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PREFACE

This thesis is concerned with some chemical aspects of nuclear
quadrupole resonance spectroscopy applied to the study of some solid
compounds containing phosphorus—halogen bonds. It is made up of seven
chapters.

The first deals with the basic theory of the quadrupolar inter-—
actions of I = %vnuclei.

In Chapter 2 the effects of changes of temperature and pressure
on quadrupole resonance frequencies are considered in detail. The
Bayer—-Kushida theory is presented and the volume dependence of
quadrupole resonance frequencies are discussed. ‘' Isothermal volume
dependence of these frequencies and their temperature dependence under
constant pressure conditions is considered in more detail in
Pppendix - 2A, at the end of this chapter.

Chapter 3 deals with Zeeman splitting of quadrupole resonance
spectra of I =A%-nuclei. The "zero—splitting locus" and the
"frequency-field" methods, which enable the asymmetry parameters to be
obtained in single crystals, are presented, and the theory developed
by Morino and Toyama, for polycrystalline specimens, is discussed in
detail.

The experimental techniques for detecting nuclear quadrupole
resonance transitions are discussed in Chapter 4. The super—regener—
ative oscillator, used in the present work, is described in some detail
and other techniques, including Double Resonance with Level Crossing,

are briefly mentioned in this chapter.



The work described in Chapters 5, 6 ard 7 is uﬁique. Chapter 5
is concerned with the effects of temperature variation on the
chlorine-35 and bromine-79 quadrupole resonance frequencies in some
acyclic compounds of phosphorus. The procedures for preparing these
derivatives are described in detail in Appendix = 5A. The nitrogen
gas~flow system, used to control the temperature in the present work,
is described in Appendix - 5B.

Halogen quadrupole resonance spectra of same cyclophosph (III)-
azane derivatives are examined over wide ranges of temperature in
Chapter 6. The pressure dependence of bromine-79 N.Q.R. frequencies
in (BrPNBut)2 is also examined. Chlorine-35 and bromine-79 quadrupole
spectra of (CJLPNBut)2 and of (BrPNBut)z, respectively, are investigated
in applied magnetic fields, and halogen asymmetry parameters are
éstimated. The N.Q.R. data are then used to obtain information about
the m—characters in the P-Cf% and P-Br bonds in these molecules.
Procedures for preparing these cyclophosph(III)azane derivatives are
presented in Appendix - 6A, while Appendices 6B and 6C describe the
experimental aspects of the pressure and Zeeman exgeriments, respectively.

Chapter 7 is concerned with the effects of temperature and
pressure variations on the bromine-79 and/or bromine-81 N.Q.R. spectra
of some bromocyclotriphosphazatriene derivatives: these data enable
molecular conformations to be assigned to these molecules.

Furthermore, asymmetry parameters are approximately estimated and

thence information is deduced about the m—characters of the P-Br bonds

in N3P3Br6. The N.Q.R. data has also been used to place electro—

negativities of substituents in these cyclophosphazane and cyclo-

phosphazene derivatives in a relative order, and the bromine frequencies
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CHAPTER 1

NUCLEAR QUADRUPOLE RESONANCE SPECTROSCOPY

1.1. INTRODUCTION

All nuclei are charged and same possess angular momentum.
Spinning charges generate magnetic fields and so a magnetic moment can
be associated with this angﬁlar momentum.

The quantum mechanics of angular momentum and its operators show
that the maximum component of the angular momentum of a spinning
nucleus can be written in the form I% where h is Planck’s constant
and I is a spin guantum number. I must be either half-integral or
integral. Each nuclear ground state has its own characteristic value
of I The total angular momentum of the nucleus, I, can be shown to
be /I(1+1) in units of 2;11“— and there are only certain permitted values
for the components of total angular momentum projected, for example,
along the direction of an applied magnetic field. ‘These permitted

values are given by ml—th s where

m, = (+1), (I-1), (I-2) <-ee. (-I) 1.1
There are obviously (2I+1) allowed orientations or states for the
nucleus, all of which have the same energy in the absence of a magnetic
field, but have different potential energies in the presence of a uni-

form magnetic field.
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A large assembly of nuclei in equilibrium with its environment
distributes itself over these energy levels in accordance with Boltz-
mann's distribution law; an excess number of nuclei lie in the lower
levels.

In nuclear magnetic resonance spectroscopy, magnetic nuclei are
made to undergo transitions between allowed states, by coupling radio
frequency radiation with the nuclear magnetic dipole moments.

In nuclear quadrupole resonance spectroscopy, another branch of
radio frequency spectroscopy, the radio frequency radiation is also
coupled to nuclear magnetic dipole moments. This branch of spectro—
scopy is concerned with nuclei for which the spin quantum number I 2> 1.
The charge distribution in such nuclei is not spherical, and so these
nuclei also possess electric quadrupole moments which enable them to
interact with the electric field gradient tensor which is produéed by
nearby charges. This interaction is quantized and it is the trans-
itions between the levels allowed for the electrostatic interaction,
which cause absorption of radio frequency radiation.  Although the
interaction of a nuclear quadrupole moment is an electrostatic inter-
action, its coupling to the radiation field is magnetic dipolar in
character and so nuclear quadrupole resonance can be considered to be a
branch of magnetic resonance spectroscopy. Provided care is taken,
nuclear quadrupole resonance spectroscopy offers a unique-means for
stuinng chemical bonding and electron distributions in molecular
solids since it provides information about the electrié field gradient
tensor and about the degree of asymmetry of this tensor at the nuclear
site in the groﬁnd state of the system. Before discussing the inter-

pretation of quadrupole resonance spectra, it is worth while considering



in more detail the nature of the nuclear quadrupole moment and its
interaction with the electric field gradients produced by all charged

particles in its environment.

1.2 THE QUADRUPOLE ENERGY LEVELS

Let p(r) be the charge density in a small volume element dt inside
é nucleus at a distance r from the ngglear centre of mass, and let the
centre of mass be the origin of a Cartesian coordinate system.  The
incremental charge P(r)dr interacts with the external potential V(r)
generated by all charged particles, both electrons and nuclei, that
surround the nucleus in any chemicaliy interesting situation and the

contribution made by this interaction to the energy of nucleus is given

by

E = ’J}fr)V(r)dt ' 1.2

where the integral is taken over the nuclear volume.

When the charge distribution is small and the potential does not
change rapidly over the volume, as is the case for the nuclear volume,
the potential V(r) can be expanded in a Taylor series about the nuclear

centre of mass, as origin, to give

1 . : _
V{r) =V(@©) +5 VX + =3 XXV _ + higher order terms 1.3
% o | 295 Ta B eB
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where &, g = 1,2,3 ard Xo'l and X‘3 = X, yand z -
veo= %;1 1.4
o o r =0
2
3 Vv
AV = — 1-5
af (axaaxB )r =0
hence

_ 1o .
E = V(o)ﬁ> (r)d-c+£a Vof(ap (r)dt + —i%svasﬁaxsp (r)dt + higher order

terms. 1.6

The first term in this expression is simply the Coulomb monopolé contri-
bution to the electrostatic energy of the nucleus and it is of no
interest to us since it is independent of nuclear orientation. In the
second term the integral involves the first moment of the nuclear charge
i.e. the second term represents the contribution made by the electric
dipole moment to the electrostatic energy of the nucleus. This is
effectively zero since the nucleus is effectively centrosymmetric when
it is in a state of definite parity. Therefore to fourth order, the
orientational contribution to the electrostatic energy of the nucleus

is given by the third term in this expression. This involves inter-
actions concerning second moments of nuclear charge.distribution, i.e.
it concerns the electric quadrupolar contribution, EQ, to the electro-
static energy of the nucleus. 1In general nine terms contribute to E

Q
.but in practice a set of principal axes for the potential function V(r)
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can always be chosen so that only the three diagonal terms

A 82v azv 32V
— ( —-—2—) and —5 ) are non-zero, i.e. in the
X Jr=0' N3y Jr=o0 3z Jr = o

principal axes system, the quadrupole energy term can be written as

_ 1 | A |
EQ = 3 %Bvasf(axsp(r)dt ' 1.7

It is now convenient to introduce the Qo'l 8 functions which are

defined by
0. = f (3X X -8 r°)p(r)dr 1.8
af nuclear o« B 0B
volume
where
saB=1 if a =8 ; 5QB=01fa;!s

and the quadrupolar energy can then be recast in the form

= 1 1 2 .
R X AMIRES }Esvas%s»jr p(r)dr 1.9

~ The last term in this expression is independent of nuclear orientation.
Since in pure nuclear quadrupole resonance spectroscopy we are concerned
with transitions between different allowed nuclear orientations, the
last term therefore does not affect the energy differences as long as

- the orientations involved belong to the same nuclear spin quantum
number, I, of the nucleus under investigation. It is, therefore,
customary in N.Q.R. spectroscopy to simplify the electric quadrupolar

contribution to the energy of a nucleus to



= 1
EQ B 6§8VaBQaB 1.10

_Furthermore, if we neglect the effects of a very small electronic charge

distribution within the nucleus then we may use Laplace's equation,
=V = V + Vv + V_ =0 1.11

and only two quantities are then needed to define the electric field

gradient at the nucleus.

In the quantum mechanical description of the quadrupolar inter-
action, a Hamiltonian is obtained by replacing the classical V;B and Q&B
functions by their appropriate operators. An integral is just the limit

of a sum, and therefore the operator for Q&B becomes

P _ ) 2
Q*r = e (BX'X - & r9) 1.12
o protons * B P

where the summation is taken over the protons in the nucleus. Neutrons
do not contribute since they have no charge. It should be noticed that
CFP is an operator which operates only on nuclear eigenfunctions.

aB
The quadrupolar Hamiltonian can be written in the form

=1 op ,
“Q c 5 V‘fg o 1.13
where'VSE is an operator equivalent for the classical tensor components
of the electric field gradient generated by charged particles external-

to the nucleus of interest.
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N.Q.R. spectroscopy is concerned with nuclear states which all have

the same nuclear spin quantum number, I, but have different m. values

I
and so the appropriate nuclear eigenfunctions can be written as linear
combinations of the basis functions ¢i‘ labelled ~by the maghetic quantum
number me, i.e.
‘pnucl. = “i'.C. a. 1.14
There are obviously 2I+1 terms in the linear combination. The allowed
nuclear eigenfunctions and eigenvalues can be obtained from the classi-

cal quantum mechanical procedures applied to the wave equation,

; s m
% II)nucl. wnucl.

Making use of variation procedure, (2I+1) secular equations and a

(21+1) x (2I+1) secular determinant of the usual form can be obtained.

The secular determinant involves diagonal matrix elements (%mlm - E)

I
and off-diagonal elements ﬂm m where

172
o4 - (gd%g ar=1s v (g ®Pg a 1.16
m,m m Q¢m 6 g:B aB m,~“aB ‘m ¢
172 1 2 1 2
where m1 and m2 refer to basis states whose my values are m, and m2

respectively.
Evaluation of matrix elements in this expression can be made by
. making' use of -the Wigner-Eckart theorem, which in the present context

states that the matrix elements of Qig are proportional to those of



analogous angular momentum operators, thus
* op = ..3.. YT - - - 2 .
f¢m1 QaB ¢m2dT _C<m1 '2 (_IaIB+ IBIa) SaBl ,m2> 1.1

where C is a constant of proportionality. This constant can be obtain-
ed by considering the matrix element for which m o =m, = I and & =8 =z,
so that

* *
J¢I o> gdr = C fgal" (3I§ - f)gldT = CI(21-1) 1.18

The integral on the left hand side of this expression is a constant
characteristic of the nucleus being considered. It can be replaced,

therefore,by eQ where
0-= |¢8 =r? (3cos®e, - 1)@.dc 1.19
I k k k I °

This is the spectroscopist's definition of the nuclear quadrupole
moment.. It is the expectation value of the classical and purely

geometric quantity

> 1. (3cos’e, - 1) 1.20
k—protons -

evaluated for the nucleus when it is in the state m; = I. The constant

C can now be given by the expression

— eQ ’
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In the principal-axes system of the electric field gradient tensor, where
VEB =0 for o # B8, taking account of Laplace's equation, the quadrupole

Hamiltonian becomes

__e0 a2 _ 2 _ 2 _ 2
%o = mmern [sz-(~312~ I+ Vg = V(I Iy)] 1.22

where Ix’ Iy and IZ are x, y and z components of the spin operator res-
pectively.

Sometimes it becomes necessary to discuss quadrupole resonance
fhenomena in a coordinate framework which does not coincide with the
principal axes of the electric field gradient tensor. 'In such cases it

can be shown that equation 1.22 then takes the more general form as

_ €0 2 2 2
=i L Vnyy VT, V(LT T
+V (I.I +II)+V (LI +II'):’ 1.23
Xz X'z "Z°X Yz Yy z z°y )

Fquation 1.22 emphasizes that only two parameters are needed to charac-
terize the second derivatives of the potential. The two parameters
customarily used for this purpose are the electric field gradient, - g,

and the asymmetry parameter, n, defined by

2 Vv -V
-q =‘§—321= \V4 ad 1 = .. S A4 1.24
37 2z Voz .

The quantity-q is, by definition, that component of the
electric field gradient, E.F.G., tensor having the largest magnitude,

and 1 is the asymmetry parameter which measures the departure of the
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E.F.G. tensor fraom axial symmetry. The axes are chosen such that
Ivz.zl‘} |Vyy|>, lvxxl and, thus 13> n> 0. The familiar form of the
quadrupole Hamiltonian, using the principal directions of the electric
field gradient tensor as the frame of reference, therefore can be

written as

_ e 2 .2 2 2
%C) T AI(2I-) E3Iz, L) +n (I, Iy)] 1.25

This expression can now be recast into a more useful form involving the

ladder operators I + and I_

_ _e® 2 2 m 2 2
%Q = ameen (B~ I1) 3 (I+-I_)] 1.26

where the quantity eqQ is the quadrupole coupling constant and I + and I_

are raising and lowering operators respectively

I
(s

I, = I + i and I -:'L_I'y .27
The Hamiltonian in équation 1.26 enables the matrix elements in the
secular determinant to be evaluated. Basis states differing by

Am, = + 2 are mixed because of the presence of the shift operators in
the quadrupolar Hamiltonian, except in the absence of asymmetry.

Because of this, it turns out that closed solutions cannot be found

14

W

for I )% except in the absence of asymmetry. 1In the case of I =

35 37 79 81

as is the case for “"Cs ¢ Cay “Br and = Br nuclei, the secular

determinant has the form
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m'

I 3 1 1 3
m -3 EFD IS DENNES »
1-3> | 2ew-m ey (0 ) 0 )
| +5> (.,f%—eqeq ) Gew-®) (0 ) ( 0 )

| L,

=ISPc 0 ) ¢ 0y Fenm  (Feamy )
1«33 ¢ 0o ) ¢ 0 ) (geqoq ) (3 a0 -B)

i.e. the asymmetry in the E.F.G. mixes the basis state ¢ 3

and the basis state @ 1 with ¢ 3°
| *3 2

2

The secular determinant can easily be solved exactly to give the energy

eigenvalues
L0 0’
-— : 3 2
Eyj=+—3— (1+3)
2
LR 441
Eq=-—3 (1+3)
2

and the associated eigenfunctions.

1.29

1.30

The schematic diagram for the energy

levels, in zero magnetic field, is shown in figure 1.1.

1.28
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N

7

-3

I+
N w
N/

-
N =

>

in the absence of

Nl w

Figure 1.1 Quadrupolar energy levels for I =

magnetic field. eqgQ assumed to be positive.

The eigenfunctions are obviously the linear combinations

c;l=3> +cl+3>  and
1.31

cil-3> +cl1+3>

where C1_ C2 C{ and Cé can easily be derived from the secular equations.

The degree of mixing depends on the value of 1 and for small n labelling of

the eigenstates with the magnetic quantum numbers m_ is a reasonabiy goad

I
approximation.

The quadrupolar nuclei distribute themselves between these sets of
doubly degenerate levels according to the Boltzmann distribution law.
The quadrupolar nuclei also have magnetic dipole moments, so magnetic
dipolar transition between these levels can be brought about by bathing
the nuclei in suitably circularly polarized electramagnetic radiation,

i.e. transitions for which am_ = * 1 are allowed, and therefore when

I

I =3, transitions take place at a frequency given vby

)



s SRR 1.32

Detection of this frequency obviously does not permit the quadrupole
coupling constant and asymmetry parameter to be obtained separately.
Determination of n, and hence‘§%97 need experiments to be performed in
the presence of a weak magnetic field. This subject will be considered
in chapter 3 in this thesis.

The conclusion which can be drawn now, is that the quadrupolar
hucleus, has a spin quantum -number IZZ;l, spins about its axis in an
asymmetric electric field gradient, and the interaction energy of the
nucleus depends on its orientation relative to the direction of the
electric field gradient. Thus the nucleus is forced to precess about
the direction of the maximum camponent of the electric field gradient
tensor, that is about the z-axis direction. The nuclear magnetic
dipole moment vector must undergo the same precession, and so the
situation is now very similar to that encountered in N.M.R. spectroscopy.
A_pﬁie N.Q.R. transition may be induced by superimposing an appropriate
circularly polarized magnetic field in the plane at right angles to the
z-axis direction of the electric field gradient. The transition takes
place when the frequency of this magnetic field equals the precession

frequency of the quadrupolar nucleus.
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CHAPTER 2

THE EFFECTS OF TEMPERATURE AND PREéSURE ON PURE NUCLEAR

QUADRUPOLE RESONANCE FREQUENCIES

2.1 INTRODUCTION

Nuclear quadrupole resonance frequencies generally, though not
always, decreése in magnitude with increasing temperature. The negative
temperature coefficient of the quadrupole resonance frequency can be
_attributed to the thermal motions in the solid. 1In any solid, nuclei
are agitated by molecular and lattice vibrations at frequencies' that are
much greater than the nuclear quadrupole resonance frequency. () Any
general motion can be decomposed into three major components. The
first concerns translational motions in which the centers of mass of the
mlécules , acting as rigid bodies, are displaced. The second involves
rotational motions and the third vibrational motions. The last two
components include librational, stretching and bending modes of vibration
which alter the orientation of the rigid molecule in the crystal lattice.
In most solids at temperatures much below their melting points it is
mainly the low frequehcy librational modes that affect the quadrupolar
interaction of the nucleus. They act to turn the orientation of the
electric field gradient tensor with respect to the nuclear gyroscope
‘and the quadrupolar nucleus therefore sees electric field gradient

components averaged over the amplitude of the librational motions.

The ‘average component of the electric field gradient tensor in any
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particular direction decreases as the amplitudes of the vibrational
modes increase. When free rotation occurs at elevated temperatures, or
complete tumbling in a liquid takes place, the electric field gradient
is time-averaged to zero, and then no quadrupole resonance transitions
can be detected.

In the theory of the tanpefature dependence of the quadrupole res-—
onance frequency developed by Bayer (2) and extended by Kushida ,' (3) the
increase in the amplitude of the thermal vibrations with increasing
temperature is the only reason for the negative temperature coefficient
of the quadrupole resonance frequency. However Kushida, Benedek and
Bloembergen (4) extended Bay'er and Kushida's original work and showed
that the effects of temperature variation on quadrupole resonance
frequencies at atmospheric pressure essentially arise from two _contri—
butions, the first of which is the explicit temperature dependence of
the vibration amplitudes, considered by Bayer and Kushida, and the
second -originates from the effects of the volume expansion on the static
electric field gradient tensor, the vibrational frequencies and the
amplitudes of wvibration.

. The pressure dependence of guadrupole resonance frequencies can
itself be expressed in terms of the volume dependence of the vibration
amplitudes and the static value of the electric field gradient tensor.

These developments will be considered in their turn in the follow-

ing sections of this chapter.
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2.2, THE BAYER-KUSHIDA THEORY:TEMPERATURE DEPENDENCE OF N.Q.R.

FREQUENCIES UNDER CONSTANT VOLUME CONDITIONS

Pure nuclear quadrupole resonance frequencies correspond to trans-
itions between the energy levels of the Hamiltonian describing the

interaction of the electric field grédient tensor, V', and the nuclear

aB
quadrupole moment, Q, and given generally by(4’ 2)
_ .. eQ 2 2 2
2= T | Yo St ey Ty ¥ Van Tt Vi (Bly * L)
+ V (I.LI +1I1I) +V (I 1 +II)] 2.1
Xz X'z Z X yz yz  Tz'y

where e, Q, I, Ix’ va, IZ and V&B have been defined in chapter 1.
(3)

The Bayer-Kushida theory begins by considering a molecule in
which the electric field gradient tensor around the quadrupolar nucleus
is axially symmetric in the absence of molecular motions i.e. the

electric field gradient tensor has the symmetric form

X Y Z
x|-1 0 0 X q
3
Y| o -1 0 2.2
2 [ ]
z| o 0 1

where X, Y and Z are the principal directions of the electric field

gradient tensor of the stationary molecule.
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Molecular and lattice vibrations are assumed to cause the following

effects:

1. The tensor V;B deviates by a small amount from axial symmetry.

2. . The averaged directions of the V;B

tensor incline by small Eulerian

angles, 6, 9, and ¢ from the original directions, i.e. from the

directions of the X, Y and Z axes respectively, the principal axes

of the electric field gradient tensor in the stationary molecule.

3. The magnitude of the maximum component of the electric field

gradient tensor varies in time about its equilibrium value.

With respect to the inclined coordinate system, X', ¥’ and Z',

the principal axes of the electric field gradient tensor of the vibrat-

ing molecule, the elements of the V;B tensor now became

X’ vy’ z'

X’ - %—+ a b 0 X q
1
, - — -
Y b 5~ a 0
z’ 0 0 1

2.3

where a and b are first-order infinitesimal changes caused‘by molecular

motions. On transforming back from the inclined coordinate-system,

X', ¥Y', Z' to the original stationary frame, X, ¥, Z, the V;B tensor

elements become
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Inserting 2.4 into the Hamiltonian in equation 2.1 gives

#

_ 21(21I-1)

eqQ

+

X Y 7"
x |- % +% 024+a-2b(pro)  2a(o+y)+b -g— 0-a0
, P 1 3
Y | 2a (+9) +Db - s@42b(itg) 5 eg-be
13- 3 ' 3
Z 5 o — ao > 09 — be 1 3

B 3 2.3.2 1.2
_("59)"2‘12.‘51)]

0% + a—2b(¢+q>)]%(li + IE)

2i Y+

2a (y+g) +b:ll (12 - IE)

ke

36

‘(% 90 - be)%i- [(I+ - I)I, + I (I, - I_)]

S o - a0)y EI+ +I)I + I (I, + I_)]

2.4

2.5

The first term in this expression corresponds to the effect of molecular

and lattice vibrations on the quadrupole resonance frequency. The

other terms are concerned with the spin-lattice relaxation.

It should

be noticed that only changes in the orientation of v, affect the quad-

rupole resonance frequency, i.e. only variation of the Euler angle o

affects the frequency.

the quadrupole resonance frequency due to the molecular and lattice

vibrations can therefore be written as

The Hamiltonian describing the reduction of
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3

) (312 7.1?)(1 - 5-02) + Terms related with spin-

&- 4T (211

lattice relaxation. 2.6

Molecular and lattice vibrations occur at frequencies much higher
than that of pure quadrupole resonance, and hence 62 in this expressiori
can be replaced by <92> , the time average value of the square of the
angle of inclination of the maximum principal axis of the electric field
gradient tensor relative to its equilibrium direction, and'similarly q
can be replaced by <g> , thé_time average value of the magnitude of the
maximum component of the electric field gradient tensor, in calculating
the resonance frequency, i.e. the pure quadrupole resonance frequency
can now be expressed as

v = constant (1 - % <0®> ) <g> 2.7

(3)

In Kushida's original paper and in later developments, notably

(6_8) <®2> and <g> are expressed in terms of the

by McEnnan and Schempp
normal vibrational modes appropriate to the solid.

In general, a small amplitude external coordinate, e, can be
described as a linear cambination of the normal coordinates E; of the

vibrational modes in the form(3)

8 = zi:ui Ei + ees 2.8

where'ai are appropriate expansion coefficients. Hence the mean—square

displacements, <92> , are given by
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2 ..
<> = < a.a.F.E. 2.9
<E “i%ti% >

For nondegenerate and for orthogonalised degenerate normal modes £ of

frequenciés \Z] this expression reduces to
- "2
<> = Eaf {ES

Furthermore the maximum component of the electric field gradient tensor,

g, can similarly be expanded in terms of these coordinates as

.+ ...,.) 2.11

q = (1 +EeE, + i‘:jﬁi.gigj

]
where 9 is the maximum component of the electric field gradient in the
stationary molecule, B: and 6ij are also expansion coefficients. Higher
order terms in these expansions may be neglected for small angles o << 1.

It now follows that the relationship 2.7 becames

_ 3 _ 22
AU IR E CP A C LI RR C AT LI 2.12

where Yo is the quadrupole resonance frequency in the absence of even

zero-point vibration. Since (Bigi) = 0 this equation reduces to

_ 3 & 2 ,2 2
V=t - ey 55>+ E8;KE))
= -3 2 ’
= v (1 -5 s::l A (gi>) 2.13
_ 2 2
where Al =a; -3 611 2.14
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In order to make use of equation 2.13, expressions for the average
value of (g?) must now be derived.

If the mean energy of each normal mode considered is equated with
~ the mean energy of the corresponding Planck's oscillator it can be

shown(7'8) that

2._..n [1,.. 1 :
<E;> = 2 [2 + hv.“"'_':l : 2.15
T V.
1 e -

Hence the resonance frequenéy can be written as

N A.h .
e [1-3 5, 5= Gt
=1 gn%y, o i/KT_,

where vi is the frequency of the i th normal mode of vibration,. and A,
are the constants arising from the series expansions mentioned above.
A? has the dimensions and order of magnitude of the moment of inertia
of the molecular vibration about the axis associated with the motion.
The coefficients A; can always be obtained if a normal mode
anal.ysis of the vibrations are made in each particular situation.

(

Kushida, () and McEnnan and Schempp 6-8) have discussed the estimation
of Ai for particular cases.
Kushida has .estimated o;i for the simple case of bending motion

shown in figure 2.1
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-—--—-E}a
« —

k—

Figure 2.1 The simple case of beﬁding motion.

It follows from equation 2.8 that

- 20
O'.i - Bg, 2.17
1

where 6 is a function of the displacement coordinates; and it can be

shown that

o, = 20 - 5 28 Q) . 2.18
| j %5

X:.fl) can be obtained from the normalization condition of the particular

normal coordinate, when j = 1.
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(1 1
X = e 2.20
1 "~ /m
and hence
) 1.1 _ A
ey = - % _/ﬁ —/f 2.21

where m is the mass of the atom, r is the distance between the centres
of mass of the two bonded atoms, and I is the maoment of inertia of the
bending motion considered. - Hence A, for a simple bending mode of

vibration, is

_ 2 _ 1

i
chordingly, equation 2.16 reduces to Bayer's equation
N
3 . h. 1 1 ,
v = v -2 & —4———" (= + —"—— : 2.23
o [ 2 i=1 44%1, v, (2 vy xr ) )]

i'i e -

'

Similarly it follows from equation 2.11 that‘the Gii coefficients are

given by
s oo 1% 1 o 2% () <) y 24
ii 2qO agi 2qO jk exjaxk 3
If g is approximated to £ , then for j = 1 in the caée of a simple
r3~

stretching motion of a bord, it can be shown that

R
Hl o

2.25
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McEnnan and Schempp have extended Kushida's ideas to a slightly

(6,7) In this case it turns

more complicated case of solid chlorine.
out that again A£1 represents the effective moment of inertia, Ii' for
the_i th mode of vibration, provided it is assumed that only librational
modes are involved in the averaging Qf the electric field gradient
tensor at the quadrupolar nucleus. The mean square amplitude of

yibration, <ez>, in McEnnan and Schempp's analysis again turns out to be

given by
N A. h
2. _ L 1 1
R

i e -1

N h 1 1

RN (z+ B3 e ) 226

i'i e -1 :

and again equation 2.16 follows.

The lattice vibrations can be classified into high- and low-frequency

modes depending on whether their frequencies are higher or lower than

x
jag
|

2.27

where TM is the lowest temperature used in the expériments.(4)
Equation 2.16 shows explicitly that the low-frequency modes of

vibration dominate the temperature dependence of quadrupole resonance
frequency. The temperature variation of.quadrupole resonance frequency

due to the low—frequency modes can be expressed simply by making use of
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the expansion , valid in the range

i

X = 7 1o
(_1_.;.'1 ) =l+_)_<.+o(x3) A2.28
27X X 12

M A, 2 M
v 0[1 ——3—}3'22 Z -12 - 'h2 p Ai+rz(T):| 2.29
8 i=1 vy 327°kT.  i=1
N A.h
where Q(T) = —% = ; (—;— + o L ) 2.30
i=M+1 4q vi e i/kT 1

2(T) represents the contribution of the high—-frequency modes to v.
The sumation is taken over all modes of vibration with frequencies
9
fulfilling the condition hvi\( kT.( )’Ihe high—-frequency terms, a(T), can

be completely neglected, and hence equation 2.29 can be recast ’into the

form

v = a(l +bT+ %9 2.31

equ
where a = v, = 5 2.32
M A, .
b =—3k2 .i 12 2.33

811' 1=1 Ve o

o i

h2 M
and c = -— Z'. Ai ‘ 2.34

321k 1=1
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At room temperature, the rate of change of quadrupole resonance

frequency with temperature under constant volume conditions can there-

fore be approximately expressed as(10)

v 3kvo M Ai :
(’E‘ﬁ; = - 3 Z T3 ) 2.35
A\ 8 1=1 \)i

It follows from equation 2.35 that the temperature coefficient increases
with increasing resonance frequency, Ve However this coefficient also
decreases with increasing ffequency, vir of the librational motion
involved.

Equation 2.35 enables the variation of quadrupole resonance frequency
with temperature under constant volume conditions to be correlated with
vibrational or librational data obtained from Raman or infra-red |
experiments.

Kushida has extended the consideration of the effects of molecular
and lattice vibrations on the resonance frequencies of quadrupolar nuclei
to situations where the electric field gradient is not symmetric.(B)
All oscillations introduce asymmetry into the electric field gradient
tensor although in practice only librations about the principal X and Y
directions affect g. It has been shown that if Oy &y and ez are

angular displacements brought about by libration about the respective

principal axes, X, Y and Z, then average value of q and n is given
by 678)

_ f.3,..2 2., .1 2. _ .2
P = qo[ > (<9X> + <eY>) + 5, (<0Y> <9X>)] 2.36
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% 1 2 2 2 3 2 2
<> = = — - = -
n o 1 > (<ex> + <e¥>) 2 <6Z>- + > (<6_Y> <ex>) 2.37

These equations enable 1.32 to be recast to take account of librational
motions in more general situations.  Furthermore Kushida(3) showed, in
the case of an asymmetric electric field gradient, that equation 2.7
becomes
r n
v = (constant) [1 - (%—70) <02>] <> 2.38
and Ai becomes

5. . ' 2.39

and hence equation 2.13 can be written, in this case, as

= (] =2 2
v 14 (1 3 f—' Ai <§i> ) 2.40
Q 1.2
o _ % o” %
where \)o = R (1 + 3" ) . 2.41

However since‘in the compourds to be considered later in this thesis,
the effects of the astmetry parameter, n, are believed to be very small,
this situation is thefefore not considered here in any detail.

The treatment discussed so far provides an explanation of the,
usually observed, negative temperature coefficients of quadrupole
resonance frequencies in molecular solids in which librational motions

dominate the overall temperature dependence. However this treatment is
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no longer valid when the molecule undergoes a complete rotation, as
happens in the gas phase, where the quadrupole coupling constant, eqQ,
depends on the vibrational state of the molecule. Observed rotational
spectra, for a number of diatomic molecules, an show that the quadru-
pole coupling constant, and hence the resonance frequency, can increase
or decrease with increasing vibrational quantum number, and it follows
that the intramolecular vibrations can give rise to both negative and
positive temperature dependences of quadrupole resonance frequencies.

The Bayer-Kushida theory(z' 3) and its extension(4) only consider
the effects of small librational motions of the molecule in the solid
that occur at freguencies much higher than the quadrupole resonance
frequencies, and so this theory does not provide an adequate explan—
ation of the temperature dependence of quadrupole resonance frequency
when complete reorientations of the molecule occur between the equili-
brium positions in the crystal lattice, or when a complete rotation of
a fragment of the molecule takes place. These motions occur in the
soiid at different frequencies and so different effects can be.
expected. (12) Slow molecular reorientations or rotations, that occur
at frequencies lower than quadrupole resonance frequencies, cause
serious broadening of the observed resonance line to take place.:
However when these molecular motions occur at much higher frequencies
then noticeable changes in the corresponding quadrupole resonarice
frequéncies can be expected. Very detailed descriptions of the effect’,
of such molecular motions are preSent in the paper: published. by

Iotfullin and Semin. (12)
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The development just outlined does not consider the effects of
volume changés on quadrupole resonance frequencies. In measuring
frequencies under constant pressure conditions volume changes must
undoubtedly; take place and so their effects on the resonance frequencies

must now be considered in some detail.
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2.3. THE VOLUME DEPENDENCE OF. QUADRUPOLE RESONANCE FREQUENCIES

The twin dependence of quadrupole resonance frequencies on temper-—
ature and volume leads to the total differential
3 3

v = (22 2. -
=GR, IT f G, AV 2.42

Under constant pressure conditions it therefore follows that

v, - 2v o, @y @AY '
(E-T-P—(aTV-’.(aV)T(é.TP _ 2.43

and hence

vy . (3 2y |
(a—T P (aT V+ o Vo (aV)T 2.44

where o is the volume coefficient of the thermal expansion of the solid

considered, (13)

and VO is its volume at absolqte zero of temperature and
Zero pressure.

The first term on the right hand side of equation 2.44 represents the
Bayer effect which has already been considered in section 2.2. The
last term involves the isothermal volume dependence of the resonance
frequency and it can be estimated if measurements of the pressure
dependence of quadrupole resonance frequencies are made under constant

temperature conditions. This follows from equation 2.42, since under

isothermal conditions
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v = (%%J&Idv 2.45
and therefore

'(—2-%‘T€ &, G, 2.46
Hence

'@%i = -, & 2.47

where x is the isothermal volume campressibility coefficient for the
solid.

It now follows from equations 2.44 and 2.47 that'Y)

]

vy, L (2 a2y

Gt v T p x (3P T 2.48
The Bayer term, éﬁs\f and the isothermal volume dependence of the
resonance frequency, (%%)T, can now easily be obtained via 2.48 and

2.47 from the temperature and pressure measurements of the resonance
frequency, provided the coefficients of the thermal expansion, &, and
the compressibility, x, for the solid are known.

Furthermore since the Bayer effect is determined by the effects of
the temperature variation on the amplitudes, g?, of the normal modés of

(4)

lattice vibration, it can be expressed in the form



& = 2 2 2.49
: 1

Similarly, if the field gradient is axially symmetric at the nucleus,

then the last term in equation 2.44 can be recast into the form

(_?l), = .3_"__113'2 + £ v (ﬁ) 2.50
WV g av i o 3V 'p

i.e. the volume dependence of the resonance frequency is determined by
the volume dependence of both 9, and g?.

In order to obtain some idea about the relative importance of the
explicit temperature dependence of E’(i) compared with the effects of the
volume changes on 9, and g?, it is necessary to consider in more detail
the volume dependence of resonance frequencies under constant temper-—
ature conditions.

This has been done in a classic paper by Kushida, Benedek and
Bloembergen who correlated the volume dependences of the experimental
parameters a, b and ¢ in equation 2.31 with the volume dependences of

(4) These authors derived a relationship between the

A V4 and Ai’
volume, V, of the solid and its volume compressibility, x (T,V), at

temperature T, of the form

v
1.3v __©O 1
Vv w3 Ty oo V_
[ - 2]
(o]

X (T, V) 2.51

where o0 is the initial compressibility at absolute zero temperature
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and zero pressure,‘%}-'is the volume of the solid under study at any
temperature, T, and ;ressure, P, relative to its volume at absolute
zero temperature and zero pressure, -and ¢ is a constant whose value
depends on the nature of the solid.

If 2.51 is integrated at constant temperature, ard use is made of
relationships connecting volume, V, pressure, P, and volume coeffici-

ents of thermal expansion,.&, and compressibility, x, then the equation

of state

x. P = —zn’%— + aT 2.52

can be derived for the solid in question.

Bquation 2.52 then enables the isothermal pressure dependence of
resonance frequencies to be recast in terms of the isothermal volume
dependence of these frequencies and thence the experimental parameters
a, b and c can be used to test thé theoretical treatment developed by
Kushida, Benedek and Bloembergen. A detailed description of the way
in which this can be done is discussed in Appendix 2A.1.

It should be noted that Kushida, Benedek and Bloembergen's
paper(4) focuses attention only on the volume dependences of the para-
meters a, b and c. It, obviously, is defective since it neglects the
effects of'temperature chénges on these parameters which are shown to
vary significantly with temperature.(14’15) .

Brown(16) has introduced modifications into the Kushida, Benedek
and Bloembergen treatment-by making allowance for the fact that the

molecular libration frequencies, v, vary with temperature. He
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assumed that change in volume has only negligibly small effect on oA

and Ai and that 2 varies with temperature according to

= .0 -
Vi o= oV (1 git) 2.53

where vs is the frequency of the i th normal mode of the librational
'motion of the molecule, v? is the.frequency at t=0, g; are constants,
and t is the temperature measured from any fixed temperature. Thence,
as explained in Appendix 2A.2 he derived relationships that connect the
first and second temperature derivatives of guadrupole resonance

frequency with Ai’ vy and 9;7 where Ai is given by expression 2.14.

v? and 9; have been deduced from Raman(17) and X—ray(14) sources for
a number of campounds, for example, the &-phase of p~dichlorobenzene(16)

(14)

and (CH and in each case incorporation of Brown modification

26Ny
appears to improve the agreement between experimental N.Q.R. measure-

ments and their theoretical interpretations.
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APPENDIX — 2A

2A.1  ISOTHERMAL VOLUME DEPENDENCE OF QUADRUPOLE RESONANCE

FREQUENCIES

The theory developed by Kushida, Benedek and Bloembergen concerning
the effects of volume changes on quadrupole resonance frequencies has
already been discussed briefly in section 2.3 and it will now be con-
sidered in more detail.

In this theory it has béen pointed out that the parameters a, b
and ¢ in equation 2.31 are volume dependent as a result of the volume
dependence of 9or V4 and Ai-' Kushida, Benedek and Bloembergen assumed

that these volume dependences have the forms (4)

) 22-1.1

<
il

where qoo’vi

o and Aio are respectively the values of qr vi_and Ai

at absolute zero temperature and zero pressure, and TIY_ is the volume of
o

the solid under study at any temperature and pressure relative to its

volume at absolute zero temperature and zero pressure.

It now follows from equations 2.32-2.34 that the volume dependence

of a, b and ¢ are related to the parameters, n‘-, y and ¢ by
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dssa _

dinv M

d znlbl

S bagl K - 28-1.2
dwmvV v o ' _ o
d anfe]| _

d vV ¢

i.e. if the isothermal volume dependence of quadrupole resonance frequen—
cies is measured at, at least, three distinct temperatures then in
principle the parameters n, y and ¢ can be obtained and thence complete
analysis and interpretation can be made for the quadrupole resonance
data. In practice however this information can be more easily obtained
by measuring the pressure dependence of the resonance frequency under
constant temperature conditions and then converting these data into the
form of isothermal volume dependence of the resonance frequency by making
use of a suitably equation of state for the solid.

In this context Kushida, Benedek and Bloembergen used the following

relationship between the compressibility and the volume of the solid

w _ Yo 1
9P vV “oo V-V
1-¢ (—-——(2
\Y
(]

where, as before, Xx(T,V) is the volume coampressibility of the solid at

2A-1.3

temperature T, X 50 is the initial compressibility at absolute zero
temperature and zero pressure, and ¢ is a constant. HEquation 2A-1.3

can be recast at constant temperature to give
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. = - | Qv -
Xep fdP = jyv 2A-1.4
VT

0

where VT is the volume of the solid at temperature T and zero pressure,
and V is the volume of the solid at temperature T and pressure P.

Therefore equation 2A-1.4 gives

X P = - an— - 2a-1.5

But Vi, is related to the volume coefficient of the thermal expansion,

a’(g) by
T .
Ve = V_ exp. [ « (T) dT 2A-1.6
0
and V is given by
Vo= Vjexp. (- XP) 228-1.7

Hence equation 2A-1.5 becomes the equation of state
X P = -Qn-y- + of 2h-1.8

This equation of state enables experimentally obtained data of the iso-
thermal v vs. P to be transformed in terms of v vs. V at constant

temperature,(9’14’18'19)

and these results enable the magnitudes and
the volume dependences of a, b and ¢, in equation 2.31, to be obtained

and hence the parameters n, y and ¢ can be calculated.
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A knowledge of the volume dependence of a, b and ¢ now enables
estimates to be made of the changes that occur in 9, and in the amplitudeA
of the lattice vibrations, <e'?>, when the volume of the solid changes,
and also enables information to be obtained about the relative importance
of these two contributions to the volume dependence of quadrupole
resonance frequencies.

‘This can be clearly shown in the following equation which is derived

from equation 2.31

3 env _ dna db dc 1 c
3 envV _ dnV +[dsmVT * Tanv ¥ T}/(1+bT+T)

d &n qb 3 2n v 3 an<eo'’>
= + 2A-1.9
dnvV 3 2n<e'?> 3 enV
. 2 .
where <'’> = <= A E? > 22-1.10
i

The relative importance of the Bayer effect, (%%ﬂ , and of the effects
V

(%%) , can be observed directly if a comparison
T

is made between the curves of v vs. T at constant atmospheric pressure,

of the volume expansion,

obtained experimentally, and v vs. T under constant volume, %L =1,
o

conditions deduced by following the procedures outlined above.
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2A.2 TEMPERATURE DEPENDENCE OF QUADRUPOLE RESONANCE FREQUENCIES UNDER

CONSTANT PRESSURE CONDITIONS

In molecular crystals, the frequencies, vy of the librational
motions depend on the intermolecular force constants whereas Vo and Ai
depend mainly on intramolecular properties and force constants.(14)
Furthermore the parameters a and b in equation 2.31 have been shown to

éary significantly with temperature(14'15)

although this variation has

been neglected in the Kushida, Benedek and Bloembergen treatment.
Brown(16) modified thejKushida, Benedek and Bloembergen theory

assuming that the volume dependences of Yo and Ai are negligibly small

and that vy is a function of temperature according to

v, = v‘i’ (1 - g;t) - 2n-2.1
where \Z] is the frequency of the i th normal mode of the librational
motion, v? is the frequency at t = 0, gi are constants and t is the
temperature measured from any fixed temperature, T', i.e. T =t + T'.

It is assumed that equation 2A-2.1 is valid for all molecular crystals.
It now follows from eguations 2A-2.1, 2.31 and 2.33 that the parameter b
is temperature dependent and the quadrupole resonance frequencies, v,
vary nonlinearly with temperature under constant pressure conditions.
The temperature dependence of the resonance frequency can be expressed

in terms of vy as

dv 3v M 3v dvi
- aT = (ET' + ;E% (SGTQ Gair 2Af2.2
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It now follows from equations 2.31, 2.33, 2A-2.1 and 2A-2.2 that the
first and second temperature derivatives of the resonance frequencies,

v, can be expressed, at any temperature T = T' as

1 dv, _ -
T (aTI'-)O = (1 + 2<g>T) bo 28-2.3
fo)

1 a8 2

— &) = (4<g> + 6<g“>T)b 2A-2.4
vo a o o

where b0 is the value of b at t = 0 and the weighted averages <g> and

M=

(=
Il
-

<92> are defined by
Ai- M Ai
— X g. T = 2A-2.5
o? l] ‘[i=1 02]
i :

<g> = [.
v

M B 5 M A,
s — x gI ]/[s: L] 2A-2.6
. i . 2
i=1 o
i

<g2>

]
B
[
n
=0
N

Assuming that <g> = g and <g2> = gz, equations 22-2.3 and 2A-2.4 can
easily be solved to obtain the parameters g and bb if experimental
values of both derivatives are available.

The value of po obtained in this way for the &—phase of p~dichloro-

(16) shows a close agreement Qith the value calculated by Wang(zo)

(17)

benzene
using data obtained from Raman spectra and even closer to the value
obtained by Kushida, Benedek and Bloembergen.(4) Furthermore' the

temperature and pressure dependence of the resonance frequency. of
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14N in (CHZ)6N4(14) has been analyzed using both the Brown(m) and
i(ushida, Benedek and Bloembergen(4) methods. Both results turned out
to give an excellent fit to the experimentally obtained temperature
dependence of the resonance frequency under constant atmospheric
pressure, however the fit of simple Bayer theory to the temperature
dependence is poor. These imply tﬁat Brown's method improves the
consistency of the experimental data with theoretical treatments used

to interpret them.
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CHAPTER 3

ZEEMAN SPLITTING OF QUADRUPOLE RESONANCE SPECTRA

FOR SPIN 3 NUCLET

2

3.1 INTRODUCTION

Zeeman nuclear quadrupole resonance has turned out to be a useful
method for measuring the nuclear electric quadrupole parameters for
1 =-% nuclei. In this context, the nuclear Zeeman interaction observed
on application of a magnetic field, removes the degeneracy of the levels
and permits the observation of four transitions whose frequencies are
centered about the original pure quadrupole single line.  These
frequencies enable the asymmetry parameter of the field gradient, n,
and the quadrupole coupling constant, eqQ, to be obtained.

Zeeman splitting of quadrupole resonance spectra can be studied

(1-4) (5-9) specimens.

using both single crystal and polycrystalline
In the case of single crystals, the freguency separations and
intensities of the four Zeeman components depend on the value of n and
on the orientation of the applied magnetic field, Hb, relative to the
directions of the principal axes of fhe field gradient at the nucleus.
Two single-crystal methods have been developed; they are known as the
(10,11)

"zero~splitting locus" and the "frequencyhfield"(4) methods.

Morino and Tbyama(s) developed the Zeeman nuclear quadrupole
resonance line shape theory for polycrystalline specimens.

These methods will now be considered in their turn in this chapter.
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3.2 ZEEMAN EFFECTS ON QUADRUPOLE RESONANCE SPECTRA FOR I = NUCLEL

N

If the case of an axially symmetric electric field gradient tensor
is considered and a static magnetic field, H,» is applied at an angle o
with respect to the symmetry axis, then the net Hamiltonian can be

written as

H=18,+4, 3.1

where %Q is given by expression 1.25 and ”Z given by“z)

= =Y 3 s s .
%Z h HO(IZcQse + Ixsm@ cose + IySan Sing) 3.2

where ¢ is the azimuthal angle made by Ho for a particular choice of
X and Y axes of the principal system of the electric field gradient
tensor. If the magnetic field, HO, is weak,, i.e. thO«qu, its effect
can be regarded as a perturbation on the quadrupolar interaction.

The presence of the Ix and Iy terms in equation 3.2 introduce scme

mixing between the adjacent basis states, am. = * 1, but this mixing can

I

be neglected for m_ = # %, and so to first order only the component of

I
the magnetic field in the z-axis direction contributes in the pertur-

bation of these basis states and the resulting Zeeman pattern depends

only on 6. The Zeeman field removes the degeneracy of the v 3 states
+=
producing two energy levels, 2
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- 2 _ T
E, = A[3mI - I(I+1)] *+ mh v H cose 3.3
"2
= 890 |
where A AT O1=1) 3.4

However the Zeeman field causes a zero-order mixing of the states ¢ 1

+ -
and v , to form new eigenstates w+ and y_ which are obtained by 2
degene%ate perturbation theory to be
b, = ¢+l.31na + ?_l.COSa
2
3.5
V. = ¢ . sino - ¢ , cosa
2 2
%
_ ff+11-
where - tana = [f—:—f] 3.6
and £ = [1 + (I +D tanz] 3.7
These new eigenstates have energies given by
E = al2-1@)| F1ehvH cose 3.8
+ 4 2 o ‘

The resultant energy level diagram is shown in figure 3.1.

The applied radio frequency field induces fm, = *+ 1 transitions between

the new states ¢+ ard the m, = + %—states giving two pairs of lines,

shown in figure 3.1, whose frequencies are



- 45 -

Ran N N v 3
, -
I‘ 2
’I
"’i% T \\\
\\ \')
3
v = eqQ 8 ' BI 2
2h A
]
T -
”
’
Ipil S T g
2 “~
v,
Ho =0 #0
)
]
]
'
]
: B
]
)
!
]
]
]
1
]
v
g Yo Yo B!

Figure 3.1 A.

B.

Zeeman splitting of quadrupolar energy levels for

3
I = E-when n=0.

Observed N.Q.R. spectrum for I = %-and 0= 0 in

the presence of a weak static magnetic field, Ho‘
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- & _ 3£
Ya 2h am Y Ho cose
= 890 _ 3+ L
Vg 2h o Y H,cose
3.9
_ 3-f
v T 3R + T Y,HO CcOoSs0

\)B' = R + T Y'HO CcOos6

These lines are symmetric about the original unperturbed resonance
frequency, Vor and the components‘bf each pair have equal intensities.
However the intensity ratio of the outer, 8, pair to the inner, &, pair
of these lines fourd to be (£-1)/(f+1) confirming that the M pair is
always stronger; and that the intensities are orientation dependent.

It follows from equétions 3.9 that the separations of these lines also
vary with the orien£ation of the field and so the direction of the
symmetr? axis of the electric field gradiént tensor can be identified
from separation measurements of these lines.

1

(2/3/(T+D)] i.e. o = 54" 44" for T =3,

3.3’and 3.8 show that the energy separations between the states ¢ ;
+_—
' 2.
and ¢ 3 and between by and y_ are equal, and the splitting between the
-3 _
two components in each pair obtained from 3.9, are then

When 0 = tan then equations

av + = 0
aa

3.10

Av

ss' = T H, coso
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Hence the locus of zero splitting of the &,&' Zeeman camponents is
defined by Ho 1lying in a right circular cone with semivertical angle %
and having an axis which coincides with the symmetry axis of the electric
field gradient tensor. It therefore follows that the orientation of
the symmetry axis of the field gradient can easily be obtained since the
lines o and M overlap to form a single strong line at the original pure
quadrupole resonance frequency.

It should be noted that a transition, denoted T in figure 3.1,
between the states ¥ + and y_. is also allowed to occur at a freguency

given by ©)

_ Ey
Vo= 5o Ho CcOoso 3.11

but this is too low to be observed in pure quadrupole resonance experi-—

ments.

If the Zeeman interaction is considered in the case of an asymmetric
electric field gradient, it can be shown that once again the magnetic

field removes the degeneracy of the * my levels and the energies are
(12)

given by
\
Y/
E, = E + 11jﬂ—° azcosze + (b2+c‘2+2b C_cos2 )sinze ’ 3.12
Tt m) ~ " 2 m mom cmomc? e
where E are the energy values in the absence of any magnetic field

m(0)
and are given by equations 1.29 and 1.30. Dean(ﬂ) found that the

coefficients in this equation for I = -g— are given by



2
a = =1 -= a = -1 +=
3 P 1
¥ 12 P
b, = 1—% b, = 1+% 3.13
if i"z'
2
n n %
c = — =~ C = (1 + =
+3 P +1 P ( 3 )
2 2
It now follows from equation 3.12 that again two pairs of Zeeman
components can be observed at frequencies given by
YH
= i —
v=v, m Fm) = ([m]  [m)]) 3.14

where Vo (m1 pa mz) is the original pure quadrupole resonance frequency
given by equation 1.32, and

[m] = + [a;cos2

2 2 . 2 %
Q + (bm + cm + mecmc052¢)31n 8] 3.15
and each pair is symmetric about Ve
The inner, a , bair are again strong and the outer, B, pair are weak, and
all lines in the spectrum depend on the value of y.
‘The locus of zero-splitting of the a pair occurs when [rn1] = {m2]

in equation 3.14 and can be expressed as(ﬂ)

2

sinze = e
o 3—qcoscho
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The locus of zero-splitting, is therefore, defined by an elliptic cone
around the Z-axis. If eo is known in two perpendicular planes,

eo(¢ = 0°) and eo(¢ = 900), the asymmetry parameter, n, of the electric
' (1) |

field gradient tensor can be obtained from the expression

. 2 o . 2 o
_ 3[sin eO(O ) — sin 60(90 )]

n =

[sinzeo(oo) + sin200(90°)] 3.17

Although this, zero-splitting locus method of determining n can be
used with any magnitude of the static magnetic field, the more accurate
values of n can be obtained by making use of the frequency-field
nethod.(4) In this method the static magnetic field, Hb, is applied
perpendicular to the Z-axis, the axis of the maximum component of the
field gradient in its principal axis coordinate system, and the frequency
separation between the « and g components is measufed, n can then be

calculated using the expression

o YH n n
v, T~ vB = =5 [ 1+ g-(COSZw - n{] 3.18
Thus in order to obtain n, using this method, a preliminary investig-
ation is needed to determine the principal axis direction of the
electric field gradient tensor.

It should be noted that the main source of error in single crystal
Zeeman nuclear quadrupole resonance measurements offen comes from the
misaligmment of the crystal with respect to the direction of the applied
magnetic field. Furthermore a single crystal of about one cubic centi-

metre in size is needed which cannot be obtained for a very wide range
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of compounds. Such restrictions can be overcome if a polycrystalline

specimen is used in the Zeeman studies.

Morino and Tbyama(s) developed an alternative technique that
enables the asymmetry parameter, n, to be obtained in polycrystalline
materials. ‘Their method has been employed by several workers(6—8) to
measure the quadrupole parameters in powdered materials. The character-
istic orientational dependence of the transition frequencies and
probabilities of the four Zeeman components observed in single

(3,13,14) confirm that the spectrum obtained from a poly-

crystals
crystalline sample consists of a superposition of the spectra associated
with each orientation, weighted in proportion to the probability of
finding thé crystallite at that particular orientation. Morino and

() predicted the line shape of the spectrum and its derivative

Toyama
in a polycrystalline sample in the situation that the weak static
magnetic field, Hb, is applied parallel to the radio frequency field,
Hr, used to induce the transitions, and they found that the resulting
resonance shape is sensitive to the value of n. It has been shown that
the resonance shapes and their positions are insensitive to n when Hb

(15) and so n is best

and Hi are applied perpendicular to each other,
obtained under the former conditions.

In calculating the envelope shape of the spectrum for spin %-nuclei
in polycrystalline samples, first order perturbation theory is employed
and it is assumed that;(5) (i) the sample consists of a large number
of single,crYStals oriented at random and (ii), that the absorption
signal is very sharp in the absence of thé field. Furthermore (iii)

the applied magnetic field is assumed to be homogeneous over the entire

sample.
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In the parallel fields, when n = 0, the splitting frequency,

v+(9,q)), and the intensity, P, (0,9) of each Zeeman component can be

expressed as (13)

1 2 .5 -
Iv, (6s0) |= 5 v [[4-3cos“e]™ + 3|cose| | 3.19
P. (0,9) =2 sin%e |1 + —199S@ 3.20
+ 8 2 .5
(4-3cos™e)

where 6 and ¢ are the polar ‘coordinates of the external field with respect
to the~ principal axes of the field gradient at each nucleus. v i(e,q>)

~is the difference between the pure resonance frequency, Vor and the
transition frequency in the weak static field, and the intensities,
Pi_(O,cp) , are measured in an arbitrary scale. The + and -~ signs in the
suffixes of v and P indicate the inner, o, and the outer, 8, pairs of

the Zeeman camponents respectively, and v, is the Larmor frequency for

the nuclei in the applied field and is given by

YHO

5 3.21

\)L'-:

The shape function, I(v), of the absorption line broadened by the static

field can be expressed as

vidv
I(v)dv = ZNF[f P(0,9)sinededy 3.22
' v

where N is the normalization constant.
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It now follows from equations 3.19, 3.20 and 3.22 that

Iv) = gy (4 - £2)  for |£] g y 3.23
L
and
I(v) = o [(4-{2) + |£] 3 (a-£2) }%] for 1<|£]< 2 3.24
L
where
Vi
f = =
L

The envelope shape predicted by equations 3.23 and 3.24 shows only two
kinks at v = # v, which is shown in figure 3.2a below.

In the case of n # 0 the resonance shape function is given by

5
_ N le] T 2]e
v = I [1+|e|]"F[2' T+c ] | 3.25
where
|v|—v
. o= lE[-1 _ L | 3.26
n vy, :
and
14
Flo,k) = J dx 3.27

L
o (1—kzsin2x) 2
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Figure 3.2 Envelope shape of Zeeman N.Q.R. spectrum for
‘a poly crystalline sample.
(a) when n =0, (b) for small Ut and (c) the

first derivative of (b)
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The shape function expected through these equations and its derivative
are shown in figure 3.2 . 'Two pairs of sharp maxima at # (T-q)vL and

at * (1+q)vL and one pair of sharp minima at * v. are produced in the

L
- envelope shape of the absorption line, and so n can be estimated if the
frequencies of these singularities are measured. If the original,

zero-field, linewidth, Av, is negligible, the asymmetry parameter can

be estimated from

_ S
LR 3.28

where § is the linewidth parameter which corresponds to the peak to peak
separation of the derivative spectrum in the * v regions. However in

practice n is measured fram the plot of i%-versus ﬁ;- and extrapolating
L (o]

to infinite field strength, where the effect of the intrinsic linewidth

(5)

would be negligibile. It is necessary to apply a magnetic field

strong enough to overcome the influence of the original linewidth, and
it can be shown that the field required to make the splitting due to y

greater than Av, is given by

HO?J T]—r'Y—r 3.29

where the peak intensity of the line shape decreases to Imin which is

given by
] .
I.\<4I 3.30

where I, is the intensity of the unperturbed signal.
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The very marked broadening of the envelope by the applied magnetic field
restricts this method to compounds that exhibit very sharp signals in
the absence of the field. Furthermore, this technique is valid only
for 5 < 0.2. These shortcomings of Morino and Toyama's method can
obviously be overcame if the complete line shape function, given by
equations 3.23-3.25, is calculated by adjusting its parameters until an
exact match with the observed spectrum envelope is obtained. Darville
et al have devised computer prograrhs that enable Zeeman-broadened poly-

CIYStalline spectra (16,17)

to be calculated from which an accurate value
of 1 and then eqQ can be obtained. |

If the asymmetry parameter is too small, e.g. n < 0.1, to be
measured by any of these methods, then to a good approximation n can be
neglected in equation 1.32 and then the quadrupole coupling constant can
essentially be obtained directly from the pure quadrupole resonance

spectrum.
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- CHAPTER 4

EXPERIMENTAL DETECTION OF NUCLEAR QUADRUPOLE

RESONANCE ABSORPTION

4.1 INTRODUCTION

Nuclear magnetic resonance spectra are usually obtained by sweeping
a magnetic field and using én applied, fixed, radio frequency. However
the gquadrupole resonance frequency is determined by the electric field
gradient within the molecule and the crystal, and so a variable
frequency technique is necessary to detect quadrupole resonance signals.
Furthermore, pure quadrupole resonance transitions must be induced and
detected in the same coil, i.e. a crossed-coil mechanism cannot be used
in detecting quadrupole resonance transitions in zero magnetic field
since the degeneracy of quadrupolar energy levels, * myy cancels the
nuclear induction in a direction perpendicular to the transmitting coil.

Quadrupole resonance frequencies of nuclei, in general, range from
a few hundred K.Hz.- to about 1000 M.Hz..- In fact no quadrupole resonance
spectrometer is yet abie to cover this range of frequency and so the
design of the spectrometer depends on tﬁe frequency range of interest.
Marginal oscillators are known to reproduce good lineshapes, and this
type of instrument is sometimes used to detect resonance frequencies
below 10 M.Hz.- However at all frequencies up to about 700 M.Hz.
super~regenerative oscillators are more sensitive andvare'widely used.

Pulse techniques have also been adapted in detecting quadrupole -
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resonance signals, and a great deal of information is obtained from
them about relaxation phenomena and molecular motions in solids.

Several double resonance, particularly double resonance with level
crossing, techniques have been developed recently to detect quadrupole
.resonance signals in the low frequency region.

The Decca Radar, super-regenerative type of quadrupole resonance
spectrometer has been used in this work, and is briefly described in the

following section.
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4.2 THE SUPER-REGENERATIVE OSCILLATOR

The super-regenerative type of N.Q.R. spectrometer consists,
essentially, of an ordinaryv radio~frequency oscillator which is quenched
periodically by an internal or external quenching mechanism, at a rate
that corresponds to a small fraction of the R.F. frequency. (1,2)

If an appropriate quenching rate is applied so that the successive
oscillations are allowed to build up to their limiting amplitude, the
oscillator is then working in the so-called logarithmic mode, in which
‘the coherence of oscillatior:l can be varied by changing the quench
frequency.

The successive pulses build up either from the thermal noise or
from the tail of the preceding pulse(1—4) and it is the relative ampli-
tudes of these two sources that determine the degree of the phase
coherence between R.F. pulses; (4) Fully coherent or incoherent modes
of oscillation are obtained when the next pulse is initiatgd by the tail
of the preceding pulse or by thermal noise, respectively.

The oscillation, in the fully coherent mode transmits a pdwer
spectrum that consists of a set of sharp peaks at frequencies given by
£ ° tn fq where fO represents the furdamental, unquenched, frequency of
the oscillator having the maximum intensity, n is an integer, and fq
is the quench frequency. However each line broadens as the coherence
is reduced and eventually, in the fully incohérent state, a broad line
centred on the fundamental frequency is observed in the power spectrum.
Thus in the super-regenerative oscillator different types of the radio-

frequency power speétrum are obtained depending on the degree of

coherence of the oscillations. Furthermore, the gain of the circuit
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and its efficiency in exciting the quadrupole resonance signals depend
on the degree of coherence. 'The gain increases with increasing inco—-
herence of the system,(4’5) while the efficiency, as an exciter, is
usually higher in the coherent mode. The maximum efficiency is obtained
when the line width in the power spectrum is comparable with that of the
(6)

quadrupole resonance line.

In the coherent mode, the presence of the quadrupole resonance
signal slightly increases the amplitude of the exponential rise of the
following pulse and this therefore is initiated slightly earlier than
it otherwise would be. This increases the overall area of the R.F.
envelope and hence changes tﬁe average anode current of the oscillator
valve, i.e. the quadrupole resonance signal introduces an additional
voltage across the anode impedence. The R.F. envelope during 6ne

quench cycle is shown in the following figure.(4)

4 toff >

k ton I

2 .
e
V1l _z \\
-
\\\ / »
h P,

Figure 4.1 The R.F. envelope of a super-regenerative oscillator.

tON and toff are the time periods in which the R.F. pulses

are ON and OFF respectively.
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In the operating range of the super-regenerative oscillator the output

voltage, V out’ of the system is approximately described by(1’4'7)
V2
Vour = g 1M ¥ 4.1

1

where Vé is the R.F. voltage in the pulse tail in the presence of the

resonance signal and VH is the voltage without the signal.

Equation 4.1 shows an inverse relationship between V ut and Vﬁ and so

the super regenerative oscillator can serve as a sensitive detector of

quadrupole resonance signals if VH is made as small as possible.

The second action of the super-regenerative oscillator is as an
exciter of quadrupole resonance transitions. The efficiency of the
instrument for this purpose depends on the gain, zbu , of the system,
where Vé is the amplitude of that component of the nuclear magnetization

which is in phase with the pulse tail. This is given by(4)

2C

,z:ut ~ K E_E ( 2 off ) 4.2

where k is a constant that represents the efficiency of the detector, G1
is the effective negative conductance in parallel with the tank circuit
during the t perlod, C is the total tank circuit capacitance and G
is the effective conductance in parallel with the tank circuit during

the t period. It follows from equation 4.2 that tﬁe gain of the

off
circuit depends strongly on Ct and hence on the operating frequency, i.e.
the efficiency of the system in exciting resonance transitions varies

with frequency. Thus, in order to scan over a wide range of frequency,



- 61 -

when searching for resonance signals in a new compound, incorporation of
same sort of automatic gain control is necessary to maintain the stability
of the gain of the system. This can be done via the exponential term

in equation 4.2 since it has the most effect on the gain. Provided

toff < -}:r , both GO and tOff can be varied without affecting fq and can
therefore serve as an automatic gain control which is unaffected by the
process of the sideband suppression.

The sidebands in the power spectrum mentioned earlier, sometimes
confuse the assignment of the correct quadrupole resonance frequency
since any of the strong sidebands can also induce a rescnance transition.
The accurate identification of the quadrupole resonance frequencies can
be made when the sidebands are all suppressed. 'This can be done simply
by varying the quench frequency at a rate which is faster than the
recording time constant but slower than the quench frequency itself.

This has the effect of shifting the frequencies of the sidebands in and

out from the carrier frequency and they are no longer detectable. (1,4)

The information outlined above represents the basis of the Decca
Radar N.Q.R. spectrameter, used in this work, in a summarized form.
Automatic gain control, sideband suppression and automatic frequency
calibration facilities are all incorporated in this spectrometer. ‘The
frequency sweep 1s carried out via a variable capacitor in the tank
circuit, by means of a motor drive. A block diagram of the Decca
spectrometer is shown in figure 4.2. (2)

Both frequency modulation and Zeeman modulation techniques can be

used in the Decca Radar spectrometer in detecting quadrupole resonance

signals. The latter technique is more often used since only quadrupole
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Figure 4.2 Block diagram for Decca Radar N.Q.R. Spectrometer.
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resonance signals are then detectable whereas in the frequency modulation
method, signals other than resonance absorptions, e.g. radio transmitters

or plezoelectric responses, may also be detected.

In addition to quadrupole frequencies, more detailed information
about nuclear relaxation processes and molecular motions in solids can
be obtained by using pulsed techniques to detect quadrupole resonance
ﬁransitions. These methods enable the relaxation times of the nuclear
spin system to be obtained more accurately.

In pulsed spectrometers, the nuclear spin system in the sample under
investigation is subjected to some kind of sequence of pulses of radio-
frequency power, and then the decay of the nuclear magnetization in the
time between sequences is examined.

In this context, the effective nuclear magnetization vector, M, is
considered initially to be along the direction of the maximum component
of the electric field gradient tensor, i.e. along the Z-principal axis
of the field gradient, since the quadrupolar nuclei precess only about
this direction in‘zero magnetic field. ‘This situation is similar to
the nuclear magnetic polarization encountered in N.M.R. when a magnetic
field, Hb, is applied along the Z-axis. An intense pulse of radio-
frequency power is now applied to the sample coil to generate a magnetic
field, H1, rotatiné in the XY plane, in the same sense as, ard in
resonance with the precession of the nuclear moments. Under these
conditions, the nuclear magnetization vector now also precesses about
the direction of H1 at a frequency given by yH1/2n, where y is the

(8)

nuclear magnetogyric ratio. If a frame of reference, x'y'z', is

now imagined to rotate in the XY plane in the same direction and
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frequency as H1 then the nuclear magnetization now appears to rotate
about the direction of H1. The angle of rotation, e, of the macro-
scopic nuclear magnetization vector, M, with respect to the Z'-axis is
controlled by the length of the time for which H1 is applied. The
~spectrometer arrangement is such that it detects the magnetization in

the x'y' plane. This arrangement is shown schematically in the

following figure.

Figure 4.3 The precession of M about H1 in a rotating frame of

(IR |
reference, X y z -

The intensity of the observed signal is therefore propbrtional to sine.
Thus the maximum intensity is obtained if a 90° pulse is applied.
However, When‘the'pulse is turned off, the spin-spin-relaxation processes

and the inhomogeneities in the electric field gradient at the quadrupolar
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nuclei cause the nuclear moments to fan out in the x'y' plane at
different frequencies introducing a rapid reduction of the signal
intensity and eventually it decays exponentially to zero with time
constant T*, the spin—-spin relaxation time. This process is known as
the free induction decay.

Another important relaxation process exists in this context; that -
is the spin-lattice relaxation, in which the energy gained by the
nuclear spin system, from the radié frequency pulses, is dissipated to
the lattice or surrounding medium as thermal energy. This case can be
studied if the sample under investigation is subjected to a 180° pulse
followed by a 90° pulse after a period t so that the observed signal
decays with time constant T1, the spin-lattice relaxation time. It

should be noticed that, T, represents the time constant of the restor-

1

ation of M1, the magnetization component along the z' axis, to its
*

equilibrium value, M, while Té governs the relaxation process in the

x'y' plane. Furthermore, T, is extremely important since the spin-

1
lattice relaxation process tends to restore the Boltzmann distribution
of the nuclei among the spin states after an intense radio—frequency
pulse, at the quadrupole resonance frequency, has been applied, which
tends to equalize the population between these states.

Pulse techniques have been found to be more sensitive in detecting
quadrupble resonance signals since accumulation of pulse responses leads

(9,10)

to a better signal to noise ratio in comparison with the super-

regenerative method.

These techniques have recently been modified to produce highly

sensitive methods for detecting quadrupole resonance transitions, the
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so—called "double resonance with level crossing” techniques developed
by Hahn and co~workers.(11)
In order to apply these methods for a set of quadrupolar nuclei, Q,
the sample under investigation must contain, also, the so—cailed
indicator set of nuclei, P. For example P could be any species such
as 1H, that give strong and easily detectable nuclear magnetic resonance
signals, usually observed in the form of a free induction decay after
conveﬁtional 90° pulses have been épplied.(12—14) Furthermore, both
sets of nuclei P and Q must ‘have a low-field spin-lattice relaxation
time, T1, of the order of a few secords at least. The optimum relax-
ation time can usually be obtained at an appropriately low temperature.(13)
The level crossing, in this context, can simply be explained in
terms of the energy differences between the‘adjacent spin states in both
P and Q nuclei. The energy splitting between the two spin states of a
proton, AEP, is directly proportional to the strength of the applied
magnetic field, Hb, while in the case of the quadrupolar nucleus, Q,
the energy differences, AEQi, between any two adjacent spin states are
mainly determined by the quadrupolar interactions of these nuclei.(12)
Thus AEP can be made to coincide, in turn, with each value of AEQi at
appropriate values of the field, Hb, ard hence "level crossings" will
occur. The resultant energy changes between the two systems equalizes
the spin temperatures, rapidly, for the two pairs‘of the spin energy
levels involved. The level crossing is shown schemqpically in the

figure below. (14)
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Figure 4.4 The level crossing representation between the spin states in

Q and P systems.

In the experimental layout, the apparatus is arranged such that,
in one area a homogeneous magnetic field, Ho,is applied horizontally to
the sample when it is in the tank coil of a pulsed proton spectrometer,
at constant temperature. ‘This device enables the proton magnetization
to be measured from the free induction decay signals obtained after 90°
pulses have been applied. (12,13) A compressed air piston then enables'
the sample to be transferred rapidly to a second region of the apparatué
containing another radio-frequency transmitting coil in zero magnetic

field. This allows the sample to be irradiated at a fixed frequency,
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vir which can then easily be sWept by a fixed amount between the

successive cycles repeated during the experiment.

The search for pure quadrupole resonance signals is performed by
a series of cycles each of which can be described as follows.

The sample is subjected to a hamogeneous magnetic field, Hor until the
protons come into equilibrium with the field. This polarizes the P set
of nuclei, along the direction of Ho’ more than it does the Q set since
the latter have a smaller magnetogyric ratio. The first cycle of the
experiment now starts by moving the sample to the second, Q, coil in a
very short time, during which an adiabatic demagnetization occurs in

the protons, reducing the energy splitting between the two spin states
in the protons without affecting their popuiations. The energy levels
of the quadrupolar nucleus, in the Q set, change also, returniﬁg to the
characteristic quadrupolar spin states in zero magnetic field. A level
crossing occurs between the two systems, P and Q, during the demagnetiz-
atién of the protons and then the two systems became thermally isolated
from each other. The sample is irradiated for a short time in the Q
coil at a fixed frequency, Vi chosen to be in the expected region of

- frequencies for the quadrupolar nuclei in the Q system.

Then, the sample is again subjected to Ho in the first, P, coil
and é 90° radio-frequency pulse is applied. A free induction decay
signal is then recorded in order to measure the remaining polarization
in the protons. An additional level crossing occursl during this step.
Thus if any energy has been absorbed by Q from the irradiation process,
some of this energy will be transferred to the P system, reducing its

remaining magnetization.
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The cycle is repeated several times sweeping vy by a fixed amount
between the successive cycles until the expected range, of quadrupole
resonance frequencies, is scanned and the remaining polarizations of
the P system are measured at the end of each cycle as described above.
The considerable reductions, observed in the remaining magnetizations
of the P system, as vy approaches the pure quadrupole resonance
frequencies of the nuclei in Q, giye rise to the required quadrupole
resonance spectrum.,

Double resonance techniques are highly sensitive and so they are
particularly ﬁseful in detecting quadrupole resonance absorptions for

17 (12-15)

nuclei that have very low natural abundénces, such as 'O and 2D,

where these signals are undetectable by means of super-regenerative or
other spectrometers. Double irradiation techniques have also been used

very successfully in studies of 14N quadrupole resonance frequencies in

(16,17) 1

a number of campounds using H as an indicator, P, system.

~In principle, the indicator nucleus, could also be a quadrupolar

- nucleus that gives a stfong signal.(18)
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CHAPTER 5

.HA[CGEH\]NLICIEARQUADMIPOIERESCIQANCESWDIESOFSOI"[E

ACYCLIC COMPOUNDS OF PHOSPHORUS:

. AND Cyg

ACH3N(PC‘SL2)2, »Ph‘P_Cg,z, PhPBr2 PN'E’OC;?,2

3

5.1 INTRODUCTION

Nuclear quadrupole resonance spectroscopy has turned out to be a
fruitful technique in studying chloriné—35 resonance spectra for a
number of compounds that contain phosphorus—chlorine bonds. (=1
The méjority of these studies are concerned with phosphorus (V) but only
a very small number involve phosphorus (III) derivatives. Hence, it is
worthwhile studying halogen quadrupole resonance spectra in phosphorus—
(I11) compounds.

R In this work, chlorine-35 quadrupole resonance spectra of methyl-
aminobisdichlordphosphine, CHBN(PCP,Z)Z, and dichlorophenylphosphine,

PhPCt., ,have been examined over the temperature ranges 85 £ T £ 255

27
and 77 £ T £ 183K respectively, since signals were only detectable
within these ranges.

Bromine nuclear quadrupole resonance data, in general, are quite
rare in the literature, particularly for phosphorus(III) derivatives,
and hence bromine-79 quadrupole spectra in dibromophenylphosphine,
PhPBr2 , have also been investigated in this work over the temperature

range 77 & T < 244K where signals are detectable.
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A compound of phosphorus (V) has also been involved in this study.
Chlorine-35 quadrupole resonance spectra in trichlorophosphazophosphoryl
chloride, CL3P=N-P0C12, 'have been investigated over the temperature
range 77 & T X 307K.

The quadrupole resonance data obtained for these compounds will be

discussed in turn in the following section.
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5.2 THE EFFECTS OF TEMPERATURE VARIATION ON HALOGEN N.Q.R. SPECTRA OF

CHBN(PCQZ)z, PhPCL_, PhPBr_ AND C%&_PNPOCY

2 2 3 2

All compounds studied in this work were prepared by methods

(12-14)

described in the literature, except in the case of PhPC:., which

2

was obtained commercially. 'These preparations are described in detail
in Appendix-5A.

| The Decca Radar, super-—regenerative nuclear quadrupole resonance
spectrometer was used to detect N.Q.R. spectra. Signals were detected
- using Zeeman modulation and accurate frequency measurements were made
by interpolation between the frequency calibration markers automatically
printed on the chart. These frequencies are accurate to * 1 K.Hz.

The sample under investigation was sealed in a thin-walled glass
ampoule which fits the coil assembly of the super-regenerative oscilla-
tor, and the temperature of the sample and the coil assembly was varied
by means of a nitrogen gas flow system which is described, in detail ,
in Appendix-5B.  Each temperature was held fixed for 30-40 minutes, to
ensure a uniform temperature over the whole sample, before recording
each spectrum. The temperature dependence of the quadrupole resonance
frequencies in CH3N(PC22)2, PhPsz, PhPBr2 and C23PNPOC22 are plotted
in figures 5.1, 5.2, 5.3 and 5.4 respectively. The observed variations
- of these frequencies with temperature have been fitted to polynomials

of the form

v =a+b'T+% 5.1
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Figure 5.1 Chlorine-35 N.Q.R. frequencies, w»(M.Hz.), for

‘CH3NV(PC!Z.2)2 vs. temperature (K).
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as required by Bayer-Kushida's theory presented in chapter 2. The
best curves have been fitted to the experimental variations of

frequencies with temperature and the coefficients, a, b' and c' obtained.

The temperature coefficients, '(3—\’—)

ST have then been calculated

P=1 Kc_;.cm_2

T=295K
for all quadrupole resonance lines observed in this work. ‘These data
are all given in Table 5.1. |
Tables 5.2 and 5.3 list chlorine-35 and bromine-79 quadrupole
resonance frequencies for acyclic phosphine and phosphoryl derivatives
and include the present results together with other data obtained from

the literature quoted“s' 16,1,17) for comparison purposes.

Figure 5.1 and Table 5.1 show that only two quadrupole signals,

designated as v, and Vor with relative intensities of 1:1 were observed

1

for CH3N(PC22) over the temperature range 85 &£ T  255K.  This

2
indicates that this molecule is bisected by a plane of symmetry that is
retained over the temperature range investigated. This must be the

plane containing the C-N bond and bisecting the angle PNP in figure 5.5.

H H

\l/

\ N ‘
Ccr / \ co
Np? o Np”

/ \

o]} Y ¢!

Figure 5.5 Projection of the structure of CH,N(PC2,)
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Table 5.

1

Polynomials, and temperature coefficients of resonance frequencies

obtained by fitting the best curves of the form

to the experimental variation of frequencies with temperature.

Compound ResonanceI a b' c' (235
T -2
P=1Kg.cm
T=295K
1 6 6
CH3N(PCJ?,2)2 v 27.403x10 - 6935 -175.164x10 - 4922
v; 27.075x106 - 5360 - 81.678x106 - 4421
1 6 )
PhPCR.2 v, 28.840x10 -11998 -168.433x10 -10063
v; '29.248x106 -12583 -—171.798x106 -10609
. 6 6
PhPBr2 v 211.752x10 -12944 +200.094x10 -15243
1 6 6
C9.3PNP0CSL2 v, 31.291x10 -20625 -316.085x10 -16993
v; 34.127x106 -24387 —695.817x106 -16391

. 1
a values are in Hz, b

‘Superscript to resonances indicates relative intensities.

in Hz.K_1',

v
C

9 . -1
in Hz.K and (5%0 in Hz.K .
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Table 5.2

Chlorine-35 N.Q.R. frequencies for some acyclic phosphine and phosphoryl

compounds with P-Cf& bonds

Compound N.Q.R. frequency Temperature Reference

(M.Hz.) (K)

‘Phosphorus (ITII) derivatives

PhECY, 26.261;26.557 77 A

PCt, © 26.107326.202 77 15

CH.N (PCL,) 25.492;25.956 85 A

ButN(Pczz)2 34.428;24.851 293 16
25.123;25.136

Phosphorus (V) derivatives

POCR,3 : 28.938;28.986 71 1
C23PNPOC£2 26.837;30.079 717 A
PhéPNPOC!L2 25,088;25.463 .. 293 . 16

A is the present work.
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Table 5.3

Bromine-79 N.Q.R. frequencies in phosphorustribromide and

dibromophenylphosphine

Compound N.Q.R. frequency Temperature Reference
' (M.Hz.) . (R)

PBr, 219.605 83 17
PhPBr2 * 212.581 77 A

A is the present work.
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A liquid crystal proton ,§: phosphorus—Bj}nuclear magnetic double
resonance analysis of this compound shows that the atoms, C, N, P and P
all lie in the same plane with a PNP interbond angle of 117 * 0.5° and

(18)

P-N bond lengths of 1.66, * 0.01 A,

The CH3N(PC2 molecule is

4 2)2
believed to possess two planes of symmetry and that the P-N bonds in
this molecule have significant dTT - P character,(18) since the PNP
interbond angle is considerably greater than tetrahedral, and the P-N
bond lengths are significantly shorter than 1.769 + 0.019 ﬁ; expected

for a P-N single bond.(19)_

The N.Q.R. data imply that only one of these
molecular planes of symmetry is used in the crystal structure.
Tables 5.1 and 5.2 show that the differences between the two pairs of

the chlorine atams in CH3N(PC2 molecule are minute and are well

2)2
within the range expected as a result of packing effects in the solid.
The N.Q.R. data are consistent with those obtained from the liéuid
crystal N.M.R. study.

Figure 5.1 shows explicitly that this molecule undergoes a single
phéée transition at about 160K as indicated by the small disc?ntinuity

in the curve at that temperature.

The data in Table 5.2 enable conclusions to be drawn about the
relative electronegativities of the functional groups in these molecules.
‘The table shows that, in the phosphorus(III) campounds listed, the
efféctive relative electronegativities of the functional groups involved

decrease in the following order

Ph- =~ Chlorine ) CHN- ~ BuN
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if allowances are made for the different temperatures used in these
quadrupole resonance measurements. Replacing a chlorine atom in PC23
by an amino residue therefore pushes the electron density on to the
remaining chlorine atoms increasing the polarities of P~Ct bonds.

The P-C2 bond lengths therefore increase, the electron densities on

the chlorine atoms increase and thus the chlorine nuclear quadrupole
‘resonance frequencies decrease. However, on going from PCJL3 to PhPCz2
the frequency variations are well within the rénge expected as a result

of the difference in the packing effects of Ph~ and C¢ in these solids.

Figure 5.2 and Tables 5.1 and 5.2 show that two quadrupole

resonance signals, v, and Vor with relative intensities 1:1 were

1
detected for PhPCH,, over the temperature range 774 T £ 183K. Typical
spectra of these signals are shown in figures 5.6 and 5.7 respéctively,
at 138K. The quadrupole resonance spectrum together with Tables 5.1
and 5.2 show that there are two structurally different chlorine atcoms
inhfhis solid. Chlorine-35 quadrupole resonance data for Ph?sz have
already been described, at 77K, by Lucken and Whitehead(4) ard by

(6)

Zakirov et al. A single line is described in each case. Lucken
and Whitehead(4) observed a signal at 26.557 M.Hz. while the frequency
obtained by Zakirov et al.(6) is 26.390 M.Hz.- A comparison between
these frequencies and that given in Table 5.2 shows that the former
frequency corresponds, exactly, to v, ard the latter_is very nearly “1i
in our>case. :

It is shown in figure 5.2 that PhPCz2 undergoes a single phase trans-—

ition at about 123K.
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Tables 5.1 and 5.3 together with figure 5.3 show that only a single

quadrupole resonance line is observed for PhPBr. over the temperature

2
range 77 L T £ 244K,  This shows quite definitely that the Ph_l?Br2
molecule is bisected by a plane of vsymmet‘ry that is retained over the
temperature range examined. A typical bromine-79 quadrupole resonance
spectrum in PhPBrz, at 229K, is shown in figure 5.8.

Figure 5.3 shows that PhPBr2 experiences a single phase transition,
at about 125K, similar to that encountered in the case of PhPCJLZ.

Table 5.3 shows that the braomine atom is effectively more electro-—
negative than the phenyl, Ph—, group. Replacing a bromine atom in
PBr3 by a phenyl group pushes the electron density towards the remaining
bromine atoms thereby increasing the polarities of the P-Br bonds.

These bonds become longer, the electron densities on the bromine atoms
increase and the bromine quadrupole resonance fregquency then decreases.

Tables 5.1-5.3 and figures 5.1-5.3 show that the bromine-79 nucleus
is“a more sensitive monitor of both physical and chemical changes than
the chlorine-35 nucleus in these phosphorus (III) derivatives. - Table 5.1
shows clearly that the bramine-79 nucleus is more sensitive to changes
in temperature than the chlorine-35 nucleus attached to the phosphorus-—
(III) atom.

C9,3PNPOC22 was the last acyclic compéund studied in this work.
Figure 5.4 and Table 5.1 show that only two signals, relative intensities
1:1, were detectable in the.:temperature range 200 & T £ 307K. Howevex%
these lines split and many more quadrupole signals are observed in the
range 77 £ T £ 200K. Furthermore, the additional line splitting on

lowering the temperature below 200K, shown on figure 5.4, clearly shows
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that at least two phase transitions take place in this compound when

the temperature is reduced. Fifteen quadrupole signals are detected at
77K. They separate into two groups, in two distinct frequency ranges
indicating the presence of two chemically inequivalent groups of chlorine
atoms in this molecule. At 77K, the average frequency of the first
five signals is 26.837 M.Hz. and that for the othér ten peaks is

-30.079 M.Hz. as shown in Table 5.2. The former frequency has been
assigned to the chlorine atoms in the —POC:L2 group since this frequency
is typical of those found for chlorine atoms in the same type of

(4,20)

enviromment. The higher resonance frequencies, whose average is

30.079 M.Hz., are therefore associated with chlorine atoms in C£3P=N—
groups..

These results, at 77K, and the assigrmments discussed above confirm
the chlorine—-35 quadrupole rescnance data obtained by Kaplansky et al(S)
at the same temperature. The qualitative description of the chemical

(5) .

structure of Ce,PNPOC:., presented by these authors implies that the

3 2
two chlorine atoms in —POC22 group are equivalent to each other as are
the three chlorine atoms in C23PN- éroup. This description is con-
sistent with quadrupole resonance data obtained in the present work.

Table 5.2 shows that the effective electronegativities of the

functional groups, in these phosphorus (V) derivatives, decrease in the

following order

Chlorine ) Ce PN~ > Ph PN~

decreasing electronegativity

L4
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Replacing a chlorine atom in POC&, by Co_PN- or Ph,PN- therefore pushes

3 3 3

the electron density on to the other two chlorines, in the -POCs,, group,
the P-C% bonds become more polar and the bond lengths increase, the
chlorine atoms therefore become more ionic and their quadrupole

frequencies decrease.

Table 5.2 shows that chlorine-35 quadrupole resonance frequencies
are not very characteristic for either phosphorus(III) or phosphorus (V)
derivatives. Phosphorus (III) derivatives cannot safely be distinguished

from phosphorus (V) on the basis of chlorine-35 quadrupole frequencies.

2
T

14

However, Table 5.1 shows that the temperature coefficients ( 5

P=1Kg.cm—
T=295K

of quadrupole resonance frequencies in CL3PNPOC22 are considerably
greater than the corresponding coefficients in the phosphorus(III)
chloro derivatives given in this Table. Thus this fact might be used
to discriminate between phosphorus (III) and phosphorus (V) derivatives,
provided chlorine-35 quadrupole spectra are availéble in each case over

a wide range of temperature.
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APPENDIX - 5A

PREPARATION OF THE ACYCLIC covpounps 127 14)

..... 2

Methylaminobisdichlorophosphine can readily be synthesised fram the

reaction of excess PC23 with methylamine hydrochloride in sym—tetra-

chloroethane. The reaction takes place according to the following

equation(12)

—
CH,NH,C2 + 2PCa, == CH,N(PC1,), + 3HCA

when the reaction mixture is heated under reflux for 7-10 dajs.

33.75g, (0.5 mole) of CH NH3C£ ard 2759, (2.0 mole) of PC., was mixed

3 3
with about 200 cm3 of sym-tetrachloroethane. The mixture was then

refluxed for about 9 days, until only a small amount of the solid
methylaminerhydrochloride remained. The reaction mixture was then

cooled and filtered and the excess sym-tetrachloroethane and PCSL3

removed under vacuum. The pure colourless liquid methylaminobis-

2)2, was obtained by fractional distillation

of the product mixture under vacuum. Pure CH3N(PC2

dichlorophosphine, CH3N(PC2
2)2 boils at
47-52°C (0.5 mm Hg).  The yield obtained was about 40g.
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5A.2 Preparation of PhPBr2

Dibromophenylphosphine was obtained(13) by heating a mixture of 50g

of PhPC, with about 100g of PBr, at 100-200°C, using a normal

2 3
distillation apparatus in which the flask is fitted with an air condenser.

and PBr

The side products, PCt Czn (n=1 or 2), are continuously

3 3-n
distilled out of the reaction mixture until the pure product of liquid

PhPBr.,, which has a boiling point of 124-126°C at 11 mm Hg, is obtained.

2'
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5A.3 Preparation of C£3P=N—POC22

The title compound, trichlorophosphazophosphoryl chloride, (I), can
be obtained in almost quantitative yield from the reaction of PCi. with

5
(14) . .
Reaction takes place, when this

(NH 4) 2SO A in sym-tetrachloroethane.
mixture is heated to 146°C for an hour under a reflux cordenser. The

reaction can be expressed by the following equation

4PCR.5 + (NH4)2804-——-> 2CR,3PNPOC22 + 8HCg + 802 + sz
| (1)

In this work the reaction was carried out using 93.5g (0.45 mole) of
PCt, and 13.2g  (0.10 mole) of (NH,),SO, in 200 an> of refluxing sym—
~tetrachloroethane for an hour. The best yield, about 50g (~0.2 mole)
of (I) is obtained when the reaction mixture is cooled, filtered, and the
solvent is removed using a rotary evaporator. The colourless oily
product is recrystallized below 0°C. The final product can be purified
either by very slow recrYstallization from sym—-tetrachloroethane at room
temperature, more rapidly below 0°C, or by distillation of the colourless
oily product under reduced pressure (b.p. 110-115°C at 0.1mm Hg). The

pure C2 . PNPOC:.. forms colourless crYstals, melting point = 35°C,

3 2



- 092 -

APPENDIX - 5B

THE NI"I'FDGEN GAS-FLOW SYSTEM

The nuclear quadrupole resonance spectra, presented in this thesis,
were usually studied over the temperature range 77 £ T £300K at -
intervals of 10-15K. These studies were started by recording the
nuclear quadrupole resonance spectra of the samples being investigated
at room temperatﬁré and following the resonance frequencies as a function
of temperature down to 77K.

Recording the spectra at room temperature was performed by normal
manipulation of the Decca-Radar N.Q.R. spectrometer. The spectra at
77K were recorded by immersing the entire coil assembly of the super-
regenerative oscillator, including the sample under investigation, in
a Dewar flask filled with liquid nitrogen for 30-40 minutes before
recording the spectra. The N.Q.R. spectrometer was modified so that
any temperature in the range 77 £ T & 300K can easily be obtained and
held fixed for the fairly long period of time required to record the
nuclear quadrupole resonance spectrum. The nitrogen gas—-flow -sYstem
is an easy and reliable device which can be coupled to the spectrometer
as a temperature controlling system. Figure 5B.7 shows the coupling
of this type of cobling system with the Decca spectrometer used in this
work.

The entire tank coil of the super-regenerative oscillator is placed
" in a special Dewar flask which is fitted with an inlet at its base and

closed with an appropriate 1lid at the top. A »stead_? stream of dry
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The nitrogen gas-flow system.

are made as for normal spectrometer operation

All other connections
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nitrogen gas is pré-éhilled by passing it through two coils of a copper
tube each of which is immersed in a Dewar flask of liquid nitrogen and
then the desired temperature is obtained by controlling the nitrogen
gas flow rates and by making use of a small heating coil. The

nitrogen gas at the required temperature is then directly passed through
the system until thermal equilibrium is reached.

The temperature measurements were made-by means of a copper-
constantan thermocouple which is accurate to.* 1K. The reference
junction of the thermocouple was maintained at 273K~by dipping it in an
jce-water bath. Each temperature was kept fixed for 30-40 minutes

before recording the spectra.
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CHAPTER 6

HALOGEN QUADRUPOLE RESONANCE STUDIES OF SOME

-

CYCLOPHOSPH (I1I) AZANE DERTIVATIVES

6.1 INTRODUCTION

Chlorine-35 quadrupole resonance studies have been carried out
for a number of phosphorus (V) derivatives in which chlorine atoms are

bonded to phosphorus in a trigonal bipyramidal environment. (=7

(1-5)

These include chloro derivatives of the cyclotriphosphazatrienes,

and the cyclodiphosphazanes (5=7)

of the form (Cp,3PNR) o where
R = CH3—, C2H5—, or Ph-.

However, very little halogen quadrupole resonance data is avail-
able in the literature for cyclophosph(III)azane derivatives.
Chlorine-35 quadrupole resonance frequencies have been reported(s) for
the tervalent phosphorus campound (CSLPNBut)z at 295K but no studies
have so far been carried out on the corresponding bromocyclophosph (I1I)-
azane.

In this chapter, chlorine-35 guadrupole resonance spectra are
investigated for 2,4,6-trichloro-1,3,5-triethylcyclotriphosph(III)azane,
(C2PNEL) 37 2,4-dichloro-1,3-diphenyldiazadiphosphetidine, (C2PNPh) o
- and 2,4-dichloro-1,3¥d_i (tert-butyl)diazadiphosphetidine, .(CJLPNBﬁt)'z,
over the temperature ranges 103 & T £ 270K, 217 £ T £ 301K, and

77 £ T £ 300K respectively; signals were only detectable within these

ranges of temperature.
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Furthermore, bramine-79 quadrupole resonance spectra are examined
for 2,4-dibromo-1,3-di (tert-butyl)diazadiphosphetidine, (BrPNBu'),,
whilst this compound is subjected to, first, pressure variations within
the range 1 < P £ 352 Kg.cm—zand second, to temperature changes,within -
the range 77 £ T < 300K, at P = 1 Kg.cm_z.

This study is also extended to include the effects of weak magnetic
fields, within the range 0~<.%3<;40 Gauss, on the chlorine-35 and the
bromine-79 quadrupole resonance spectra of (CRPNBut)2 and (BrPNBut)2
respectively. The N.Q.R. data enable the asymmetry parameters and
hence the T characters in the P<C% and P-Br bonds in these compounds to
be approximately estimated.

Detailed analysis and discussion of these data are made in the

following sections.
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6.2 TEMPERATURE DEPENDENCE OF CHLORINE-35 N.Q.R. FREQUENCIES IN

(CLPNEt) ,, (CSPNPh), AND (CRENBu'),

The chlorocyclotriphosphazane (CQPNEt)3 was prepared(g) by
allowing PCe; and EtNH,C2 to react in sym-tetrachloroethane. (C2PNPh)

3
t . .
and (CePNBu~), were synthesised by literature methads, (10711)

The
detailed procedures for preparing these derivatives are described in
Appendix 6A. The identities and purities of the compounds were

established by means of melting points, H and |

P nuclear magnetic
resonance spectroscbpy. The halogen quadrupole resonance spectra

were all recorded using the Decca nuclear quadrupole resonance spectro-
meter, and the temperature variations were made by means of the nitrogen
gas-flow system, described earlier.

The observed variations of the chlorine-35 quadrupole reéonance
frequencies in (CzPNEt)3, (CQPNPh)2 and (CzPNBut)2 with temperature,
under constant atmospheric pressure, are shown in figures 6.1, 6.2 and
6.3 respectively, and the highest quadrupole frequencies observed for )
these chlorocyclophosph(III)azane derivatives are given in Table 6.1

Table 6.2 lists the coefficients a, b' and c' obtained from--
least squares fits of the halogen quadrupole frequencies to polynomials
of the form of egquation 5;1. The temperature coefficients,

G;% ) , of these resonance frequencies are also
P=1Kg.cm “; T=295K

included in Table 6.2

'Figure 6.1 and Tables 6.1 and 6.2 indicate the presence of three-

structurally different chlorine atoms in the solid (CePNEt),. The
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(C!LPNBut)2 vs. temperature (K).



- 101 -
Table 6.1

Chlorine-35 nuclear quadrupole resonance frequencies in

chlorocyclophosph(III)azane derivatives

Compound m.pt ResonanceI Frequencies Temperature
(°c) (M.Hz.) (K)
(CILPNEt)3 32 . v: 20.900 103
1
vz 21.793
1
22,425
v3 2
(ClPNPh)2 153-155 v 20.525 217
(cepnBu®),  42-44 v] 20.260 77
1
20.44
v2 447

-Superscripts to resonances represent relative intensities.
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Table 6.2
Coefficients obtained by fitting the best curves of the form

. []
c
v=a+b'T+=
T

to the experimental variation of frequencies with temperature

I : ' ' av
Compound Resonance a b c (—)
: T -2
P=1Kg.cm
T=295K
1 6 6
(CJ?,PNEt)3 v1 21.124x10 -1532 + 2,614x10 -1562
v; 24.091x106 -7270 —197.419x106 -5002
v;' 24.441x106 -6496 —176.228x106 . -4471
‘ 6 6
(CR,PNPh)2 v 20.370x10 -1076 + 83.582x10 -2037
P t 1 6 6
(C2PNBu )2 v1 22.215x10 -6871 -155.390x10 -5085
v; 21.904x106 -5681 -152.710x106 ~-3926
. v . -1 [ Y . -1
(a Values are in Hz., b in Hz.K , ¢ 1in Hz.K, and (35) in Hz.K )
P, T

(I Superscripts to resonances indicate relative intensities)

(These values are valid for temperatures greater than 200K)
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markedly different (%%bp values given in Table 6.2 indicate that the
(N'--P)3 ring cannot be planar; it must be slightly puckered. Two
conformations can account for these data depending on whether the
(CJLPNEt)3 molecule adopts a cis— or a trans-configuration with respect

to the chlorine atams. In the former case the molecule must have a

slight twist-boat conformation exaggerated in figure 6.4 in which N1,
-N3 and P6 are very nearly coplanar, P4 is displaced slightly below the

plane, P2 and N5 are displaced further above the plane.

Figure 6.4 Projection of the structure of cis—(CLPNEt)3

A distorted slight—chair conformation can also account for the data
given in Table 6.2 if the trans-configuration is assumed for the
(CzPNEt)3 molecule. In this case, the (%%)P values indicate that

the atoms N1, N3 and P6 lie essentially in one plane, P4 lies slightly

above the plane, P2 is displaced further above and N5 moves down below

this plane as shown in figure 6.5.
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Ce '
3 P Et
N ,
5
l sz | /
Et ’ Et

Figure 6.5 Projection of the structure of trans-— (CLPNEt)3

It should be noted that the quadrupole resonance signals obtained for
(C!zPNEl:)3 are assigned to the correspondingly numbered atoms as in

figures 6.4 and 6.5. Furthermore, it is shown in these figures that
the molecule has an axial and two pseudo—-equatorial P-C¢ bonds. The

(5) to have Slightly lower quadrupole

axial chlorine atoms are known
resonance frequencies than the equatorial and so vy is assigned to the
axial chlorine atom, C9,1, in (C2PNEt) 3°

The plots in figure 6.1 show that no phase transitions take place

in (CsLPNEt)3 within the temperature range 103 & T £ 270K, however the

spectrum of this solid fades out at 103K.

Two chlorocYclodiphosph(III)azane derivatives were involved in

this work. Figure 6.2 and Tables 6.1 and 6.2 show that only a single
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quadrupole resonance line was detected for (CzPNPh)2 over the temper-
ature range 217 £ T K 301K. This indicates that this molecule
possesses a centre of symmetry or else it is bisected by a mirror plane
which contains both nitrogen atoms and which is perpendicuiar to the
(P-'N)2 ring. The latter case can be true only if the molecule adopts
a cis-configuration with respect to the halogen atoms.

It should be noted that the cis-configuration for (CzPNPh)2 might
have some priority since it is consistent with the phosphorus-31 N.M.R.

analysis(12)

carried out on this compourd.
Figure 6.2 shows that the chlorine-35 quadrupole resonance

spectrum for (CLPNPh)2 disappears in the temperature range 77 £ T £ 217K.

As shown in Tables 6.1 and 6.2 and in figure 6.3 two quadrupole
resonance signals with relative intensities 1:1 are observed for the
cyclodiphosph (IIT)azane (C&PNBut)Z. Figure 6.3 shows clearly that
these signals are resolved over the entire temperature range investi-
gated except between 247 to 272K where they overlap to give a single
line spectrum. These data indicate that the chlorine atoms in
(CQ,PNBut)2 are crystallographically equivalent only within the temper-
ature range 247 £ T £ 272K, where the molecule possesses a centre of
symmetry, or it is bisected by a plane of symmetry if the chlorine
atoms in the (C!LPNBut)2 molecule adopt a cis~configuration with respect
to the (P~N)2 ring. The latter conclusion, based on quadrupole
resonance data, are quite consistent with data obtained fram X-ray

(13,14) . rried out on (CzPNBut)Z. The latter studies show

analysis
that this molecule is bisected by a non-crystallographic plane of

symmetry. This is the plane normal to the, slightly puckered, (P—N)2
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ring and containing both nitrogen atoms. Furthermore, it is found

that the chlorine atoms in this molecule adopt a cis~configuration

(13,14)

with respect to the ring as shown in figure 6.6.

C\l /But
/ P // ce
e

Figure 6.6 Projection of the structure of cis—(CLPNBut)2

Figure 6.3 shows no. phase transition to occur in (CSLPNBut)2 over
the temperature range 77 £ T 300K.

Furthermore, a comparison between the chlorine-35 quadrupolé
resonance frequencies given in Table 6.1 and those obtained(15) in the
case of PCLy, 26.107 and 26,202 M.Hz. at 77K, shows explicitly that the
electronegativity of the chlorine atam is considerably greater than the
electronegativities of the -NEt, -NPh, and —NBut groups, even when
allowance is made for the differenﬁ temperatures usedkin these measure-

ments. The effective relative electronegativities of these functional

groups can be ordered as follows
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Cy > -NEt t

- ~
2 NPh <= —NBu

decreasing electronegativity
—>

Replacement of a chlorine atom in PC:L3 by any of these amino residues,
therefore, pushes the electron density on to the other chlorine atams
leading to the substantial lengthening of the remaining P-C¢ bonds in

| the qyblophosph(III)azane molecules. The P-Ci bonds beccome more polar,
the electron densities on the chlorine atoms increase and hence the
quadrupole resonance frequencies decrease.

These conclusions are supported by the fact that“3'14) the P-C: bond
length, 2.105 (9)A°, in (sz.PNBut)2 is significantly longer than 2.039(2)A°

(16)

found in PC¢.,. '

3
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6.3 PRESSURE DEPENDENCE OF BROMINE-79 QUADRUPOLE RESONANCE FREQUENCIES

IN (BrPNBu') 5

Pressure measurements have been carried out on chlorine-35 quadru-

pole resonance frequencies in some chlorocyclotriphosphazatriene(3’4)

(

and chlorocyclodiphosphazane ) derivatives. However, similar
“measurements have not been reported for corresponding bromine quadrupole
resonance frequencies and hence it was of interest to investigate the
bromine-79 quadrupole spectra of (BrPNBut)2 while this compound is
subjected to hydrostatic pressure.

(BrPNBut)2 was prepared(18) by reacting PBr. with NH But using

3 2
(1) adopted in preparation of

experimental conditions similar to that
(CLPNBut)Z. The procedure used in preparing this compound is also

described in Appendix 6A.

Bromine-79 quadrupole resonance transitions occur at high
frequencies, where the oscillating system is extremely sensitive to
small changes in its geometry and hence the pressure vessel required
to investigate these frequencies at highvpressures must be very
carefully designed. The experimental aspects of this work and

designing the pressure vessel are described,in detail,in Appendix 6B.

In this section, the effects of pressure variations on bromine-79
quadrupole resonance spectra of (BrPNBut)2 are examined within the
range 1 £ P £352 K.g.cm-2 at 295K. The pressure dependence of

quadrupole resonance frequencies in this compound is shown in figure 6.7:

This figure shows explicitly that the quadrupole frequencies are
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Figure 6.7 Plot of bromine-79 N.Q.R. frequencies vs. pressure for

(BrPNBut)2 at 295K.
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linearly related to the applied pressure and so the pressure coefficient,

v 2

¢+ is independent of pressure within the range 1 & P £ 352 Kg.cm -

9P =295k
The gradient of the straight line plot in figure 6.7 gives
v -1 2

—) = 237.1 Hz.XKg. cm".

9P m=p95K J

The observed variations of quadrupole resonance frequencies with
the applied pressure can be explained in terms of several effects.(4)
The "dynamic" influence, arising from isotropic application of pressure
to a molecular solid, makes positive contributions to the pressure
coefficients, (%%)T; this compression reduces the amplitudes of the
vibrational motions of the quadrupolar nuclei and hence it increases
quadrupole resonance frequencies.
The hydrostatic pressure also causes "static" distortions of the electric
field gradients and hence changes the quadrupole resonance frequencies,
since shearing movements of the electric dipoles take place in an
anisotropic solid; the static effects may therefore make either
positive or negative contributions to (%%- depending on thé nature of
the solid under investigation. Figure 6.3 shows cleafly that positive
contributions to (%% . effectively dominate the behaviour of quadrupole
resonance frequencies with pressure in (BrPNBut)2 within the pressure
range examined.

The figure also shows that (BrPNBut)2 displéys only a single line
quadrupole spectrum within the pressure range 1 <SI><;352 Kg.cm—z.
This implies that the (BrPNBut)2 molecule is either céntrosymmetric or
it is bisected by a plane of symmetry that is retained over the pressure

range examined. Furthermore, figure 6.7 shows that no phase transi-

tions take place in this solid within the pressure range investigated.
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A typical spectrum obtained for (BrPNBut)2 subjected to a pressure

of 141 Kg.cm_2 at 295K is illustrated in figure 6.8
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6.4 TEMPERATURE DEPENDENCE OF BROMINE-79 QUADRUPOLE RESONANCE

FREQUENCIES IN (BrPNBut)2

(i) Constant pressure conditions

The effects of temperature variations on bromine-79 quadrgpole
resonance fréquencies in (BrPNBut)2 have been investigated over the
temperature range 77 £ T £ 300K under constant atmospheric pressure.
The resonance frequencies are, surprisingly, very nearly linear
functions of temperature as shown in figure 6.9.

Table 6.3 gives the bromine-79 quadrupole resonance frequencies,
at 300 and 77K, obtained for (BrPNBut)z. The table includes also the
coefficients, a, b' and c' obtained from least square fits tovpoly-
nomials of the form of equation 5.1, valid over the temperature range
200 £ T £300K. Values of the differential coefficients, (%%ﬂp iy
(.g_;’_, and (%'\I"—)V are listed in Table 6.4 '

7/

Figure 6.9 and Table 6.3 again show that the (BrPNBut)2 molecule
possesses a centre of symmetry or it is bisected by a mirror plane.

The latter case is possible only if the molecule has a cis—configuration
with respect to the bromine atoms.

The last conclusion might be more justified by the fact that the
phosphorus-31 N.M.R. analysis indicates(19) that the bromine atoms in
the (BrPNBut)2 molecuie adopt a cis-configuration with respect to the
(P—N)2 ring. ,

Figure 6.9 shows almost a straight line graph indicating that no

phase transition takes place in this solid within the temperature range

investigated.
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100 150 200 250 300 T(K)

Figure 6.9 Bromine-79 N.Q.R. frequencies, v(M.Hz.), for

(BrPNBut)2 vs. temperature (K).

¢
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Table 6.3

-

Coefficients obtained by fitting the best curves of the form

to the experimental variation of frequencies in (BrPNBut)2

with temperature.

Frequencies (M.Hz.)

at 300K at 77K

156.531 160.000 161.059x106 -14977 —10.9253106

. . -1 .
Values of a are in Hz.lb' in Hz.K , and c' in Hz.K.

Lo
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Table 6.4

Differential coefficients obtained for (Br:PNBut)2

IV 9V ,9V
) - 5 G
T P=1Kg.cm 2 o T=295K oT \Y
T=295K T=295K
-14851 237.1 -9398
- ] - 2
Values of (_E_)_v_) are in Hz.K 1, (El’_) in Hz.Kg. 1cm . and
aT P
P,T T
av . : -1
(BT) in Hz.K .

v,T

[
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The bromine-~79 quadrupole resonance frequency obtained for
t . .
{BrPNBu )2 at 77K, given in Table 6.3, is considerably less than the

(20)

corresponding frequency, 219.605 M.Hz., found in the case of PBr

3
at 83K. This implicitly shows that the bromine atam is effectively
more electronegative than —NBut residue. Replacing the former by the
latter pushes the electron density on to the remaining bromine atoms
.in the molecule, the P-Br bonds become more polar, P-Br bond lengths
increase, the bromine atoms become more negative and hence their
quadrupole resonance frequencies decrease.

It should be noted that the quadrupole spectrum obtained for
(BrPNBut)2 was surprisingly broad, line width, maximum slope, was

about 100K.Hz. A typical spectrum observed at 216K is shown in

figure 6.10

(ii) Constant volume conditions

The origin of the effects of temperature variations 6n halogen
quadrupole resonance spectra are considered and discussed in detail
in chapter 2.

Values of (%% - and (%%)T obtained in the previous sections and
given in Table 6.4 cén now be substituted in equation 2.48 in order to
obtain the temperature coefficient, (%%)V, under constant
volume conditions. The volume coefficients of thermal expansion, &,
and the isothermal volume compressibility coefficiengs, X, required
for this calculation are in general very rare for covalent phosphorus
compounds and are not available for any of the bromo derivatives
considered in this thesis. Thus it was necessary to use approximate

values of & and X measured for other molecular solids available in the



- 118 -

*ZH°W UT USATH aae saTousanbaag

*UOTIRTNPOW URWSSZ BUTSN PapIodal 9Lz 3Ie Nﬂusmzmumv Jo uni3zoads *¥°Q°N 6L-SUtwoIg

2844}

0L°9 @InbTa

Of £51



-

- 119 -

literature. We have used therefore typical values of « and X of the

6

order of 260 x 10 ° K ' and 11 x 107° Kg.—1cm2, respectively,

37 POBr3 ard POC£3. The ratio
(%J in equation 2.48 has therefore been approximated to 23 Kg.cm"2 K—1

obtained(4’5) for molecular species PBr

for (BrPNBut)2 and the data obtained from this treatment are given in
Table 6.4.

In principle it should now be possible, by means of equation 2.35,
to account for the values of (%%9 given in the last table using libra-
tional data obtained from Raman aXi infra-red spectra. Unfortunately
the librational data does not seem to have been doéumented and therefore

the correlation was not possible in this case.
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6.5 THE HALOGEN QUADRUPOLE RESONANCE SPECTRA OF (CR,PNBut)2 AND

(BrPNBut)2 IN APPLIED MAGNETIC FIELDS

Zeeman studies, in this work, were based essentially on the

technique developed by Morino and Tbyama(21)

to obtain the asymmetry
parameters in polycrystalline samples, since it has not been possible
to grow sufficiently large single crystals of any of the cyclodi-
'phosph(III)azane derivatives to enable the asymmetry parameters to be
measured using the frequency-field(22) or the zero-splitting locus(23)
methods. These methods a£e described in chapter 3.

Chlorine-35 and bromine-79 quadrupole resonance spectra of
(CEPNBut)2 and (BrPNBut)z, Fespectively, were examined in weak magnetic
fields, within the range O.S.Hb £ 40 Gauss, applied parallel to the
radio-frequency field used to inducé the transitions. The desired
magnetic field was generated by passing appropriate direct current
through a pair of Helmholtz coils.

The spectra of(ClPNBut)2 were recorded by a straightforward
manipulation of the Decca spectrometer using the frequency modulation
technique. However, in the case of (BrPNBut)2 the signal was too broad
and it was necessary to couple the spectrometer output to a computer of
average transients, C.A.T., and hence accumulated signals were recorded.
The experimental arrangement for this work is described in more detail
in Appendix 6C.

(21)

The peaks at * 2gL, predicted by Morino and Toyama, were never
cleérly identified in the spectra because of overlapping with neighbour-

ing sidebands and noise problems; however the characteristic peaks at
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£ v

in figure 6.11 which represents a typical spectrum obtained for the

were quite easily observed. The latter peaks are shown clearly

chlorine—35 quadrupole signal, Vor of (CzPNBut)2 when Hb = 16.05 Gauss.
The linewidth parameters, &, were measured in each case from the
appropriate spectra and then the asymmetry parameters were obtained
from the plots of 6(2vL)—1 against Hb_1.

Tables 6.5 and 6.6 list the values of § obtained for the v and v,
resonances, respectively, in (CJLPNBut)2 and the corresponding graphs of
a(va)'1 versus Hb-1 are plotted in figures 6.12 and 6.13. The
asymmetry parameters, n, obtained from these graphs together with the
observed frequencies, at 300K, then enable the quadrupole coupling
9%9 , to be derived from equation 1.32. The data obtained
for (CzPNBut)2 are given in Table 6.7.

constants,

Similarly, the & values obtained in the case of (BrPNBut)2 are
listed in Table 6.8 and the graph of a(sz§1against Hb—1 is shown in
" figure 6.14. The values of n and 9%g-obtained for (BrPNBut)2 are
given in Table 6.9.

The N.Q.R. data now enable an approximate Townes and Dailey(24)
type of analysis to be made for the P~C2 and P-Br bonds in these

molecules. The asymmetry parameter, n, is related to the m—character

and the quadrupole coupling constant by the following expression(zs)
(eq0/,.) .
h
n o= 3 atom . | 6.1
(EIQ’h)molecule
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Linewidth parameters, §, and 6(2\»]__.)_1 measured from the analysis
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Table 6.5

of the v, quadrupole signal of (CR,PNBut)2 in weak magnetic fields.

1

Magnetic field Larmor frequency é _8
(Gauss) for chlorine-35 2vL
(K.Hz.) . (K.Hz.)
16.05 6.696 "1.352 -0.101
20.00 8.344 1.500 0.090
23.85 9.950 1.418 0.071
27.75 11.577 1.718 0.074
35.50 14.811 1.833 0.062
39.40 16.438 1.952 0,059
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1 >

Figure 6.12 Plot of 8(2v)”" vs. .~ for the v,

(czPNBut)2 at 295K.

" 0.10 Ho—1 (Gauss-1)

1'fesonancé in
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Table 6.6

Linewidth parameters, &, and 6(2VL)_1 measured from the analysis

of the v, quadrupole signal of (CJLPNBut)2 in weak magnetic fields.

Magnetic field Larmor -~ frequency § 8
(Gauss) for chlorine-35 2vL
(K.Hz.) (K.Hz.)
16.05 6,696 1.394 0.104
20.00 .8.344 1.548 0.093
27.75 11.577 1.770 0.076
31.65 13.204 1.820 0.069
35.50 14.811 1.705 ‘0.058
39.40 16.438 1.840 0.056
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Figure 6.13 Plot of 6(2\:11)—1 VS. Ho—1 for the v2 resonance in

(CILPNBut)2 at 295K.
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Table 6.7

Chlorine-35 quadrupole resonance frequencies, asymmetry parameters

and quadrupole coupling constants obtained for (CR,PNBut)2 at 300K

Resonance N.Q.R. frequency egQ/h
at 300K (M.Hz.) (M.Hz.)

v, 19.694 * 0.001 0.05 0.01 39.372 + 0.008

v 19.642 + 0.001 0.05 £ 0.01 39.268 = 0,008

P
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Table 6.8

Linewidth parameters, §, and <5(2\>L)'-1 measured from the analysis of the

bromine-79 quadrupole signal of (BrPNBut)2 in weak magnetic fields.

Magnetic field Larmor' frequency $ $
(Gauss) for bromine-79 ' 2vL
(K.Hz.) (K.Hz.)
16.05 17.121 3.788 : 0.111
20.00 21.334 4,040 0.095
23.85 25.441 4,293 0.084
27.75 29.601 4,293 0.073
31.65 33.761 4.546 0,067

39.40 42.028 4.546 0.054
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Figure 6.14

0.05 0.10 H: (Gauss ™)

Plot of cS(2\)L)_1 VSe Ho—1 for the bromine-79

resonance in (BrPNBut)2 at 295K.
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Table 6.9

Bromine-79 quadrupole resonance frequency, the asymmetry parameter

and quadrupole coupling constants obtained for (BrPNBut)2 at 300K

Resonance N.Q.R. frequency n eqQ/h
at 300K (M.Hz.) (M.Hz.)

v 156.531 + 0.001 0.04 £ 0.01 312.98 + 0.05
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This equation and the data given in Tables 6.7 and 6.9 enable the
n—character to be approximately estimated in the P-C¢ and P-Br bonds,

since the atomic quadrupole coupling constants, (qu/h) , for
atom .

chlorine-35 and bromine~79 nuclei are kmwn(ZG’ 27)

to be 109.7 ard
769.8 M.Hz. respectively. As it turns out, the m—character cannot
contribute any more than about 1% to the nature of the P-Ct¢ and P-Br
bonds in these molecules.

Thus, the N.Q.R. data obtained in this work imply that the
m-bonding, in these cyclodiphosph(I1I)azane derivatives, has only a

very minute importance.
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APPENDIX - 6A

PREPARATION OF CYCLOPHOSPH (III)AZANE DERIVATIVES

6A.1 Preparation of (CQ,PNEt)3

The title compound was prepared(g) by mixing 93 g (0.67 mol)
phosphorus trichloride, 50 g (0.61 mol) ethylamine hydrochloride, and
500 ml sym-tetrachloroethane in a 1% flask fitted with a 100 cm air
condenser and é paraffin oil bubbler which allows the evolution of the
hydrogen chloride gas as a side product of the reaction. The mixture
was boiled under reflux for 6 days, cooled to ambient temperature,
filtered and the solvent removed. The oily brown residue was then
distilled under reduced pressure, boiling point 135°C (0.005 mm Hg),
and the distillate recrystallized from light petroleum ether (b.p,
40-60°C) to give 50.7 g (67.3%) of 2,4,6-trichloro-1,3,5-triethyl—~

cyclotriphosph (IIT)azane, melting point 32°C.
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6A.2 Preparation of (ClPNPh)2

This derivative was prepared by(10)

mixing 200 g (1.55 mol) of
finely divided aniline hydrochloride, 600 g (4.37 mol) of PCL3, and

12 sym—-tetrachloroethane. The mixture was boiled under reflux for

24 hours, the hot solution was filtered through a glass wool plug,

and evaporated to dryness at about 110°C under reduced pressure. The
white residue was dissolved in 100 ml of hot PC2, and chilled to -20°C
for 5 hours to give long needle crystals of 2,4-dichloro-1,3—-diphenyl-

diazadiphosphetidine after several recrystallizations. The product

has a melting point of 153-155°C.
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6A.3 Preparation of (CJLPNBut)2

This compound was prepared by adding'") 62.8 g (0.860 mol) of
t~butylamine dropwise to a stirred solution of 39.5 g (0.287 mol) of
PC!,3 in 600 ml ether at =78 C.  The reaction mixture was then warmed
up to room temperature, filtered and the filtrate evaporated until
about 100 ml was left. More t~butylamine hydrochloride was deposited
and filtered off and the ether then evaporated from the filtrate. The
colourless oil was distilled under reduced pressure, 0.1 mm Hg, to

give 38% of the 2 ,4—dichlor.o—1,3-di (tert-butyl)diazadiphosphetidine,

melting point 40-42°C.
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6A.4 Preparation of (Br:PNBut)2

(Br}?'NBut)2 was prepared from the“s)

reaction of t-butylamine and
phosphorus tribromide, PBr3, using an experimental procedure similar
to that described in 6A.3. The product obtained in this reaction was
2,4-dibromo-1,3-di (tert-butyl)diazadiphosphetidine, melting point

98-100°"C.
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APPENDIX - 6B

BROMINE QUADRUPOLE SPECTRA AT HIGH PRESSURES

Several pressure vessels have been designed and used for studying

~ chlorine-35 quadrupole spectra<5) at frequencies below 35 M.Hz., as well

as other magnetic resonance phenomena,(28'29)

at high pressures. But
surprisingly, the pressure vessels suitable for investigation of the
quadrupole resonance phenoména that occur at high frequencies have not
yet been described in the literature and so it was necessary to design
a special pressure device which enables the bramine quadrupole resonance
spectra to be examined at elevated pressures.

At high frequencies, the oscillating system becomes extremely
sensitive to small changes in the geometry of the coil assembly of the
spectrometer and so a great number of difficulties have been faced in
designing the pressure vessel used in the present work. Electrical
difficulties were overcome by trial and error. The size and the
geometry of the pressure vessel were made to be very similar to the
original Decca coil assembly. The pressure vessel described in this
section can be used over a relatively small range of pressure since the
Teflon plug, which will be described later, represents a weak point in
the vessel. The device has been routinely used quite safely within
the range 1 L P £ 352 Kg.cm—z. ‘ ¢

Figure 6B;1 shows a block diagram of the pressure system used in

experiments described in this thesis.
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The body of the pressure vessel is constructed of copper-beryllium
alloy which is a non-magnetic metal and so all spectra were recorded
very successfully using the Zeeman modulation technique. The alloy
contains 1.7 to 1.9% beryllium and a heat treatment is required to harden
the material. Therefore the pressure vessel is first designed carefully,
machined and then subjected to the so—called precipitation hardening
process which is performed by heating the vessel to 335 * 5°C for two
hours in a suitable muffle furnace. The pressure vessel, at room
temperature, is then treated with dilute hydrochloric acid to remove the
toxic beryllium oxide produced on the surface and finally washed with
water.

A view of the whole pressure vessel is displayed in figure 6B.2, and the
individual parts of the system are drawn in figures 6B.3, 6B.4, 6B.5,
and 6B.6. 'The dimensions of each part are also indicated in thése
figures. Figure 6B.2 shows clearly that the pressure vessel consists
of two parts each of which is now described separately.

The upper part of the system is the more critical one sincg it
includes all the electrical components required to camplete the”oséillat—
ing circuit of the spectrometer. Figure 6B.3 shows the shape and the
dimensions of this part in detail. The outside diameters of the frame
and of the body are made exactly as for the normal Decca coil assembly
so that it can be attached to its normal position on the super-regenera-
tive oscillator using slightly longer screws. Figure 6B.3 shows that

this part is internally threaded and a conical hole is made in the centre

of the frame.



- 139 -

Cen sy

Figure 6B.2 The pressure vessel
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Figure 6B.3 The upper part of the pressure vessel.
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All dimensions are given in cm.



-Figure 6B.4 The Teflon plug and all electrical bomponents

present inside the pressure vessel.

All dimensions are given in cm.
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Figure 6B.5 The upper half of the pressure vessel complete
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with its electrical components.
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Figure 6B.6 The lower part of the pressure vessel.

All dimensions are given in cm.
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The latter hole contains a similar shaped Teflon plug, shown in
figures 6B.4 and 6B.5, which prevents direct earthing of the high
frequency oscillating fields supplied from the oscillator to the sample
coil. Connection with the oscillator circuit is made via a connecting
copper rod which is held tightly, by the cone-to—cone self sealing
system, in a small hole made in the centre of the Teflon plug. The
upper part of this copper rod is shaped exactly as its analogue in the
Decca assembly and so it makes the normal connection to the oscillator.
Just below the Teflon plug, the connecting rod is threaded into a small
copper disc to prevent "firing out" of the rod under pressure.

ihe electrical circuit inside the pressure vessel involves the
- copper rod, mentioned above, the sample coil, the ceramic fixed capacitor,
C1, and a variable capacitor, C2, all connected in series and then
earthed to the body of the pressure vessel from the other end of the
latter capacitor, see figure 6B.5. All capacitors used for this purpose
were obtained commercially. The ceramic capacitor C1 has a fixed
capacitance of 2.2 P.F. while the capacitor C2 was the "ITT miniature
film dielectric trimmer type 808 11109" minimum capacitance 2 P.F.,
capacitance swing 10 P.F. Figures 6B.4 and 6B.5 show the components

of the electrical circuit in the pressure vessel used in this work.

The lower part of the pressure vessel is very simple. It consists
of a cylindrical container, externally threaded, and fitted with an
inlet high pressure tubing at its base. This part is shown in

figure 6B.6.
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When this part is screwed into the upper half of the pressure
vessel and tightened down by means of normal torque wrench tools, the
knife-edges shown in figure 6B.6 bite quite deeply into the Teflon
washers providing an efficient seal. The plugs and washers were made
of Teflon since it flows very slowly under pressure and so it ensures
a good self sealing mechanism. Each Teflon component can be used for
several weeks before needing replacement since it flows extremely

slowly under pressure.

The polycrystalline sample was contained in a small plastic container
which fits the sample coil inside the pressure vessel. Several small
holes were made in the body and in the lids of this container to allow
the pressure transmitting fluid to mix with the sample ensuring the
application of the hydrostatic pressure on the sample. All compounds
studied under pressure were unaffected by the hydraulic fluid used in
the pressure system.

An "Enerpac" hydraulic handpump was used to generate the desired
pressure in each experiment. This pump can produce pressures of up to
2800 Kg.cm—z. A normal "Enerpac" hydraulic oil was used as a pressure
transmitting fluid; and "Novaswiss" pressure tubing, valves, elbows
and tee—pieces were used in connecting the pump with the pressure vessel.
The stainless steel tubing used in this work has outside and inside
diameters of 3/8" (0.95 cm) and 1/8" (0.32 am), respectively, and a
pressure rating of 4000 Kg.cm-z. Conventional cone-to-cone sealing
systems were used in all connections in the pressure system. The

pressure measurements were made using a normal Budenberg pressure gauge
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which is accurate to * 2 Kg.cm_2 over the pressure range 1 £ P £ 2800
Kg.cm—z. The gauge was calibrated by recording the N.Q.R. spectrum
of Cuzo as a function of pressure and the results are compared with
the data already documented for this compound.

Each quadrupole resonance experiment, at any pressure within the
range examined was performed as follows.

The sample container, including the polycrystalline specimen, is
fixed in the sample coil inside the upper part of the pressure vessel
attached to the super-regenerative oscillator.b The desired frequency

was obtained by adjusting the small variable capacitor, C,, manually.

o
When the pressure is applied inside the system, the hydraulic oil fills
the spaces between the plates of the variable capacitor, C2, changing
the dielectric constant of the medium and hence the frequency of the
oscillator decreases by about 3-6 M.Hz. depending on the operating
frequency. Accordingly, allowances had to be made so that the
capacitor C2 was adjusted to the frequency which is higher, by 3-6 M.Hz.,
than the actual frequency of the bromine quadrupole signal concerned.

The spectrometer is then switched off, and this part of the
pressure vessel disconnected from the oscillator. The two halves
of the pressure device are screwed and tightened down together properly
ard the whole‘pressure vessel is now re-attached to the oscillator.
The vessel is then connected to the pressure system and the spectro-
meter is switched on for one hour. The desired pressure is then
applied, the final frequency adjustment is made, by normal manipulatioﬁs
of the Decca oscillator, to frequencies just above the required
frequency, and the oscillator is now switched on, using its maximum

speed, to sweep down through the quadrupole signal concerned and the
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spectrum is recorded in the normal way using Zeeman modulation. It
should be noted that the frequency sweeping, under these circumstances,
is performed only by means of some variable capacitors inside the
oscillator so that only few M.Hz. range can be scanned and therefore
accurate manual adjustment of the frequency is necessary before
recording each spectrum.

A very good signal-to-noise ratio can be obtained when the system
is properly adjusted, as described above, and this advantage has always
been clearly observed in all spectra obtained for our compounds.

Figure 6.8 represents an example obtained for (BrPNBut)2 at P = 141

Kg.cm 2.
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APPENDIX - 6C

EXPERTMENTAL ASPECTS OF ZEEMAN N.Q.R. STUDIES

Application of a weak static magnetic field, required in Zeeman
quadrupole resonance experiments, severely decreases the intensity of
the quadrupole signal, according to equation 3.30. Therefore in most
cases, the N.Q.R. spectrometer output needs to be coupled to a computer
of average transients, C.A;T., in order to accumulate the characteristic
lineshape predicted by Morino and Toyama for polycrystalline samples.
The experimental aspects of the use of Decca—-Radar N.Q.R. spectrometer
in conjunction with a Technical Measurément Corporation C-1024 Time
Averaging Computer, used in this work, are now described in some detail.

The coupled "spectrometer—-CAT" system is unable to record the
quadrupole signal and the markers simultaneously since the C.A.T. has
only a single Y input connected to the phase sensitive detector output
from the spectrometer. However, this is not a serious problem since
the frequency difference between different points in each Zeeman
spectrum is the only necessary measurement to be made in these experi-
ments. These measurements are easily carried out since the adjacent
sideband signals can clearly be observed and hence the frequency range -
scanned can accurately be estimated. Furthermore, the applied magnetic
field can also be estimated from the observed Zeeman spectrum since
the separation between the characteristic peaks, predicted by Morino
and TbYama, is equal to twice the Larmor precession frequency of the

halogen nucleus concerned in that particular magnetic field.
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The Zeeman spectrum is accumulated by sweeping the frequency of
the spectrometer through the quadrupole signal by means of a ramp
voltage of up to 25 volts supplied by the CAT to the external F.M.
input on the MW312 unit in the Decca spectrometer. The accumulated
signal is then fed to the chart recorder from the "analogue output"
socket of the CAT through a D.C. output balancing circuit which enables
. a normal signal to be obtained by adding or subtracting a constant
voltage to the CAT output.

The magnetic field required for each Zeeman experiment was
generated by passing a suitable current,ifrom a D.C. power supply,
through a pair of Helmholtz coils in the centre of which the coil
assembly of the super-regenerative oscillator and the sample under
investigation were placed. No cancellation of the earth's magnetic
field at the sample was attempted.

The experimental arrangement of the use of the N.Q.R. spectrometer
with the time averaging computer, CAT, is shown in figure 6C.1. All
other connections are made as for the normal manipulation of the Decca
spectrometer. Typical operating conditions, for the N.Q.R. spectro-
meter and the time averaging computer, used in recording Zeeman spectra
investigated in this work are summarised in Table 6C.1. After setting
the system as in this table, the process of accumulating each spectrum
starts by adjusting the spectrometer to the accurate frequency of the
quadrupole signal concerned. The function selector switch on the
C.A.T. is set to "Internal Trigger" and accumulation of the spectrum
starts once the "Trigger Source” knob is switched to "Recur".  The

signal accumulation automatically continues until the required number
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Figure 6C.1 Block diagram of the experimental arrangement when
the Time Average Computer is coupled to the Decca
N.Q.R. spectrometer in Zeeman N.Q.R. studies. All

other connections are made as for normal spectrometer

operation.
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Table 6C - 1

Typical operating conditions used in recording Zeeman N.Q.R. spectra
investigated in the present work.

"N.Q.R. Spectrometer Settings C A T Settings

R.F. level ' 6 stand by switch édd
quench p.r.f. 50 K.Hz. flyback time 0
FM1 amplitude 4x0.1 search rate min
amplifier 4 sweep width 25 x 10
P.S.D. phase 5 o'clock | sweep time 25 sec
time constant 3 sec. memory location 1-1024
A.G.C. 4 recording time 25 sec
coherence 4

sideband suppression off

external F.M. attenuator 3 x 1
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of scans have been performed and the final spectrum can then be
photographed directly from the CAT oscilloscope or, alternatively, fed
to a chart recorder to get a permanent spectrum. A good signal-to-—

noise ratio can be obtained in zero magnetic field with only 25 scans

through the signal.



- 153 -
CHAPTER 7

BROMINE QUADRUPOLE RESONANCE STUDIES OF SOME

BROMOCYCLOTRIPHOSPHAZATRIENE DERIVATIVES

7.1 INTRODUCTION

Several chlorocyclotriphosphazatriene derivatives have been
extensively examined using nuclear quadrupole resonance techniques. (1-6)
Many examples of bromine quadrupole resonance spectra have been
documented, but in general very little of this concerns P-Br fragments
and none concerns bromocyclotriphosphazatriene species, except for
preliminary data that were reported by Indian workers (7) for N4P4Br8
and for N3P3Br6 during the course of the work described here.

In this chapter, the effects of pressure variations, within the
range 1 < P <352 Kg.cm“2 , and temperature changes, over the range
77 & T £ 300K, on bromine-79 and /or bromine-81 quadrupole resonance
spectra of N3P3Br6, N3P3Br5NTrIPri where Pri = -CH(CH3)2, cis—N3P3Br 4 (NMez)z’
and cis—N3P3Br3Ph3 are examined and discussed in detail.

v'Ihe effects of weak magnetic fields, within the range
0 \<Ho$ 40 Gauss, on the bromine-81 quadrupole rescnance spectra of
N3P3Br6 are also examined in order to determine the asymmetry parameters,
n, and thence obtain information about the m-characters of the P-Br
bonds in this solid.

Attempts have also been made to study bromine quadrupole resonance

spectra of N3P3Br51\1Me2, but unfortunately this compound failed to give
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any quadrupole signals within the entire temperature range 77 £ T £ 300K.
The nuclear quadrupole resonance data enable conformations to be
assigned to these molecules. The data obtained in the present work

are extensively discussed in the following sections.
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7.2 BROMINE QUADRUPOLE RESONANCE SPECTRA OF N3P3Br6, N3P3Br5NHPr1,

cis~-N_P_B M is-
s 3¥3 r4(N 82)2 AND cis N3P3Br3Ph3 SUBJECTED TO HYDROSTATIC

PRESSURES

N,P Br6, cis-N,P.Br (NMez)z, cis—N3P Br.Ph, and N,P,Br_NMe., were

33 3’3774 3733 37375 772
synthesised by literature methods.(8_11) N3P3Br5NHPrl was prepared
by reacting an aqueous solution of isopropylamine with N3P3Br6 in ether

(amn

using a method similar to that adopted in the preparation of

N3P3Br5NMe2. The detailed procedures used in preparing these compounds
are described in Appendix 7.

.The identities and purities of these products were established by
means of melting points, micro analyses, infra-red spectroscopy and
31P=N.M.R, spectroscopy.

All spectra were recorded using the Decca N.Q.R. spectrometer and
the pressure system described earlier. Data within the pressure
range of 1 &P K492 Kg.cm_2 were examined in same cases, but this
range was reduced later to 1 <P £ 352 Kg.cm_z, for safety reasons.

Table 7.1 lists the bromine nuclear quadrupole resonance
frequencies obtained for all compourds studied when they were subjected
to pressures of 1 and 352 Kg.cm_2 at 295K.

The effects of pressure variations on bromine-79 and bromine-81
quadrupole resonance frequencies in N3P3Br6 are plotted in figures
7.1 and 7.2 respectively. The pressure dependence of the bromine-81
quadrupole frequencies in N3P3Br5NHPri and in cis—-N3P3Br4(NMe2)2 are

shown in figures 7.3 and 7.4 respectively.
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Table 7.1

Bromine quadrupole resonance frequencies and pressure coefficients

obtained for bromocyclotriphosphazatriene derivatives at 295K.

Compound Isotope ResonanceI Frequencies (M.Hz.) (320
P=1Kg.cm_2 P=352Kg.cmm2 P T
'N P_B ‘79Br 2 229.29 2 243.8
3F3 r6 \J-1 . 29.40 3.
v; 231.51 231.50 0.0
v§ 234,46 234,65 538.5
vl 235,51 235.71 568.9
81 ) .
. Br vf 191.73 191.79 170.6
v; 193.51 193.50 0.0
v§ 195.95 196.10 418.1
vl 196.96 197.09 440.9
N.P_Br NHPrl Blg, vl 168.09 168.16 209.2
3F3Brg r - 1 . . .
v; 185.75 185.80 135.3
v; 189.75 189.78 101.5
vl 191.86 191.98 369.8
v; 193.09 193.24 477.4
cis~-N_P_Br, (NMe,) 81Br v2 156.46 156.50 153.6
3’3774 2°2 1
v; 185.90 185.90 0.0
v; 187.30 187.32 56.8
cis-N P_Br_Ph 79Br v1 196.08 195.96 =327.1
3’37373 1
vz 196.68 196.56 ~355.5

Superscripts to resonances indicate relative intensities.

av ' . -1 2
Values of (73) are given in units of Hz.Kg. ‘cm'.
T
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Figure 7.1 Plots of bromine-79 N.Q.R. frequencies vs. pressure for
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The plots of the bromine-79 qudrupole resonance frequencies in

cis—N3P3Br3Ph3 as a function of pressure are illustrated in figure 7.5.
It is clearly indicated in figures 7.1-7.5 that the bromine

nuclear quadrupole resonance frequencies in these bromocyclotriphosphaza—

trienes are linear functions of the applied pressure within the pressure

ranges examined. The pressure coefficients, (%%oT, for. these resonances

are therefore independent of the applied pressure within the ranges

investigated. Values of (32 obtained for these compounds are

9P’ T=295K
also given in Table 7.1.

The pressure coefficients given in this table can be simply
accounted for in terms of the amplitudes of the nuclear motions in
molecular solids. The nuclei in grossly overcrowded sites in molecules
are less affected by the applied pressure since their motional ampli-
tudes are relatively restricted. Furthermore, overcrowded nuclei are
more protected by the presence of bulky neighbours from the effects of
compression and therefore both dynamic and static effects of pressure
contribute less to (gfﬁT in overcrowded sites, and negative values of
(%%'T may even be obtained when the static contributions predominate.

Figures 7.1 and 7.2 together with Table 7.1 show that the N3P3Br6
molecule is bisected by a plane of symmetry that is retained over the
pressure range examined. Furthermore, the marked differences in
(%%)T values given in Table 7.1 confirm that the (N—P)3 ring in N;P,Br
cannot be planar; it must be slightly puckered.

In N,P.Br NHPri, the resonance frequency,v1, must be assigned to

33775
the bromine atom in the EP(Br)NHPrl residue. The markedly smaller
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av av

3 . .
values of (3§~)T and (Siroiﬂ given in Table 7.1, enable v, and vy to

be assigned to bromine nuclei on the same side of the (N—P)3 ring

system as the bulky —NHPrl group, and therefore v, and v. must be

4 5
assigned to the bromine atoms on the other side of the ring.

Its bromine-81 N.Q.R. spectrum shows that N3P3Br4(NMe2)2

.be a geminal isomer and that the two zP(Br)NMe2 groups in this molecule

cannot

are equivalent. The (N—P)3 ring systems in cyclotriphosphazatriene

(4,12,13)

derivatives are, in general, found to be non-planar, ard if

this is also true for our sample of N'3P3Br4(NMe2)2

must have a cis—configuration. The N.Q.R. data confirm that the

then this compound

N3P3Br4(NMe2)2 molecule is bisected by a plane of symmetry over the
2

pressure range 1 £ P <352 Kg.cm “. Furthermore, the smaller
quadrupole resonance frequency, Vs must be assigned to the bromine

ov

atoms in the =P(Br)NMe, groups. The zero value of (E?T'T’ given in

2

Table 7.1, immediately enables v, to be assigned to the bromine nucleus

2
cis to the —NMe2 groups.,

Figure 7.5 and Table 7.1 suggest that over the entire pressure
range examined the N3P3Br3Ph3 molecule is bisected by a plane of
symmetry. This molecule can therefore adopt either a cis- or a
trans—configuration with respect to the bromine atoms.  However, the

melting point and the 31P—N.M.R. and infra-red data obtained for our

sample are all in favour of the ciSﬂoonfiguration.(10’14’15) Dipole

moment measurements(15) also indicate that the N3P3Br3Ph3 with melting

point of 194-195°C has a cis—configuration.
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The small difference in the (%%)T values obtained for this solid,
given in Table 7.1, again imply that the three bromine atoms in the
N'3P3Br3Ph3 molecule lie on the same side of the (N—P)3 ring.

Furthermore, figure 7.5 and Table 7.1 show that cis—N3P3Br3Ph3
is the only compound, among the cyclotriphosphazatriene derivatives
studied, in which both v, and vy have negative pressure coefficients.
'The negative contributions of the static influence obviously dominate
the effects of pressure on the bromine-79 quadrupole resonance
frequencies in this compound. This solid should, therefore, undergo
a phase transition when it is subjected to a sufficiently high pressure.
However, figure 7.5 shows explicitly that the pressure system used in
this work was unable to generate pressures high enough to force the
predicted phase transition in cis—N3P3Br3Ph3 to take place.

In this context, figures 7.1-7.4 show that no phase transitions
take place in any of these bromocyclotriphosphazatriene derivatives
within the pressure ranges investigated.

The bromine-79 nuclear quadrupole resonance spectrum, Vyr of

2

cis-N_P_Br.Ph. subjected to the hydrostatic pressure of 141 Kg.cm <,

3’37373
at 295K, is illustrated in figure 7.6.
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7.3 TEMPERATURE DEPENDENCE OF BROMINE QUADRUPOLE RESONANCE SPECTRA

OF N_P_B P ) is~ i
3P3Br s N3 3Br5NHPr , cis N3P3Br4(NMe2)2 AND c1s—N3P3Br3Ph3

(1) Constant pressure conditions

The bromine quadrupole resonance frequencies, at 77K and 293K,
4obtained for the title compounds under constant atmospheric pressure
are listed in Table 7.2. The effects of temperature variations on
bromine-79 and bromine-81 quadrupole resonance frequencies in N3P3Br6
are shown in figures 7.7 and 7.8 respectively, and similar effects on
‘bromine-81 quadrupole spectra of N3P3Br5NHPri and cis-N3PBBr4(NMe2)2
are illustrated in figures 7.9 and 7.10 respectively. The temperature
dependence of bromine-79 quadrupole resonance frequencies in
cis—N3P3Br3Ph3 is shown in figure 7.11.

Table 7.3 gives least squares fits of the bromine guadrupole
resonance frequencies to polynomials of the form of equation 5.1, valid
over the temperature range 200 £ T £ 300K. Values of thermal

coefficients, (320 , of the resonance frequencies

9T p=1Kg.cm™2; T=295K
are listed in Table 7.4. This table also includes temperature
coefficients obtained for the corresponding chlorocyclotriphosphaza-

trienes taken from reference (4) for comparison purposes.

Figures 7.7 and 7.8 together with Tables 7.2-7.4 show that the

N3P3Br6 molecule is bisected by a plane of symmetry that is retained

over the temperature range 77 < T £ 300K,  Furthermore, it follows

from the markedly different values of the temperature coefficients
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Table 7.2

Bromine quadrupole resonance frequencies.

N3P3Br5NMe2

112-113.5

Compound m.p. (°C) Isotope ResonanceI Frequencies (M.Hz.)
at 77K at 293K
79 2
192
N3P3Br6 Br v1 234.92 229.60
v; 235.29 231.63
v§ 240.76 234.64
vl 242.17 235.75
81Br v? 196.14 191.68
v; 196.48 193.50
2
v3 201.07 196.02
vl 202.22 196.87
v i 81 1
N_P_Br _NHPr 82-83 Br v 173.34 168.23
3375 1
v; 190.10 185.86
v; 194.63 189.75
vl 198.27 192.10
v; 199.30 193.32
is-N_P.B NMe.,. ) 131-134 81Br vz' UNOBSERVED 156.59
cis-N P Br, (NMe,), ™ 1 :
v; AT 185.90
v; 77K 187.36
cis-N_P_Br_Ph 193-195 79Br v1 200.08 196.10
3377373 1
v§ 199.05 196.63

NO SIGNALS OBSERVED IN THE RANGE 77&TE300K.

Superscripts to resonances indicate relative intensities.
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¢ N3P3Br:5NHPrl vs. temperature (K).



- 171 -

0
190 —
\Y]
(M.Hz.).
189 |-
188 |
187 L
v1

3

186 L
v1

2

185 {—
~

159 -
158 L
157 =

V1
156 | ] ! 1 1 1 | 11 i ] 1 >

100 200 ' 300 T (K)

Figure 7.10 Broemine-81 N.Q.R. frequencies, v(M.Hz.i, for

01s—N3P3Br4(NMe2)2 vs., temperature (K).



- 172 -

(M.Hz.)

201

200

199

198

197

196

195 | ) PR | L1 I '

100 200 300 T (K)

Figure 7.11 Bromine-79 N.Q.R. frequencies, v(M.Hz.), for
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a+b'T+

Table 7.3

to the experimental curves of N.Q.R. frequency versus temperature.

Compound Isotope Resonance a b c
N P_Br, [ V: 239.25x10° 20110  -340.6x10°
“: 238.63x10°  -20800  -252.7x10°
vz 245.55x10°  -33240 -318,4x106
vi 244.56x10°  -20880 - 5.8x10°
81pr v: 201.79x10° 28460  -508.0x10°
V: 200.99x10° 20020  -399.3x10°
“z 207.58x10°  -33090  -550.2x10°
“i 208.06x10°  -32020  -449.9x10°
N3P3Br5NHPri 81p, V: 176.01x10°  -24620  -167.5x10°
“: 194.73x10% 25660  -384.7x10°
V: 196.20x10°  -21250 - 41.0x10°
Vi 199.36x10°  -26080  +110.2x10°
v: 204.68x10°  -34130  -385.1x10°
cis-N P Br, (NMe,), 815, V: 160.97x10°  -17600  +222.0x10°
V: 195.01x10°®  -27650  -287.7x10°
v: 191.24x10°  -18030  +423.8x10°
cis—N3P3Br3Ph3 "9p¢ V; 204.17x102 -22910 -410.1x1oz
v, 193.27x10 + 2970  +731.2x10

\ ] . -
a Values are in Hz., b are in Hz.K

' .
and ¢ are in Hz.K.

These data are valid for temperatures greater than 200K.
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Table 7.4

Thermal coefficients of halogen N.Q.R. signals in cyclotriphosphaza-

trienes.
a
Compound Resonance av/38 -
P (v/3T) 5 _1kg.cm™2, P=295K
b
35
X = Ce X = 79Br X = 81Br
N.P_X 2 -3565 25199 22627
3°3% 4 - -
1
V- -3120 -17898 -16328
v§ -3819 -29578 -26764
vl -3877 -29809 -27750
N.P.X NHPr> ! -7615 -22697
3°3%5 V1
' v; -6944 -21242
v;  _8926 -20777
v; -7426 -27344
v; -6136 -29701
2
fe o 2673 -20153
cis N3P3X4(NMe2)2 v1
v; -3890 24342
v; -3677 -22903
1
(L -18197
cis N3P3x3Ph3 v1
2
-11373
Y2
a (dv/aT) Values are in Hz.K

p=1Rg.cm 2; T=295K.

Taken from reference 4.
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for the four signals that the (N—P)3 ring cannot be planar.(4) It
must have a distorted slight—chair conformation, exaggerated in

figure 7.12, in which N1, N3, P4 and P6 lie essentially in one plane,

NS lies slightly above the plane, P2

and the resonance frequencies are assigned to the correspondingly

is displaced rather further below,

nunbered atoms as in figure 7.12. Furthermore, the relative deviations

v
— - values from their mean, show that
9T P=1Kg.cm %; T=295K !

puckering in N3P3Br6 is greater than (4) in N3P3C16. These arguments,

based on quadrupole resonance data are all consistent with the X-ray
(16,17)

of the ¢(

analyses carried out on this compound.

Figures 7.7 and 7.8 show explicitly that N3P3Br6 undergoes a single
phase transition ét 125K. A typical spectrum of the v, resonance
signal obtained for the bromine-79 nucleus in N'3P3Br6 at 268K is

illustrated in figure 7.13.

Figure 7.12 The structure of N3PBBr6'
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Figure 7.9 indicates that N3P3Br5NHPrl undergoes two phase

transitions at 135K and 215K, but neither of these is as catastrophic

(12) . i
as the change encountered in N3P3C25NHPrl. The data in Table 7.4

again show that the (N’-—P)3 ring is not planar. Furthérmore, in §PC22’
groups, halogen nuclel cis— to amino residues are known to have slightly

lower quadrupole resonance frequencies,(4) and so vy and v, are assigned

to the pseudo—equatorial bromine atoms cis to the -NHPr " group. This
conclusion and the data in Table 7.4 confirm the assignments of the
resonances made earlier on the basis of the pressure measurements

carried out on N3P3Br5NHPr1. It follows from Table 7.4 that in this

o N3 and N5 are nearly coplanar, P61myves down below

this plane and P, up, to produce a distorted slight twist-boat conform-

molecule N1 , P

4

ation shown in figure 7.14.

—-—

Br5
Br4
‘P2
Br3
1 P4
/
P6 \
Br 9

i
Figure 7.14 The structure of N3P3Br5NHPr .
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Figure 7.10 and Tables 7.2-7.4 indicate that the cis—N3P3Br 4 (NMe2)2
molecule is bisected by a plane of symmetry that is retained over the
‘temperature range 200 LT 300K and this confirms the conclusion drawn
earlier from the pressure measurements. Furthermore, Table 7.4 shows
that the atoms N1, N3, P, N5 and P6 are very nearly coplanar, and P2 |
lies slightly above this plane as shown in figure 7.15.

Figure 7.10 shows clearly that the bromine-81 quadrupole resonance

spectra of cis—N3P3Br4(NMe2)2 fade out at temperatures below 215K.

Figure 7.15 The structure of cis—N3P3Br4(NMe2)2.

Figure 7.11 and Tables 7.2-7.4 again indicate that the
cis—N3P3Br3P'h3 molecule is bisected by a plane of symmetry that is
retained over the entire temperature range 77 £ T £ 300K. The data in

Table 7.4 imply that in this molecule N,, N3, P, and P, lie very nearly
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in the same plane, P2 lies slightly below the plane, and N is displaced
further above to produce a slight-chair conformation exaggerated in
figure 7.16. The N.Q.R. data in Table 7.4 show that the puckering in

this molecule is greater than in N.P.Br..

3'37°6
1
Br,,
Br2'
Ng
; Br
P N 1
Ph P4 N \\
/ < P

Ph

Figure 7.16 The structure of cis—N3P3Br3Ph3.

The quadrupole resonance data, therefore, imply that the molecular

conformation of cis—N3P3Br3Ph3 in our crystalline sample, m.p. 193—195°C,
is similar to the molecular structure obtained from X-ray analysis“s)

carried out on another crystalline system, m.p. 162-1 63°C, of

cis-N.P.Br.Ph. which, unfortunately, has not been obtained in this

337373
work.
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Furthermore, figure 7.11 indicates that cis—N3P3Br3Ph3 undergoes a
phase change at 155K: this is the phase change predicted from the
pressure measurements discussed in the last section. The internal
pressures generated on cooling this solid through the temperature
range 77 & T 300K were high enough to force the expected phase
transition to take place at the temperature indicated.

The data in Table 7.4 show that of the four bromocyclotriphoébhaza—
triene derivatives considered in the present work, the_(N—P)3 ring in
cis-N3P3Br 4 (NMe2)2 deviates least from planarity.

Furthermore, Table 7.2 shows that, in these cyclotriphosphaza-
trienes, amino residues are lessA electronegative than bromine atoms.

The electronegativities of these functional groups decrease in the

following order
Br > —NHPr D -Ne, > -Ph

decreasing electronegativities
N
>

Replacing a bromine atom by an amino residue therefore pushes the
electron density on to neighbouring halogen atoms, neighbouring P-Br
bonds then become more polar, the P-Br bond lengths increase, the
electron densities on the remaining bromine atoms increase and hence

the bromine nuclear quadrupole resonance frequencies decrease.  This

is an important point, since of the four commonly used electronegativity
(19) (20)

, the Allred-Rochow , the Sanderson(zn and

(22,23)

scales, the Pauling

the Mulliken—Jaffé scales only the Sanderson scale places the

relative electronegativities of nitrogen and bromine in an order that
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is consistent with our N.Q.R. data, as shown in Table 7.5.

It should be noted that these conclusions, drawn from N.Q.R. data,
are consistent with X-ray analyses(16—18) which show that the P-Br bond
lengths (1®) in cis-N;P.BroPhy (m.p. 162-164°C) are 2.21(1)A"and are
significantly greater than(16’ 17) 2.162(4)R found in N3P3Br6.

Figure 7.17 is a plot of the bromine-81 nuclear quadrupole resonance
frequencies versus the P-Br bond lengths for two. compounds containing
bhosphorus-branine bonds.  These are approximately related by the
expression

vg;  (M.Hz.) = 1903.10 - 787.48 x d(A) 7.1
Br
so that if the bramine-81 quadrupole resonance frequency in a cyclotri-

phosphazatriene derivative is known then the P-Br bord length can be

estimated to within 0.004A.,

Figure 7.18 shows that the bromine-81 nuclear quadrupole resonance
frequencies are approximately linearly related to the corresponding
chlorine-35 frequencies, within the chlorine frequency range
19 £ v £ 29 M.Hz., for several compounds containing halogen-phosphorus .

bonds. = This relationship can be expressed by the following equation

v®'Bry = 8.121 v(*ocr) - 29.4 7.2

and it enables bromine-81 quadrupole resonance frequencies to be pre-

dicted to within a few M.Hz. if the chlorine-35 resonance frequencies

in the corresponding chlorocyclotriphosphazatriene derivatives are known.
It now follows from equation 7.2 and figure 7.18 that the bromine-81

nucleus is a very much more sensitive monitor of both physical and
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Table 7.5

The electronegativities of nitrogen and bromine.

Element Scale
Pauling Allred-Rochow Sanderson Mulliken-Jaffé
N 3.04 3.07 2.93 ~12
Br 2.96 2.74 2.96 8.40
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A
2.25 p—
P-Br -
bond
lengths
o -
(a)
-
.
2.20 [~
2.15  |— a a
2.10 1 1 i 1 ] | i 1 1 B 1 L >
190 195 200
81

Br N.Q.R. frequencies (M.Hz.)

Figure 7.17 Plot of bromine-81 N.Q.R. frequencies vs, P-Br

bond lengths.
= N3P3Br6 at 77K (references 16, 17 and 24)

a
b = N4P4Br8 at 297K (references 25 and 7).
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Figure 7.18

30 >

v35Cl (M.Hz.)

Plot of bromine-81 vs. chlorine-35 N.Q.R. frequencies.
a=N_P.X. at 293K(ref.4); b=N_P_X_NHPr' at 293K (ref.4);

336 3’35
c=N_P_X, 6 (NMe at 293K(ref.4); d=PX, at 83K (ref.26);

3P3%, (WMey), 3

t
e=N4P4X8 at 77K (refs.7 and 26); f—N2P2X2Bu 2 at 293K;

g=PhPX_ at 77K; h=N_P_X_Ph_ at 293K (ref. 27),

2 3’373 3
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chemical changes than the chlorine-35 nucleus. Tables 7.1 and 7.4
show that the bramine nuclei are much more sensitive to changes in
(4,12) .
pressure and in temperature than chlorine-35.
Furthermore, equation 7.2 and figure 7.18 explicitly indicate that
substitution of a bromine atom in a =PBr,, group by an amino residue
lowers the resonance frequency of the remaining bromine nucleus by

“about eight times as much as is observed in the corresponding chloro-

~derivatives.

A comparison of the data obtained for the bromocyclotriphosphaza—
trienes, given in Tables 7.1 and 7.4, with similar data obtained in the
case of bromocyclodiphosphazane (BrPNBut)Z, given in Table 6.4, shows
that the N.Q.R. data cannot discriminate between phosphorus(III) and

phosphorus (V) ring systems in these bromo derivatives.

(ii) Constant volume conditions

The data given in Tables 7.1 and 7.4 now enable the rate of change
of frequency with temperature, (%,\I’.—)V, under consta}nt volume conditions
to be estimated using equation 2.48.  The ratio % required for this
treatment again assumed to be 23 Kg.cm_'2 K. Values of (%,% v
obtained for these bromocyclotriphosphazatriene derivatives are
docﬁmented in Table 7.6.

The differences between the data given in the last table and the
(%% p values given in Table 7.4 reveal the effects of changes in the
volumé of the solid, with lowering temperature, on these quadrupole

resonance frequencies.
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Table 7.6

Thermal coefficients, under constant volume conditions, for

bromocyclotriphosphazatrienes at 295K.

Compound Isotope Resonance (%%q
V,T=295K
N3P3Br6 79Br v? -19591
V; -17898
.Vi -17193
vl ' -16724
- vf -18703
v1 -16328
2

vi -17147
vl -17609
N3P3Br5NHPri 81Br v: -17885
v; -18130
v; -18442
vl -18839
v; ~-18721
cis-N3P3Br4 (NMe, ), 81p, v? -16621
v; -24342
v; -21597
cis-—N3P3Br3Ph3 g v: -25721
v; -19550

Values of (320 are
2T v

given in Hz.K

1
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7.4. THE EFFECTS OF WEAK MAGNETIC FIELDS ON BROMINE-81 N.Q.R. SPECTRA

P
OF N3 3Br6

Each braomine-81 quadrupole resonance signal obtained from a poly-
crystalline sample of N3P3Br6 was examined in applied magnetic fields
within the range 0 <;E%)<;4O Gauss, and attempts were made to use
Morino and Ttwama's(28) method to obtain asymmetry parameters for each
bromine nucleus in this molecule.

The effects of magnetic fields on the four resonance signals,

and v, are found to be identical and so the data obtained

V1r V2r V3 4
for the v, resonance are discussed in detail as an example. A typical
spectrum obtained for this rescnance, when Hb = 23.85 Gauss, is shown in
figure 7.19. The spectra were all recorded using the Decca N.Q.R.
spectrometer and the computer of average transients.

The asymmetry parameters, n, were found to be too small to be
accurately measured by this method, however the results were good enough
to measure the line width parameters, §, and plotting of 5(2vL)_1 against
Hb—1 then enables an upper limit of 0.02 to be placed on the value of n.
Values of § and 5(2\)1,)"1 obtained for the vy resonance signal are given
in Table 7.7 and the plot of «S(2\:L)_‘l versus Ho_1 is shown in figure 7.20.
The asymmetry parameters are then measured and used, with the observed |
quadrubole resonance frequencies, to obtain the quadrupole coupling
constants, 9%9, in this solid using equation 1.32; these data are given
in Table 7.8.

The data in this table and the atomic quadrupole coupling constant,

643.032 M.Hz.,-for the bromine-81 nucleus(zg) then enable the m—characters
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Table 7.7

. . -1
Linewidth parameters, §, and 6(2vL) measured from the analysis of

the vy quadrupole signal of N3P3Br6 in weak magneéic fields.

Magnetic field Larmor frequency for 8 5
' (Gauss) bromine-81 nucleus(K.Hz.) (K.Hz.) 2\’L
12.15 13.970 4.341 0.155
16.05 | 18.454 4.443 0.120
20.00 22,996 4.295 ' 0.093
23.85 27,423 4,293 0.078
27.75 31.907 4.166 0.065
31.65 36.391 4,433 0.061
35.50 40.818 4,675 0.057

39.40 45.302 4.100 0.045
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-1 -1
Ho (Gauss )

-1 -1
Figure 7.20 Plot of 6(2vL) VSe Ho for the v1 resonance of

the bromine-81 nucleus in N3P3Br6 at 299K.
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Table 7.8

Bromine-81 quadrupole resonance frequencies, asymmetry parameters and

quadrupole coupling constants obtained for N3P3Br6 at 299K.

Resonance N.Q.R. freguency A | (eqQ/h)
at 299K (M.Hz.) (M.Hz.)

v1 191.550 * 0.001 0.02 £ 0,02 383.074 * 0.04

v, 193.390 % 0.001 0.02 * 0.02 386.754 * 0.04

v3 195.834 * 0.001 0.02 * 0,02 391.642 £ 0.04

v 196.713 * 0.001 0.02 = 0,02 393.419 * 0.04
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in the P-Br bonds to be approximately estimated by means of equation 6.1.
The m-bonding has turned out to contribute only about 0.4% to the nature
of the P-Br bonds in the N3P3Br6 molecule. The N.Q.R. data, therefore,
imply that the m-bonding in this molecule has only a very minute

importance, -as is found in the corresponding chloro derivative. (4)
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APPENDIX - 7

PREPARATION OF THE BROMOCYCLOTRIPHOSPHAZATRIENE DERIVATIVES

7.1 Preparation of N3P3Br6

Hexabromotr iphosphazatriene, N3P3Br6, is prepared @) by mixing

300 g (3.06 mols) of dry and finely ground NH,Br, 300 g (1.10 mols) of

4
PBr. and 600 ml of dry sym-tetrachloroethane in a 2% round-bottomed

3
flask fitted with a dropping funnel containing 350 g (2.19 mols) of
bromine and an efficient condenser equipped with a drying tube containing
PO« The reaction is started by adding about one-half of the bromine,
the mixture is then shaken thoroughly and the flask is immersed in an
0il bath. The temperature of the bath is raised gradually to 142°C,
over a period of 5 days, and maintained at this temperature for an
additional 5 days. The remaining bromine is added in small portions
while the reaction proceeds in order to compensate for losses from the
evolution of hydrogen bromide and bromine vapours which starts at about
100°C.

At the end of the reaction period, the unreacted NH4Br is removed
by filtering the hot suspension through a sintered-glass funnel. The
dark brown filtrate is then evaporated under reduced pressure (2mm Hg.)
with a water bath, the temperature of which is raised gradually to
80-90°C for complete removal of the solvent.

The residue is then refluxed in 800 ml of anhydrous benzene for

12 hours using an oil bath at 90°C, and the benzene layer is decanted

from the remaining solid. The extraction process is repeated several
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times using a fresh 500 ml portion of anhydrous benzene in each
extraction.  The combined benzene extracts are then evaporated to give
a dark semicrystalline mixture containing the trimer, the tetramer and
the oily higher polymeric homologues. Subliming this mixture at
160-180°C under reduced pressure (0.25-0.50 mm Hg.) enables the trimer
and the tetramer to be almost completely separated from the higher
homologues which polymerize to a rubber. The coloured sublimate is
resublimed to form a white crystalline mixture which contains the trimer
and about 8% of the tetramer.

These components are sinfpl_? separated by fractional crystallization
from petroleum ether (b.p. 90-100°C).  The white mixture is dissolved in
sufficient hot solvent to obtain a nearly saturated solution which is
cooled slowly to form the characteristic flat prismatic crystals of
N3P3Br6 which are periodically removed from the mixture before the
needle-like crystals of the tetramer are formed. The latter remain in
the mother liquor which is decanted and the process is repeated with the
decantate until about 70-75% of the trimer is recovered. Further
recrYstallizations of the trimer from the same solvent, using activated

charcoal as a decolourising agent, enable pure crystals of N3P3Br6 to be

obtained, melting point 192°C.
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7.2 Preparation of cis—N3P Br (NMez)

3774 2

This derivative is synthesised(g) by adding 18.9 ml. of 10% aqueous
solution of dimethylamine (0.04 mols) dropwise, over a period of 30 |
minutes, to a well stirred solution of 6.15 g (0.01 mol) of N3P3Br6 in
150 ml ether at 18°C. | The ether layer is then separated, dried over
anhydrous sodium sulphate, and evaporated to dryness to give the
crystalline raw product. The product is recrystallized 4-5 times from
petroleum ether (b.p. 80-100°C) to obtain pure crystals of

cis-NjPBr, (NMe,),, melting point 131-134°C.
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Br_Ph

P, ti f cigs—
7.3 Preparation of cis N3P3 3Phy

The preparation of this compound(m) is started by mixing 40 g
(0.41 mols) of finely ground and dried ammonium bromide and 70 ml of dry |
bromobenzene in a 1% three-necked flask equipped with a dropping funnel,
a mechanical stirrer, and an efficient reflux condenser fitted wit\h a
drying tube containing calcium chloride. A solution of 20 g (0.075 mols)
of phenyldibromophosphine in 10 ml of bromobenzene is added to the well—
-stirred mixture. A solution of 12 g (0.075 mols) of dry bromine in 10 ml
of bromobenzene is then added dropwise, with continuous stirring, over a
period of 10 hours.

The reaction flask is then placed in an o0il bath which is heated
gradually to 170-180°C over a period of 3-4 hours and the mixture is
stirred at this temperature for 24-48 hours, until the evolution of
hydrogen bromide ceases. The hot mixture is filtered through sintered
glass, washed with a few millilitres of fresh dry bromobenzene and the
unreacted ammonium bromide is removed. The combined filtrate and
washings are transferred to a 1¢ single-necked flask placed in an oil
bath and the solvent is removed under reduced pressure (3.5 mm Hg.) while
the temperature of the bath is gradually raised to 90°C and the receiving
flask is cooled in a Dry Ice-acetone mixture. The dark viscous product
is then extracted with five successive 70 ml portions of boiling dry
n-heptane and each extract is stored separately in a refrigerator, at
about 3°C, for 5-6 days. ‘This enables a crude crystalline product to

be obtained together with an oily material which solidifies slowly under

n-heptane.
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The combined crude product is then purified by 3-4 recrystalliz—
ations from n-heptane with activated charcoal added initially to remove
traces of colour. In each crystallization, the solid product is
dissolved in about 100 ml of n-heptane, boiled under reflux for few
minutes and then stored in a refrigerator for 2-3 days. Pure crystals
of cis-1,3,5-tribromo-1,3,5~triphenylcyclotriphosphazene are obtained,

‘m.p. 193-195°C.
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7.4 Preparation of N,P BrSNMe

33 2

The title compound is prepared(”) by reacting 45 ml of a 2%
aqueous solution of dimethylamine, (0.02 mols) with 6.15 g (0.01 mol)
of N3P3Br6, dissolved in 150 mlL eth_er, at 18°C using the same prepar-—

ation procedure described in 7.2 In this reaction a mono-substituted

_derivative, N3P3Br5NMe2, is obtained, melting point 112-113.5°C.
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7.5 Preparation of I\]?’P3Br5NHPri

This derivative was prepared by reacting isopropylamine with

N3P3Br6’ using the procedure described in the reference (11) for

preparing N3P3Br51\11\/192.
59.7 ml of a 2% aqueous solution of isopropylamine (0.02 mols) is

added dropwise, over 30 minutes, to a stirred solution of 6.15 g

(0.01 mol) of N3P3Br6 in 150 ml ether at ambient temperature. The

ether layer was separated, dried over anhydrous sodium sulphate, and

evaporated to give a white crystalline product which gives pure

N3P3Br5NHPr1, melting point 82—83°C, after 5-6 recrystallizations from

petroleum ether (b.p. 80-100°C).
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