uncharged

Cs

nature of the system.
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APPENDIX I

I'ne total Hamiltonian for a general relaxation process
may be written in terms of a perturbation Hamiltonian

A (t) wnere 3 (t) = 5 rl@)(g) ala) (1)

where F(9) (t) is a random lattice function of time and
2(9) 5 random operator acting on the spin variables. (18)
Following Abragam (18) an expression for the transition

probability of spin I may be obtained as

B = [KMaln >|Z@n) (2)

where‘f(bhml) is the spectral density at the transition
freguency uhM' which can be written in terms of an auto-

correlation function as follows:

@) = fam edn (3)
where
g(r) = Flad(t) rlad(t+T) ()

If it 1s assumed that the fluctuations of X{t)
are such that the auto correlation function «(7) decays
exponentially the integration may be carried out. It has
been found that this type of autocorrelation function
follows from the assumptions made in the theory of Brownian

motion and leads to a lorentzian line shape. Hence it
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is possible to write

VAP (5)

A )
gL

where Tc is the correlation time characteristic of the

fluctuations of #(+). Substituting (5) in (2) we cbtain
MM oMl alus |2 e, (€)
iy Tz
1+ T,
/ 2
=l <M]A]M> |7 2r, (7)
2%

in the extreme narrowing limit i.e. w TC<< 1.
To evaluate the < M| A | M’> Matrix elements use

is made of the relations:

MIIT£IMF D> = H(I+M(IFM+ 1)] (8)

APPENDIX IT

The transition matrix of K - matrix (chapter II
Equation 22) can be evaluated ;rom the respective transi-
tion probability of the associated nuclear spin relaxation
mechanism,

For I = 5/2 the K - matrix of the associated spin-

rotation interaction becomes:

L 5/2  3/2 /2 -1/2 -3/2 -5/2

My -
5/2 -5 5 0 0 0 0
3/2 5 13 8 0 0 0
K 1/2 0 8 -17 9 0 0 5
210 = -1/2 0 0 9 -17 8 0 | C“IkT1q
= -3/2 0 0 0 8 -13 5 42
-5/2 0 0 0 0 5 -5 |



For I = 1/2 the K - Matrix associated with the

spin-rotation interaction becomes:

Mioogse 1/2
M
I -
§ I-J = 1/2 -1 1 5
x C IKTTg
-1/2 1 -1 42

For I = 5/2 the K-Matrix associated with nuclear
electric ocuadrupolar relaxation may be obtained in terms

of Ry by modifying Eocuation 18 of Chapter II to give

P R4
MyM+2 <M [ 152 | Ma2> | 2
) 2(21+3)(21-1) R | 157 | a2 |
Buym+1 = Ry 2
= 21,41, I3 | M+
2(214.3)(21) |<M I I+IZ IZI+ I M+1> l
from which

T s/ 32 1/2 -1/2 -3/2 -s/2

-
5/2 -15 10 5 0 0 0
3/2 10 =23 b4 9 0 0 R
1/2 5 L -18 0 9 ol 4 1
Kg = -1/2 0 9 0 -18 b 5 8"
-3/2 0 0 9 y <23 10
-5/2 0 0 0 5 10  -15
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GLOSSARY CF TERMS
MEANING
Nuclear spin cuantum number.
Planck's ccnstant on 27 .
Nuclear magneto-evric ratio. '
Aprlied masnetic fielqd, |
Boltzmann constant.

O Kelvin.

Témperature
Curlie magnetizaticn.

Magnetization along a cartesian axis.
Spin lattice relaxation rate constant.
Longitudinal relaxation rate constant.
Correlation times

Lattice operators

Transition probability out of a Zeeman
state M .

Time dependent Hamiltonian.

Chemical shift shieldinsg tensor.
Spin-rotational interaction constant.
Molecular angular momentum.
Autocorrelation function.

Spectral density at angular frequency .
Speed of light.

Molecular nuclear rotational constant.
Moment of 1lnertia.

Molecular nuclear centrifugal distortion
constant.
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Molecular electrostatic fleld gradient.

Full line width in hz.
Nuclear quadripole moment.
Inner friction constant.

iotational diffusion constant.

- Quadrupolar relaxation coefficient.

Spin-rotation interaction coefficient.

Transverse dephasing rate due to magnet
inhomogeneity.
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Flgure 1.

VACUUM APPARATUS FOR PURIFICATION OF

NeM.R. SAMPLE
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Figure 2.

VACUUM APPARATUS FOR TRANSFERRING N.M.R.
SAMPLE TO N.M.R. TUBE
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Figure 3.

F19 SPECTRUM OF MoFg AT 33°¢
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Figure 4.

SPECTRUM OF WFy AT 28°¢c
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Figure 5.

METHANOL SHIFT VS. TEMPERATURE
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Figure 6.

ETHYLENE GLYCOL SHIFT VS. TEMPERATURE
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Figure 7.

Mmoo ’IT/2 PULSE SEQUENCE FOR MoFg
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Filgure 8.

TIME VS LOG,y PEAK HEIGHT FOR

7 - 71/, PULSE EXPERIMENT
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Figure 9.

TEM PERATURE DEFENDENCE OF Mo®/ AND Mo’” RELAXATION

MECHANISMS FROM F19 SPECTRA
FOR COMPARISON F197_ 7 RELAXATION RATE AND THE F19

SPIN DIFFUSICN DATA OF RIGNY AND VIRLET (24) ARE ALSO PLOTTED
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Figure 10.

WIGGLE BEAT DECAY CENTRAL PEAK CF WF
WHEN DETUNED AT 27°C.*

(2 seconds full width)
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Figure 11.

TEMPERATURE DEPENDENCE OF w183 RELAXATION FROM F19 SPECTRA
FOR COMPARISON F19I 5 RELAXATICN RATE

AND F19 SPIN DIFFUSION DATA OF (R+V) (24) ARE ALSO PLOTTED
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CHAPTER V

P.M.R. STUDY OF DEUTERATED AMMONIUM IONS

(1) Introduction

An attempt was made to study the N1u relaxation
mechanism by rotary echo (1) experiments on the gl spectra
in aqueous solutlions of acidifled ammonium ions as a
function of temperéture.

To perform such an experiment it was necessary to
satlsfy two conditions. Firstly a solvent had to be
obtained in which the ammonium salt was very soluble.
Secondly, as polnted out by Ogg (2, 3), those processes of
rapld chemlical exchange occurring in agueous solutions of
the ammonium ion, shown in section (2) of this chapter, had
to be 'frozen' to obtain a well resolved triplet (Iplt= 1).
It was thought that an acidified solution of D,0 would
satisfy the above conditions. However, the H1 spectrum of
this sample, run at 60 Mhz, yielded in addition to the
expected triplet, fine structure on each member of this
triplet. The splitting of the triplet into sub multiplets
was further associated with the set of deuterated ammonium
isotopes.

A }btary echo experiment was performed on an acueous
acidl’fled sample of ammonium nitrate. Since relaxation was

observed to be very fast it became instrumentally impractical



to study the relaxation mechanism of N1¥ by this techniaue.
However, 1t did seem necessary to prepare solutions of
deuterated ammonium lons with varying ratios of the
deuterated components thus allowing for a study of the
successlve deuterium isotope shift in these ions using

P.M.R. techniques.

(2) Chemistry of Aqueous Ammonium Ions

It is well known (2, 3, 4, 5) that aqueocus solutions
of ammonium ilons undergo a double exchange process as a

function of pH i.e.

pHY2.5 [NH5H®]Y + HOH == {mw,]™ + nom# (1)
pH)1.0 [NHgH*]™ + [My, 7 % =[Ng]" + (wgue)? (2)

Thus when crystalline ammonium salts are dissolved in
'neutral? Dzo, there i1s rapid equilibration of the protons
among all avallable sites of all possible deuterated ammonium
ions and solvent species. This phenomenon (6, ?, 8) has been
used to prepare the complete sequence of deuterated ions to
investigate isotope effects on the gross JNluH coupling in
the proton spectra.

It will be shown that by quenching both equilibria (1)
and (2), by reducing the pH, and by reducing the temperature
to 15°Cl1t becomes possible to resolve the smaller Jy_y o
coupling for each species of the completely deuterated

sequence, 1n'sp1te of the residual gquadrupole relaxation at

the Nl4 and D2 centres.
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(3) Experimental

One of the samples of deuterated ammonium nitrate
used in these experiments was prepared by dissolving 1.50 ems
of reagent grade ammonium nitrate (The Nichol's Chemical
Company Ltd. -98-100% pure) in 0.905 mls of D,0O (Stohler
Isotope Chemicals 99.8% D2) vielding a well resolved spectrum
(1.e., showiﬁg ﬁell resolved submultiplets associated with
N, , ﬁHBD, NH,D, , ﬁHDa). on dissolution the rapid equili-
bration processes (1) and (2) were found to take forty-
five minutés at room temperature, at which time four drops
of concentrated nitric acid (Allied Chemical, Canada 70%)
were added to 'freeze' these processes. The sample was then
placed ina 5§ mm O0.D.N.M.R. tube and degassed by conventicnal
teckniques before being sealed in vacuo.

The H1 spectrum was obtained at 15°C on a Varian
Assoclates A56/60 spectrometer at 60 Mhz and a sweep rate of
0.05 hz s;c-1; with the radio freguency fleld H1 set at 0.01
mzauss and filter band width of 2 hz and spectrum amptitude
of 20.

‘ The water peak which occurs at high field of the
ammonium ion triplet was used as a means of laying side bands

on each peak (ﬁHu) of the triplet. The splittings thus

observed were obtained using a Hewlett-Packard 3300 A function

generator connected to a Model 201 B frecuency period counter

which was in turn connected to the spectrometer.
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(4) Results and Discussion

The results obtained in an analysis of the P.M.R.
spectra, at 1500, are given in Table 1. Thils table indicates
that Jy_y decreases slightly on deuteration while JHND
Increases on deuteration; a successlve decrease in the
chemical shift was also cbserved on deuteration, all values
being taken’relatlve to the peak attributed to the ﬁHu ion.

To interpret the H1 spectra reference was made to the
central peak of the ﬁHu triplet (Fig. 1). Filgure 1 also shows
an analysis of the submultiplets giving rise to this 'spectrum’,
arisiné from the various deuterated components (ﬁﬁu, ﬁHaD,
§H2D2’ ﬁﬁDB) of the ammonium ion. This figure also contains
the relative intensities of each member of these submultiplets,
calculated by‘the usual vector addition manner for eguivalent
spin 1 particles 1.e., for ﬁHBD triplets of relative intensity
1 :1 ¢41, for ﬁHZDZ guintets of intensity 1 : 2 : 3 : 2 : 1
and for ﬁHDB septets of the form 1 ¢ 3 ¢ 6 : 7 ¢ 6 ¢ 3 ¢ 1.
However, the spectra are not sufficiently well resolved to
allow measurement of the expected line width differences
between the componrnent multiplets under deuterium cuadrupole
relaxation.

The observed decrease in Jy_y or lncrease in JD-W-H
on deuteration may be explained (S) through a decrease in the
bondjangle HND due to a decrease in the libraticnal amplitude
of the N-D bending mode agalnst the N-H bending. The argument

1s to consider a valence bond approach (10) to the ammonium

lon and to note how the bond angle H’”N“H changes on
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deuteration of the ion, attributing any change to a reduction
Iln s-character at the N of the N-H <-bond, and an overall
change in the hybridization of the molecule.

From the ratio D.H = 1/6.53, and Table 1 for values
of Jy_y_g* 1t is possible to calculate a theoretical value
for JH—N—H if 1t existed in the same molecular environment

as the deutefated species 1.e. |

-+

+
NH,D NH,D

-+
3 272 NHDB

Jgon-g 10.46 10.66  11.25

These results were then referred to the Karplus curve

(10), sugeesting that on deuteration the N1% centre undergoes

a change in hybridization due to a decrease in the angle |
H-N-H. The assumption being made that geminal J dependence

in the icharged ﬁhu—nDn specles is similar to that in uncharged
methanes.

In comparing our results with those of Fraenkel (11),
who obtalned a constant value for Jp-N-g Wlth a downfleld
deuterium isotope shift, it was possible to interpret a slight
change in the coupling constant JD—N-H by considering
differentlial effects of slow chemical exchange on the various
i1sotopic species.

- It i1s a well known fact that the deuterated ion is
more strongly solvated than the non-deuterated ion (12), due
to the lower zero point librational frequency of the -X-D-Y~

bond against the -X-H-Y- bond. An increase in the structure
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about the deuterated molecule causes an increase in the
amplitude of librational oscillation and hence a decrease 1in
the kinetic energy of the molecule. Hence in considering the
formation of a more efficient H-bond, and by assuming an

inductive effect towards the deuteriur-hydrogen bond i.e.

1t 1s possible to account for the observed downfield chemical
shift, as due to a decrease in the diamagnetic contribution
of the chemical shift at the inductively connected protons.
Hence as the ammonium ion becomes progressively more deuterated,
the efflclency of the above mechanism should increase, this is
in fact borne out by the linear plot Fig. 2.

It is interesting to note that the magnitude of the

upfield chemical shift (9) observed by Gutowsky for the

\

sequence of deuterated methanes 1is of the same magnitude as
the downfield shift observed by us; suzgesting that this
mechanism, which causes a decrease in the diamagnetic
shieldine constant was twice as large as that associated
With an increase in the same constant through the bending
vibration effect for an unchareed, solvated molecule of the
same apparent symmetry.

Subsequent to our work McFarlane and Dean (13) reported
on tﬁe heteronuclear double resonance of partially deuterated
ammonium bromide. In this report, constant values for
JD-N—H and JN-H are eclven, but a progressive downfield shift

on deuteration was attributed to the formation of H-bonds.
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Figure 1.

CENTRE PEAK OF AMMONIUM ION TRIPLET
SHOWING SUBMULTIPLETS AND ASSIGNMENTS
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JD-N-H=|. 72 hz.

JD-N-H =163 hz,

JD-N-H=1.60 hz.



Figure 2.

CHEMICAL SHIFT (p.p.m.) VS
NUMBER OF HYDROGENS ON THE AMMONIUM ION
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