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AN N.Q.R. STUDY QF SCHE INOBGAKIC CClu OUNDS
F. SILLOHS B.Sc.
ABSTRACT

Fuclear quadruvole resonance (n.q.r.) spectroscopy is a
solid state technicue which, when applied to samples
containing cuadrupolar nuclei, can elucidate fine structural
differences and internal electronic distribution., It has
been applied to a variety of inorganic comzounds containing
the guadrupolar nuclei, chlorine and cobalt, (i.e. 55Cl and
5900). In order to remove spurious restonses on a Kobinson
type n.q.r. spectrometer, apparatus has been constructed

to generate sinusoidal magnetic modulation.

Monomeric and chain- structures have been vpronosed for members

of a series of complexes betwesn zinc chloride and ethers,

Marked asymmetry in the electric field gradient at chlorine
has been rerorted for tetrachlorides of grouvn IV, Althoush
distortion of the molecules in the =olid and discrder in the
lattice are likely to produce some zsymmetry, it is suggested
that pfT-dTT bonding makes a major contribution., Such
bonding is postulated for the tetrachlorides above carbon

tetrachloride,

Zeeman lineshape studies on thionyl chloride and tetra-
chlorophenyl phosphorane have yielded estimates for

Tl-bonding in the bonds to chlorine.
A voriable temperature study of the 5900 quzdrurole resonances

of 1TLcyclopentadienyl cobalt dicarbonyl has revealed the

absence of phase clianges between TT7K znd 260K,
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CHAPTER 1 ~ THEORY COF THE NUCLEAR - U/DRUFOLE IRTWRACTJCN

Introduction

A1l forms of spectroscopy involve the observation of

transitions between different energy levels. The presence

of different energy levels associzted with a nucleus may

be appreciated by considering the properties of a nucleus.

Formed of neutrons and protons, a nucleus possesses positive

charge. It may also possess a second property, spin

angular momentum. Unless this is zero, the nucleus is

considered to spin about an axis through its centre. Some

nuclei are known to have spin because they exhibit magnetic

properties which can be assoéiated with the magnetic

field generated by the spinning of the charged nucleus°

This spinning is quantified as nuclear. spin angular momentum
- -

and is denoted by the vector I. The scalar part of I is

related to the dimensionless nuclear spin quantum number, I,

by

-

_jI (I+1)%° (1)
where #r is Planck's constant divided by 21 and I is the
maximum projection of T. There are (21 + 1) possible energy

levels for a nucleus.

The nuclear spin quantum number, I, is of further importance
Because it provides information on the '"shape" of the
nucleus. If I is greater than 3, the nucleus appears to
possess a non-spherical charge distribution i.e. it is
extended or compressed alons a certain direction. If

non-spherical, the distribution of charge in the nucleus
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gives rise to an electric guadrupole moment, Q. This
quantity can be either positive or negative, as shown

in Fig. 1.

Being an electrical property, the nuclear electric
quadrupole moment, Q, will interact with an electric

field. Kowever, no net effect is observed in a uniform
electric field because the turning forces exerted on the
nucleus are equal. If the figld is non-uniform, however,
that is, if it can be represented as an electric field
gradient (e.f.g.), the torques experienced by the anti-
parallel dipoles of the nucleus are not equal and so the
nucleus tends to assume a particular orientation of lower
potential energy. Due to the spin of the nucleus, this
orientation takes the forﬁ of a precessional motion about
the direction of the e.f.g. as in Fig. 2a. This direction
is taken as defining one of the principal axes of the e.f.g.
The (2I + 1) energy levels allowed for a nucleus correspond
to different orientations about it. The levels are labelled
by the magnetic guantum numbers, m, which are themselves
projections of.¥ on to this axis, They take the values I,

I - 1, LX Y "’I.A

The electric field gradient (e.f.g.) experienced by a
quadrupolar nucleus-is generated by the local electronic
distribution and no external field need be applied to a sample
in order that these energy levels be produced. The
observation of transitions between the different m levels

is termed (pure) nuclear quadrupole resonance (n.g.r.)

spectroscopy. Because of the very fast molecular motion

e
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Fig2 Effect of r.f. field (in x direction) upon precession of guadrupole

moment ( Q) of nucleus.




and high collision rates in liquids and gases which would
tend to average to zero the e.,i'ogo ét the nucleus, n.q.r.
spectroscopy is a solid.state technique, If the e.f.g.
is symmetrical about the direction Oz in Fig. 2a, the
torques experienced by the nucleus are clearly proportional
to the strength of the field gradient and to the extent
to which the nucleus' charge distribution depa®ts from
spherical symmetry, that i% to Q. By convention, the
quantity Q appears in the interaction expression as e}
and the eiectric field gradient as -eq., Continuing with
this convention, the torque is proportional to ‘e2qQﬂ

which is termed the nuclear quadrupole coupling constant.,

In order that the transitions between the quadrupolar
"~ energy levels may be observed, excitation from lower
levels to less populated levels of highefpotential energy
must be effected by aEsorption of energy at a resonant
freaquency. Resonance océurs when

AE = &9 ' (2)
where h is Planck's constant,l;E is the energy difference
between the two levels and ¥V is the frequency of electro-
magnetic (eom.) radiation. The frequencies (2 ) required
for n.q.r. spectroscopy lie in the radio=freguency region
of the e.m. spectrum. The absorption of the oscillating
radio frequency field is through the interaction of its
magnetic component with the nuclear magnetic dipole moment
of the nucleus.(Fig,Qb)° The oscillating eleciric component
has no effect because the nucleus does not possess an electric
dipole, Although.nuclei with higher soin quantum numbers

possess rnuclear multipole moments of higher order than

3



those already mentioned, the magnitude of their effect
diminishes rapidly with increasing order and only the muclear
magnetic octupole and the nuclear electric hexadecapole are

of any importance. (5,6).

Blectric field gradient and asymmetry parameter

The formation of a chemical bond between atoms causes a
strong non-uniform electric field along the direction

" of the bond, This produces an e.f.g., at each of the bonded
nuclei which may be repres:snted by a tensor having nine
components in the Cartesian (x,y,z) co-ordinate system.

For ﬁonodentate quadrupolar nuclei €.go 3501, the direction
bz of Fig. 2a'(the z axis of the e.f.g.) is usually taken

. as lying\along the bond axis. The e.f.g. experienced by
sﬁch a nucleus is due to the chahge in electrostatic
potential (V) at the nucleus, created by éll the surrounding

charges - nuclear and electronic. The z component of the

e.f.go is therefore:

~2Y . (3)
T '

which is defined as e q, (e is the electronic charge).

As the éofogo is produced enwirely by charges external to

the nucleus (1) the components of the electrostatic potential
(V) fulfill the Laplace condition and the e.f.g. tensor is

=f=



o

symmetric and traceless, i.e.

Vn+Vyy+VZZ=O (4)
where these are the diagonal terms of the e.f.g. tensor and
represent the gradients along the three principal axes in

Cartesian co-ordinates. The axes are labelled such that

yYI IV l . The nuclear quadrupole coupling constant,
e qQ, , contains the term eq, which is V from equation (3).
Another parameter, '2 s is defined as

Y = Vi = Yy (5)
called the asymmetry pa.ra.me%er, The value of the asymmetry
parameter (%) describes the déviation from axial symmetry of
the e.f.g. It can take valuves in the range 0£ ’2@19 Taken with
the Bulerian angles (discussed on p.14), lequ' a.nd'a fully describe
the diagonalised e.f.g. In chapter 2, their values are related
to bonding characteristics and other information of structure.
A fifller semi~classical description of the quantum mechanical
derivation of the quadrupocle interaction is nov'r given but reference
to Abragam (2) and Slichter (3) may be made for a rigorous

approach,
The Quadrupole Hamiltonian

Let V(X) be the electrostatic potentiral produced by all the
charges ( both e]:ectronic and nuclea.r)‘around a quadrupolar
nucleus situated at point X in the cfystal lattice. (Fig. 3).
The point X is represented in Cartesian co-ordinates by

(151, Xyy x3) whose origin is set ~at the nucleus' centre. Also,

let Ze be the nuclear charge with a density of g(x) at the point X.

The nuclear volume element dT = dx dx clx3 has a charge

(%(X);,dTN) which interacts with the electrostatic potential
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V(X)o The potential energy, dB, is then
dE = = f(x),d?ﬁ.v(x) o (6)
By integration,- the total energy of interaction (E) of the
nucleus with the electrostatic potential field is’l’thus
= - i? (xW(x)aty . (7).
To take account of its vé:ciation over the nuclear volume,

V(X) can be expanded as a Taylor's series about the origin,

0. : :
V(X) = Vo + {m G, +xe@L) +xGL)

{‘ “ ( ) @ lvi‘)o + x> (g%)o (8)

+ XX, (S—:%-’z) XXg @2;&.‘2 ) XA oo mee }

Equation (8) can be re-stated in terms using j and k to

index. the co-ordinates which when substituted in eguation

(7) gives
| | Py
E:“ ﬂX) \’04' (B ).}(, +‘§L{Z (é)% )( +3; svoo O%TN
W YA éﬂ LR
By defining _ . (‘1)

g( )\L &’t’ D. . the nuclear electric dipole
Reace d’ moment (10)

LI ;‘:',, i

é.nd §‘§(X))(Xx&c‘:t’“ Q &5 the nuclear electric quadrupole

Space momen't tensor (11)

equation (9) becomes

E :’\!@ f()(\) “Q’ﬂ ‘rza%@xa) ;}M &l ;%Bx&
‘ + higher terms (12)

The first term integrates the nuclear charge density and
therefore becomes VOOZe and is a constant which is unaffected
by the nuclear shape or orientation. It is therefore of
no importance in the genération of nuclear energy levels

and is not considered further. The second term of equation (12)

-6-



involves the nuclear electric dipole moment. Experimentally

and theoretically the nuclear electric dipole moment has

been shown to be zero (4) so if the induced moment is also

set at zero the second term vanishes, Thus in equation (12)

only quadrupolar and higher terms are left. The even terms

are believed to be zero on grounds of symmetry and cancellation, -
The fifth term, the hexadecapole term, typically repre-ents

an energy of only about 10 8en™! (£1xHz) (5,6). It may

usually be ignored when compared to the corresp.nding value

of a,bout"IOE}cm’—1

(~30 MHEz) for the guadrupole term,
. Furthermore, when the nuclear s:in quantum number, I, is less

than 2, the hexadecapole is zero. Although its effects have been

observed (5,6), it will be ignored here.

Hence, if we define

_ (&
vjk = ( :ngbxk)o ' (13)

and consider only the orientation dependent terms

_ 3,3 o
E = %JZ ijvjk (14)
k=1

ij represents the average value of the principal compgnents
of the e.f.g. over the ground state wave function of the
molecule., By generating a new co—ordinate system from

Xy X, and x, by rotations, V

3 can be redefined such that (3)

Jjk
ij =0 if j#k (15)
That is, the matrix-tensor can be diagonalised and its

new axes are usually referred to as the "principal axis

system",




Since the e.f.g. is produced entirely by charges extefnal
%o the nucleus (1), the terms of‘V;j-k fulfil the Laplace
condition and therefore, evaluated at the origin, give

V., =0 | | (16v)

That is, the matrix-tensor is traceless alsoc. In order

to simplify the ﬁﬁclear electric gquadrupole moment tensor,

d}k’ it is specified as traceless, reducing the number of

independent components to five, The expression used to do

this is _
Uk = édjk B S“a-kf % -

i=1
where i is an index on the pattern of j and k and where

'ajk is the Kr¥necker delta,

This simplification is achieved by'reorientation of the
principal axis system such that the maximum component of
the e.f.g. and the z axis coincide. Substituting equation
(17) into equation (14) gives i
2% 3
E = 1/6Z QkVik + Sjkvjkz Qi; (18)

J=1 i=1

k=1
However, since ij is a traceless tensor, the sum of the
diagonal terms is zero and the second term in eguation (18)

vanishes, Thus, the total energy of interaction of the

nucleus (E) is

E = 1/623’3 ij,vjk (19)
J=1
k=1 )

To obtain the quadrupole Hamiltonian we must substitumte
ij with the quantum mechanical operator ij,which is
carried out by replacing the classical charge density
4 (X) by its operator 1§(K)° Given by

(3) 0= T osx -1 (20)

-



the sum is over all n nuclear particles of charge q, -
The 8 - function is zero for all values of X except X = Xn
when its value is one, Clearly, n equals the number of

protons in the nucleus, i.e. the atomic number, z, whence

T = o780 - %) e

protonspn=1

By substitution of equation (11) into equation(17), replacing
% A

'S(X) by"g(X), the expression for the operator ij is gained,

From equation (19), therefore, we can write the quadrupole

Hamiltonian (HQ) as

»n
Hy = 1/6z1 qjk,vjk : (22)
Rt

The separation of the ground state of a mucleus from an
excited state is far greater than the magnitude of HQo
As we are only interested in the spaéial reorientation of
a nucleuslin ité ground state, the perturbation calculafion

. need only concern a nuclear eigenstate (ground) described
by the total angular moment, I, and its (21 + 1) componenté9
m., The properties of a;k allow the use of a theorum
(Wigner—Eckart) which relates matrix elements of irreducible
tensor opérators to other matriceso' Used with a tensor
defining a new quantity eQ where Q is termed the nuclear
electric quadrupote moment, a new expression for the
Hamiltonian is yielded.,

eq = <IIBeZZ(522 - 2)|11) (23)

We can write the quadrupole Hamiltonian as

=G 214)2 { ( I_&lé—gé&fz c,\/é{h (24)

The nine components of QJk have been capable of reduction

into one constant for the nucleus, G, because its fast

=Oen



rotation averages the interaction of the nuclear charge
distribution with the extermal electrostatic field. From
equation (23) it is clear that eQ is zero for a spherical
nucleus, positive if the svin axis is the major axis of the
ellipsoidal nucleus and negative if the spin axis is a minor
axis. Q has dimensions of r2 and.is usually expressed in
units of 10—24 cm2° Typical values are given in Table 1

for a series of nuclei.

Equation (24) still contains a tenéor ouantity ij which
may be simplified by quantum mechanical means (3), Equation
(23) transposes eQ to place the maximum component of the
nuclear magnetic moment along the z axis, i.e, Iz = I,
The derivative of potential, ijg may be simplified if the
small effects of charge distribution within the nucleus
are ignorgdo This allows use of the Léplace formulation
i.e. equation (4). Only two parameters are now required
to describe the magnitude of the electric field gradient
(e.f.g.). One is the asymmetry parameter—equation (5)
- which may take values in the range 0§ 9 € 1. The other
parameter used is the maximum principal component which is
By convention taken as ?3220 i.e.

-%
H

€q 322 = sz (25)

A gimplified expression for the Hamiltonian is obtained,

from which Das and Hahn (32) derive solutions to the

quahtum mechanical expression for the potential energy.
The energy levels obtained are classified according to
the quantum number appropriate to the Iz operator, viz.

m, the nuclear magneétic quantum number. Das and Hahn

-10-



TABLE 1

NUCLEUS SP?I QUS‘I,)RI(EO% IiOIlEgT

°H 1 + 0.0027965

Yy 1 + 0.0166

301 3/2 - 0.0802

ey 312 - 0.0632

1 3/2 + 0,332

818r 3/2 + 0,282

590 7/2 + 0.404




show that the energy levels for the case of‘% = 0 are

given by

B = %;-‘(3%1_1) 3m? - I(I + 1)} (26)

Due to the m® term in equation (26) the energy levels are
doubly degenerate in m. For half integral spin nuclei

there are (I + %) doubly degenerate levels and for integrai
spins there are (I.+ 1) levels Qhere I are doubly deszenerate
and the m = O level is non-degenerate. Transitions ,between
“these different +m levels are induced by the applied
radio-frequency (r.f.) radiation., The selection rule for

the magnetic dipole transtions is

An =+ 1 (27)
The absorption and reorientation of the nucleus is shown
in Fig. 2b. The frequency of the r.f. radiation required

to produce a transition is given by

=N = §§WV"-=rEg;? _ .
| t :  (e8)
vhere E; , 41 and Ep represent the different energy levels
and h is Planck's constant, Substitution in eéuation (26)

for I = 3/2 nuclei gives

for m = + & level, E = - EEQQ o | - (29)
- form =+ 3/2 level, E = + 2229
and so for I = 3/2, there is one transition of frequency,
~ ScUE (30)

23eo2y ~ 2h .
From frequency (N ), therefore, can be obtained IQEQ“J

that is, the nuclear quadrupole coupling constant in units
of frequency (MHz). Further substitutions in equation (26)
yield expressions for the energy ievels for nuclei of
différent values of I. Thus, if the asymmetry parameter

is zero,
’ -11~-



for 1

i}
<L
1
B

ﬁg& (31)

for I

5/2 |
%?;‘ie-@gﬁ' = % ﬁ%?g’

. .‘gzg
Qﬁg""a. w‘%" o'@’_@\
o

1'%

Q&% , ;_3%:_%;

(32)

and for I = 7/2

L

&

!

B

i
%

l«»
B |

(33)

®

&
.@
Hw
’T

The equations (30) to (33) are concerned with frequencies
of transitions in the case of axial symmetry in »the e.f.g.
However, more usually, this is not the case and there-is

a non=zero ’i o Although for I = 3/2 and I = 1 expressions
‘accurate in Q can be produced for the transitions, other
values of I give expressions in ‘i only soluble by numerical
procedures. Thus frequencliies for the case of non-zero ’)Z.

values ares:

= 5/2 ‘_)35;5&3: = 'e—}%g(l*ﬁ)
1=1 Voewst = Vp :%%(l*%} (35)
Yot = 22E8(1-1)

, Yot = A=‘g€=”z

I=5/2,0m say'§<0 25

(34)

s o2 (ffae 2 _
Vagomst® Y =5, (55 (1 + 0.09259%" - o. 6§403‘2¢(36)
2
2 (894 2
QQ%@@Q%“ N = 1o (7 0(1 + 0.20370)° + 0,16215‘&& )
I=17/2
2
Vagenel® V, = %4 (&) (1 4 3..433332&2 - 7.260701&4)
_3 2 92093’ 6 2 ~ 4
Qe%wz§= %= 14 (—"“h )(1 = 0.56 6712 - 1,8595471) (37)
2
- - 2 (8994 _ 2 _ 4
Vet osz® V= 57 (1 = 0.10013 | 0.0180421;) |




Equations (34) to (36) and equations (37) are taken from
refs. (8a)and(8c). From the frequencies obtained experimentally -
the values of the nuclear quadrppole coupling_.
-eonstant and. . the asyﬁmetry parameter can be calculated
for nuclei with half-spins greater than 3/2. (8 Y. For spin
unity (e.g. 1A‘N) e2qQ, and% are usually obtained from the
=-3¢ and Q_, transitions because, unless '2 is \{ery large,
the -00 transition is ofgpn of too low a frequency to be
easily detected; e.g. 1& = 0,81 for h&drazine (52) and
~o~ 2 MHz. In the case of spin 3/2 mclei (e.g. ¢,
75As, 1139 818r and 79Br) only one transition is obtained
and it alone cannot yield independent values of R equE
a.nd'% » Often in practice ’i is less than 0.1 and, as
an error of only about 0.2% isrigtroduced, ] equl is

frequently taken as itwice the resonance frequency, _

The only way to determine the value of the asymmetry parameter
('i) in the spin 3/2 case is by Zeeman studies in which

the application of a srﬁall magnetic field removes the
degeneracy of the * m states. The effect of this upon the
observed spectrum lineshape is characteristic of the value

of ?l and from it ”l can be measured. ’I‘his technique

i"s called Zeeman splitting of nuclear quadrupole resonances

-and is discussed in the following section,
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Zeeman Splitting of Nuclear Quadrupole Resonances (Z,nooorLI

Introduction

As previously shown, the nuclear quadrupole interaction
is characterised by the two parameters 'quQl and 21
which afe dependent one upon the other. Three other

parameters deserving notice are the three Eulerian &ngles

(&, B and¥ ) which define the principal axes of the e.f.g.

with respect to laboratory asxes (or frame of reference).
The knowledge of all five can yield useful information

on the electron distribution and the bond type between
the quadrupolar ztom and its neighbour(s)., This is dealt
with in Chapter 2 vhere the interpretation of n.q.r.
information is discussed. However, for such nuclei as
5501,‘79Br, 5 ete, with T = 3/2 the measurement of their
single frequencies does not yield ’e2qQ] nor'é;as do the
multiple frequencies of nuclei of higher I values. It

is then necessary to make further measurements which

usually involve the application of a static magnetic field,

For spin 3/2 the single frequency of the transiticn between
the two seis of doubly degenerate quadrupole levels is given

by .
2 3
N =58 (@ +%2) | (38)

. We cannot obtain btoth lequ\ and ?l from this one expression;

but in Z.n.g.r. spectroscopy the application of a magnetic

field to the sample removes the degeneracy. This gives

rise to four transitions centred about the pure n.q.r.

frequency from which ledqu and ’i are then determinable.

=14-
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Z.n.q.r. spectroscopy h:us been used in single crystal

and poiycrystalline sample experiments. Single crystal
applications lead to the full elucidation of the Eulerian
angles (with reépect'to crystallographic axes) but clearly
pose experimental problems .in:growing a single . _

crystal of sufficient size and have, therefore, had only
limited use. (9-15). Polycrystalline specimens have been
inveétigated also (16-24), following the pioneering work

of Morino andtToyama (17)°

Single Crystal Studies

Although the study of the intensities of signals from a
single crystal at various orientations in the radio-frequency
field (Hé.f) would lead to an estimate of Y, the _instabilify
.of the 6sciﬂétorfs response on @ moving - the crystal

- makes this experiment difficult. The Zeeman effect is
tﬁerefore indispensible for n.q.r. spectroscopy of swin

3/2 nuclei andto continue #ith the single crystal treatment,
the results of Dean(25) are used to describe the main methods
employed. In a small static magnetic field (Ho), usually -
less than 150 Gauss = 0.0195T, the splitting of the quadrunolar
energy levels is small in comparison with their separation
i.e. 30, K %00

where B is the gyromarnetic constant of the nuclei. The
splitting leads to the preducticn of a guadruplet as in
Fig.4.
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Fig.4. Snlitting of a single-crvstal nuclear guadrupole

resonance by a megnetic field (Ho)
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w3
_ Dean has shown that the frequencies of Z.n.q.r. singularities

lie at (25)

=Y Qﬂ—zjhsmz‘@ 3"’2 QUZCD@Z@ % {9-s420(9-%") } (29

From equation (%9) it can be shown that the two eXpressions

under the sguare root signs are equal when

sin® 0=

3-2?005 28 | (40)
and clearly under this condition the two inner components
(Rand ,9 ) of the quadruolet cozlesce at the n.q.r. resonance
frequency (°°Q). The equation (4C) defines the locus of
points of coalescence as an ellipfical cone and determination
of the cone with respect to laboratory axes gives the

value of‘b and the Eulerian angles, This, simply, is the
basis of Dean's "geometrical method"(15), which gllows
precision measurements of these quantities. The accuracy

is determined by the mechanical precision of the goniometer,

the constrﬁction of the Helmholz coils and their use,

Variations on this single crystal hethod have,been used

by V. Rehn(12), (the so—called<field—frequency.method) and
P. Bucci, P. Cecclin and E. Scrocco (13). The authors
claim to raise the accuracy of 72 deferminations from
about + 0.01 of Desn‘to‘i 0.001 but ohly gain this if
critical settings of the crystal orientation are favourably
established. A major problem, however, has been overcome
by Bucci in using a single Helmholz coil for the generation
of the Zeeman field. This allows the almost complete
investigation of the locus because of the coil's full
angular freedom about the line connecting the spectrometer

and probe. This geometrical method has been used for

—16=



several comp-unds including 1,4 - dichlorobenzene (15),

1,4 - dibromobenzene (10) and bromine (16).

The work of Kojima et al, (TOj‘shows a possible complication
of this method, since: instead of obtaining a quadruplet,

a set of eight lines was observed. The Zeeman field was
splitting resonances due to bromine nuclei in two molecular
orientations of the 1,4 - dibromobenzene molecules. These
two orientations of the molecules in the crystal give rise
to different magnetic field étrength components at the
bromine atoms and hence two sets of lines. The problem

was overcome by careful orientation of the crystal so as

to apply the magnetic field parallel to the yz plane in
order that the two clésses of molecules experienced the
same field strength thereby giving rise to the one, super-
imposed, gquadruplet péttern° The determination of ‘%

was then made by the geometfical method.

Polycrystalline Sample Studies

Clearly for liquid samples of dow freezing point or for

some solid éamples, single crystal growth is difficult,
tedious or practicadbly impossible and the earlier techniques
cannot be used to obtain‘5 in such samples. Consider the
structure of a spectrum from a polyérystallihe sample

subjected to a magnetic field. We might expect the broazdening

-17=



and the complete smoothing of fine structure by the super-
imposition of the many guadruplets from the crystallites

lying in all orientations. However, calculations of transition
probabilities by Dean (25) and Toyama (26) sugsested that
stronger than average iines would be generated for certain
crystallite orientations. With the magnetic field (Ho)
parallel to the radio-frequency field (HRF) crystallites

with their maximum e.f.g. component (qzz) orientated at

more than + 150 from perpendicular to HRF contribute little

to the overall lineshape. Whén Zeeman experiments upon
polycrystalline (powder) samples!' ;pin 3/2 nuclear ouadrupole
resonance signals were perforined, a characteristic angular
dependence of the two pairs of Zeeman canponents (|m] = «{,—-‘3/"2)

was observed (11) and (21).

In order to explain the technique as a probe for evaluation

of the asymmetry barameter ('a), consider the case of the
static magnetic field (Ho)’ lying parallel to the inducing
radio-frequency field (HEF)' Crystallites whose principal

xy planes of the e.f.g. are parallel with the ;tatic field
(i.e. whose z axes are perpendicular to HRF) produce transitions
comparable to the quadruplet of single cryséal Zeeman
experiments., Those.corresponding to the inner pair of the
singlé crystal Zeeman components (ﬁand ﬁ’) are induced

yy the x component of HRF and those to the outer pair
(oLandad) by the y component. Thus, depending upon the
orientation of the x and y axes to HRF’ the signal intensities
of these lines vary in a:reciprocating manner. For poly-,
crystalline samples, therefore, a smooth spectrum of definite

lineShape is observed. This behaviour of the Zeeman comﬁbnents

+
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is caused by the zeroth-order effect of the asymmetry of
the e.f.g. (25). Clearly, if ’? is non-zero the strengths
of these sets of components vary and in a polycrystalline
sample we expect the asymmetiry to manifest itself in the
envelope shape of the line, broadened by the magnetic
field. The pairs of peaks are separated from the central
resonance freguency (QQ) by approximately the Larmor

frequency,‘Q“. The Larmor frequency of a nucleus is calculated

thus

\)H:= | % Wl

where Ho is the magnetic field strength and '&is the

(41)

gyromagnetic ratio for the rescnating nucleus, divided

by 2T,

For a non-zero asymmeiry parameter, Uy # qyy’ therefore,
changes in the lineshape for a polycrystalline powder

result in the vicinity of ‘QQ _-tQH. Their detail depends
upon the value of 't . With the experimental arrangement

of E’RF parallel to Ho' we may consider the lineshapes
produced when each of the principal e.f.g. components

(qxx’ q and qzz) lie, in turn, parallel to the magnetic'

field (Ho).

Transitions in the n.q.i‘. spectrum are, in; general, induced
by the component of HR.F‘ perpendicular to the principal z
axis, within the approximation to first oraer in % (25).
When Ho is parallel to z, no absorption spectrum is observed
because HRF is parallel to z too. With HO parallel to the
x axis, the outer pair of Zeeman components would lie at

QQiQu, and the inner pair at \ki (1 —')l)w)“. However,
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w;'Lth this arrangement, HRF is also parallel with x and

therefore only the transitions corresponding to the inner

pair are allowed. 'i'hus only a pair of strong lines at

+ (1 =% )V, on either side of @ are observed, With Ho.
parallel to the y axis (and, therefore, with Hpp parallel with
¥), we have a similar situation, but the resulting pair of lines

lie at + (1 .,+‘2)w7,,, about Vg

Thus for the magnetic field (HO) parallel to the radio-frequency
field (HRF) no signals are se;_encvat @Q i*@;ﬁbut on either side
of Q@ lie pairs at
Vg 0+,

and QQ + (1 _ﬁ)QH
The development of the full lineshapes is shown in Figs. __5a_)—c)
vhich are taken frem ref. (34). The scale used for the abscissa
is that of reduced frequency i.e. - Q@% where % = (1 + —'E;')%o
‘The position of the discontinuities andcheir width is dependent
upon the value of’)z; in Figs. 5a-c), %: 0.1, The absorption
represents the,response of a spectrometer as the frequency is swept.
The diagram 5a represents the response if the linewidth of the

{
n.q.r. absorption is infinitely narrow. However, diagram 5b

shows the more practical case of a finite linewidth, while Fig.5c
shows the likely spectrometer response - a first derivative of the

absorption,

Morino and Toyama (17) observed lineshapes similar to those in
Fig. 5¢ for Z.n.q.r. studies on 1,4 - dichlorobenzene and 1,3,5
trichlorotriazine (cyanuryl chloride). The separation between these

features = g in Fig. 5¢ - is given approximately by

S {09 00l ()
e B 29,7 |

=20~



Fig,5, Simulated Zeeman n.q.r. lineshapes
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This separation (S) is therefore characteristic of the
asymnetry parameter but as the expression (42) involves
the larmor frequency ('Ouin eguation (41)),11‘.3 value is

dependent uron the strength of the static magnetic field.

Application of a magnetic field (Ho) to the n.q.r. sample
causes the loss of the degeneracy of the + m guadrupolar
energy levels. Thus the absorption of r.f. energy in
order. to promote transitions between these levels is possible
over a wider range of frequencies., The result is a broader
linewidth for the observed spectrum., The singularities at
'\)Qi(\'ﬂ}b)";” and ﬁ)g i(\ﬂ‘\)%w emerge from the
broadening lineshape but they are only well-defined when
the separation 1ﬂu’iis greater than the linewidth, a-y ,
Thus a condition for the minimum amouni of broadening
(equivalent to a minimum value (Ho MIN) for Ho) required to

yield the singularities can be stated as

broadening due to QVPZ. :.12 ('8" H@) >A‘§

asymmetry
A

%" (43)

where &V equals the linewidth at H =0 (unbroadened) and

leading to Hy MIN >

where 12 and HO are as above with K,the gyromagnetic ratio

of the quadrupolar nucleus, divided by 271,

Morino and Toyama (17) propose that the ratio

2 \)' where ~ = Larmor frequency (44)
5]
& =~ 2 '32
(4]
be measured at several increasing values of thes field

strength (HO). This ratio is then extrapclated to infinite
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field strength. Assuming that the first order analysis of the
Zeeman effect holds over all field strengths, the original line-
width can be neglected in comparison with 8 ’-!2“0,"'} (Ha—*ﬁ),
They therefore propose that zs“converges to "L as Ho approaches
infinite values. Clearly for infinite field strengths the 1line
would be broadened out too much to be observed, Extrapolation

is therefore used. When the magnetic field (Ho) is weak in comparison

AN , o .
to q11f (equation (43)), the linewidth measured is far larger
than 20'& but at stronger fields, the greater part of the
separation comes from the asyﬁmetry effect., Thus a plot of
'“:; versus l-, has a negative gradient, tending to decrease in
29, H ,
slope as Ho increases. A minimum in this curve has sometimes

been observed experimentally and is in agreement with a predicted
A
29,

taken from (17) for 1,4 dichlorobenzene. In practice, lineshapes

curve of 71- . This is illystrated in Fig. 6a), which is
are not as well resolved as appears from Fig. 5¢). In order to
improve the analysis, Morino and Toyama defined three measurements
which approximated to és and which behaved similarly. These

(51, §, and 83) areillustrated in Fig. 6b). It is usual that

whichever is best defined in the spectra is plotted as in Fig. 6a).

The method of Morino and Toyama has been used by various authors
(16 -~ 24). Results are reported in this thesis for thionyl chloride,
phenyl phosphorus tetrachloride, silicon tetrachloride and germanium

tetrachloride.

For completeness, we must consider the alternative configuration
of HHF perpendicular to Ho in which we might expect differences

in lineshape. Although Morino and Toyama predicted the lineshapes,
full experimental results and interpretatiops were furnished by

R.B. Creel et al. (27) and (28). Creel compared spectra from
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NaC10, ( 9 =0.0 - Y.Ting et al. (29)), with those from 1,4
dichlorobenzene ( ‘%: 0.08 = Dean (25)) and mercuric chloride
(= 0.08 to 0.80 - Negita (30), Narasimham (19) and Ramakrisna
(31)) but no appreciable differences were observed. The

lineshapes from'this configuration are therefore insensitive

to 720

Morino and Toyama (17) had predicted this independence from

’Zp, » showing that no Zeeman components were allowed at

@a * (\ ‘2%)-@“ . They oniy exist at Qdi\éw and therefore
overlap one another, giving no characteristic separations. Creel
et al. (27) have shown that this behaviour is due to the dominant
portion of the intensity (;f the resonance absorption coming from
crystallites whose e.f.g. compimehts lie parallel té Ho i.e. Q.
~ perpendicular to H.RFo This is represented by B = 0 in the
expression of Das and Hahn (32). They have shown that the
contribution of ?2)/ to the Zeeman energy levels has as coefficient,
sin 2@ . With @ = 0 for this experimental arrangement, the
asymmetiry cennot contribute to the dbserved lineshape. The energy
levels resulting from various configurations of the ma metic

field are illustrated in Fig, 7.
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Temperature Dependence of n.q.r.

Introduction

Quadrupole resonances measured at various temperatures,

most often reveal a negative and non-linear temperature
variation, Although this dependence varies greatly for
different molecules and nuclei, for a 35Cl resonance, a
shift to h{gher frequency of about 3 to S.kHz° per degree
accompanies the fall in température for meny organo-chlorine
compounds. Bayer (35) first attempted to explain this

variation by proposing that torsional molecular vibrations

were responsible.

The Bayer Theory

In a solid, molecular and lattice vibrations displace

the nuclei. These motions are temperature dependent but
some are those in which the centres of mass of %he molecules
(as rigid bodies) are displaced (translational modes) and
some cause the oiientation of the molecule as a rigid

body to change (torsional modes); The translational modes
do not change the resonant nucleus' quadrupole interaction
with the e.f.g. but torsional modes move the e.f.g. with
respect to the-nucleus° The effect of torsional motion
a£out the three principal axes of the e.f.g. is illustrated
in Fig. 8 where the unprimed axes are those fixed in space
and those primed are the instantaneous displaced sxes,

The angular displacements are given as @j (j = x, y and z)
and for small values of~@5 the instantaneous and fixed

~24-



Fig. 8. The effect of torsional motion on the e.f.g. at the nucleus




axes are related by the following equations,(32):

V= -0 - +&v v, (45)
v;y'= 9‘2.\@(Jc + (1 - @,2{ - ei)vw + &V (46)
v;z = Qi,vm + @in,vyy + (1 - @f{ - @i)vzz (47)
Ve = O * B8~ 807y - 0.8, . (48)
V=807 0+ (8,8, -0V, (49)
V=8V, -88V +(86 +08), (5

Equations (45) to (50) show that the instantaneous e.f.g

tensor is time=-dependent and non-dizgonal. However, the

torsional oscillations are of the order 30 .= 100 cm-1

representing a frequency a about 1O12 Hz. which is much

greater than the 30 IMHz for a typical 35Cl guadrupole
resonance. The oscillations therefore aﬁerage the e.f.g,
and,since the expectation value of @5 also averares to
Zero,; i.e.

{8, =0, - S COR
the e.f.g. tensor is, on the NeQeTs time'scale, diagonal,

Using the Laplace condition (equation (4)), equation (47)

then becomes

L

. > > 2. ’
V,, = V00 - 326 + &) -Y/26 - €))  (52)
Now, representing the time-avera~ed value of the principal
component of the e.f.g.y Q,,9 by 4 and the "“stationary"

value by q, equation (52) pecomes

ed = eq (1-3/2(4E8> +<87>) - Y2(K B> <P )

) (53)
-25~ :



where <0§> is the expectation value (an averaze) and terms
in 94 are, as before, ignored’ as véry small. The value
of <9§ )is termed the mean square amplitude of vibration

th

about the j e.f.g. principal axis.

The time averaged value of the asymmetry parcmeter is
X 7 . . . . 4 . .
written as ﬁL and, ignoring terms in @', is given by :
!
_ €eg 1 2 _ 2 3 2 2 '
% - ;;f{*l [1- 2<> +<€>) - 653 + 2 (<ey>—<6x>}
| 4 (54)

2 .
Since(éj) is always positive the torsional motion averaging
the e.f.g. lowers eq and, therefore, the nuclear quadrupole
coupling constant falls. The motion about the z axis does

’
not affect qe but tends to decrease 72 .

The Bayer theory therefore separfétes the dynamical effect
of torsional motion in the crystal from the static effects
of the charge distribution in the vicinity of the rescnant
nucleus. This assumption is valid in molecular crystals

- where the e.f.g. is provided prédominantly by the bonding

electrons of the molecule.

The n.qg.r. frequencies are thus temperatﬁre dependent
tk’wough the mean square a.mplifudes < 9§> of vibration
about the e.f.g. principal axes. It is assumed that only
the librations or low frequency internal .torsions are
important in the averaging process and that each molecule
librates independently of its neighbours. In the general

case of three torsional motions we can represent them by

quantum mechanical oscillators thus (32)
N S, 1
<GJ>= 1.0 (2 + (exp (*w;{. _1)) (55)
S i
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I 3 and Q. are respectively the moments of inertia of
the molecule and angular oscnllatlon frequency about the
principal e.f.g. axis j (j = X,y and z), {is Planck's
congtant divided by 21, k is Bolltzmann's constant and

T is the absolute temperature.

Substitution of (55) into ecuation (53) gives | (32)

eq” = eqz 35&[(‘ ’9/) 3/)] (56)

Z.A-a, 5 | .
s.g;[ (n +7%5) . (1 —=2%) j
T bAicfaxp(f2) -1 Ay (axp(E) — |

The first set of bracketed terms gives the effect of zero-
. . . 4 .

point vibrations on eg , the second set contains the

temperature dependent expression. For a nucleus of spin

3/2 we may write the temperature dependent resonance fregquency,

9 -8 e @ (s57)

vwhere 'ng’_‘: %,, . ('2) :. i}

Substituting in (56) yields _ (32)
b4

9 =298 &_@ N N

RS LAz 2 A@ («63

2 +Va) . (s %/3) ')2_
B 2 Lﬁ (ex_fi(-gr‘_ ) \ aé a(@g_f -——-6 ]

The terms of higher order than 7&!2 are ignored. The first
and last terms of equation (58) when summed yield ~ 9

.

if multiplied by 95%9. Since the first set of terms

are independent of temperaiure, differentiation of (58)

yields | (Sq)

.L(“\--sx;" (‘*%u?(&% e (Baad ([ 1
It i
SR T bt ) ) 5
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Equation (59) can thus be simplified if 2 is small and

can bé ignored, and if -%é%; K l)

L __3 Dy £
ﬂ(m)" Er%g?&(fiz). + u?(—‘kfaa (o)

QT Ay Dy
If equation (57) is replaéed by the freguency egquation
for nuclei of. spins » 3/2, similar derivations can be

made to give an expression for their frequencies' temperature

dependence. ;

The assumption upon which equation (55) is bacsed, namely
that we can repfesent the mean'gquared angular didplacements
<:@§> as normal co—ordinates, is, however, not strictly
correct since the ﬁblecule does notllibrate independently
of ité neighbours. Kushida (38) pointed out that any small
amplitude external co-~ordinates, GE, can be expanded as a
linear combination of the normal co-ordinates Xi, thus

. ®j = Z.wjixi " (61)
where Wjigives the §;1ative weight of each normal mode
contributing to molecular motion. The resulting mean
square apgular amplitudes can then contain contributions
ffom all the normal modes, not oﬁly the librations';°
McEnnan and Schemp (36,37) have calculated for solid chlorine
thé contribution of lattice mode frequencies to e.f.g.
averaging by motion. They used group theory techniques

to calculate the values of @j in equation (61).

Further, Kushida (%8) showed that if only librational and

torsional modes are involved snd these are harmonic, then

- |
4=, IM%ZN*(L) L. '
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where wji gives the relative weight made by the ith mode

to the nuclear motion, a&_is the frequency of the mode and
Ii is its effective moment of inertia about ;he axis (1)
associated with the motion. N is the number of modes, WL;
is the n.q.r. frequency that would be obtained for a rigid
lattice in the absence of even its zero-=point vibrations,
The value of ﬁg is estimated from a plot of n.q.r. frequency
against tempetaturé = takinz the extrapolated intersection-
with the frequency axis at T = O K. Expression (62) may

be simplified if only low frequency modes (much more important
in the averaging process) are used. A low frequency (LQ;)
mode is one whose frecuency is less than E%E (63).

where Tm is the lowest temperature used in the experiment.

Additionally if W,. is taken as 1 for these modes, then

2 ™
-V =Y, I—MS&’T i — X z A (sa)

Z L, uw? 1
%ﬂ T B&T =t
Hence, when put into the form
| D =a+ bl + /T,
equation (64) yields
a = “ag
"
b=- 3R 5 =—a, (65)

K _;oﬁﬁ «

S =TZJ"1

Thus (ZL‘) can be aﬂprox1m ted by

& o~ -329 ZN \  (66).
) ‘81’3’ A=l I:; ‘AA% '

Equation (66) may be compared with eguations (59) and (6C).

N is the number of modes contributinz to the temperature
'dependenﬁ averzging of eq, However, under many practical
circumstances, one or two modes make the dominant contributions.
The higher values of temperature required to make valid

the use of equations (64) and {66), i.e. TP c in (65),

=29
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represent that part of the frequency/ temperature plot where
theplotted line is closely linéar and the slope almst constant.
The use of a gradient measured at a temperature (T7), inserted
into equation (665 éan yield a predicted torsional or
‘1ibrational frequency. It may be necessary to invoke a
combination of several frequencies but these values can be
compared with those observed in the far infra-red or Raman

spectrum of the comvound bging investigated.

The different temperature dependences of various compounds
are therefore explicable in terms of their varying inter-
molecular (and in some cases intramolecular ) interéctioﬁs
and of their different molecular masses and shapes produéing
different lowefreguency libratiénal motions. This theory

~ has béen applied by many authors.(39 - 46) out a number

of ﬁodifications to the theory have been proposed, each

attempting to fit it more closely to physical reality.

The most commonly.questiéned assumption of the simple

~theory is that librational fréquencies are constant.. The
lattice frequencies,'not being'purely harmonic, are temperatufe
and volume dependent. then the equation of étate for a solid is
kné@n, the dependence of the frequencies upon volume can be

_ included (in the analyses by Kushida, Benedek and Bloembergen
(45)) if the pressure dependence of the n.q.r. frequencies is
found zs well as their temperature dependence. Brown (47)

hds used a linear temperature dependence term.of the form

Q =~0°(1 - ol T) for the libretion frequencies' temperature
dependence which has been applied to hiegh temperzture n.q.r.

studies (48). Measured temperature dependences of librational



frequencies have been incorporated in n.q.r. studies (49).
Duchesne (50) has included the contribution of molecular
stretching mode vibrations in the averaging of eq, e
However, the contribution is very small due to their much

higher frequencies.

Examples of n.q.r. temperature dependence studies are given

. . 2
in ref. (51). ‘This thesis has included several, among .

them the cases of methylene chloride (to investigaﬁe”

the influence of a non-zero asymmetry parameter) and 71.—

Cyclopentadienyl cobalt dicarbonyl.
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CHAPTER 2 — INTERPRETATION OF K.(.R. SPECTROSCOPY

Introduction

Of the five possible parameters n.q.r. spectroscopy can yield

to describe the e.f.g. experienced by a quadrupolar nucleus in

a molecule, usually only the magnitude (equ) and the symmetry

of the field gradient (?) are known. Any interpretation of
n.q.r. spectroscopy must attempt to relate those parameters io

a description of the electronic distribution. The demands of
interpretation range from those of the theoretical chemist seeking
an experimental means to check simulations to the practical
chemist for whom factors such as bond ionicity, depree of -
bonding, or extent of hybridisation hold az;peal. This chapter

deals primarily with the latter objective.

General Theory

Consider a quadrupolar nucleus lying at .the origin of a set of
Cartesian co-ordinates. It interacts with a volume element (J?’)
of charge density<{ , of vectorial distance (¥ ) from the origin.
(Fig. 1). This element produces an electrostatic potential

at the origin of
v 34T (1)
Id!
Resolving in the Z direction gives

dr 2 = cos %) (2)

dz T
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and hence,

AR [Ty - LI )

Differentiation again gives (1),

2 2
= -3 {L—C"s 0 ;'1} aT (4)

il

Equation (4) represents the principdl comronent (sz) of the

e.f.g. tensor experienced by the nucleus due to the volume

element d?’, To derive the total electric field gradient,

integration of (4) is required. - Charge, g,d?’, is replaced
¥*

in quantum mechanical terms by SD .g)d?’ = the expectation

value (or probability) of the wave function (p, Thus the

expectation value of VZZ is

Gy =e ) ==t

r

= eq::
where g&) is a molecular wave function.

The Born-Oppenheimer approximation for molecular wave functions

mow permits the separation ofSD into nuclear and electronic

components.

g‘) = %)nuc. ® Sl)elec. (6)

S()nuc., cna be further sub-divided into the translational, rotationzal

and vibrational components.

(7L)nuc. = (7Qtra.nso (;é)rot. Sé)viba (7)

Because the e.f.g. is measured at a fixed point ( the quadrupolar
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|
nucleus) within the nolecule (ﬁ)transe is of no conseguence ito the

e.fog., eqo The interaction between %Drot, and the siationary
e.f.g. is evidenced in fine structure of bands in microwave
spectiroscopy. From this hyperiine structure values of the nuclear
quadrupole coupling constant, comparable to those from n.c.r.
spectroscopy, can be obtained. In the solid state however the
effect of %Prot, on eq is not imyortant. We are, therefore,
interested in the e.f.g. of a vibrating molecule in a fixed

co~ordinate system,

The observed e.f.g.'s are averaged values over the vibrational
motion. The 55Cl coupling constant in gaseous KC1 molecules

has been shown to depend strongly upon the vibrational state (2).
This however is only an important efiect when the values of eq and
the coupling constants are small as work on methyl chloride has
shown (3). 1In calculations of the e.f.g. at N4 in H-C=N, Scrocco
et al. (4) compared results obtained from a rigid equilibrium
model with those averaged over the linear stretching.vibration of
several linear configurations., The agreement was within 1% which
is much closer than is usually found for comparisons of theoretical
with experimental e.f.g. values. The rigid molecule in its

equilibrium configuration is therefore usually used and eguation

%Z) = %nuc, o %D elec, (8)

ixed

(6) becomes

From eqﬁation (5) the e.f.g. can be described in two terms,

The first, representing the nuclear contribution, can be evaluated
exactly irrespective of the electronic wave function. It is
necessary to integrate over all nuclei in the molecule (N)° The
seéond term represents the evaluation of the average value of the

function,
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over the molecular electronic wave function (and ground

vibrational state).  Thus;

] 2P st 1

which may be written as,

eq = eq + eq (9b)

nuc. elec.

where,%i is the total éharge (number of protons) of the other

nuclei in the molecule situateéd at a distance Ri from the
guadrupolar nucleus. Because the nuclear and electronic terms

have different charges, the e.f.g:(eq) is the difference of two
larger tefms, one of which may be known exactly, The theoretical
e.f.g. is therefore very sensitive to the accuracy of the electronic

wave functions. As an example, eq

and eq n are -2,1192 and

ucl.

. 2
2.4329 cm respectively for deuterium in deuterium chloride (5 )9

elec,

Most atomic gnd molecular wave functions are approximate.
Consider the effects of the various apprpximations on the
resultant calculated e.f.g's. The variation method applied to a
set of trial functions containing ce;tain parameters is most
usﬁally used. The totél electronic wave function(¥’eleq is
normally written as a set of doubly-occupied orthogonai méleéular
érbitalé which in turn are composed of n orthogonal Atomic spin‘
orbitals, ﬂao These atomic spin orbitals are assumed to be
products of radial (R ?i?s) angulari(the spherical harmonics

Ylm(e,é)) and spin (X®) functions n,lyms. i.e.

Ben Ry Y 0.8 X (19

. =35=



where A is a normalising coefficient while the molecular orbitals

are of the form,

% ‘-‘Z,V C%(;ﬁ;; (11).

In equation (10) only Rn%?? is unknown and contains any required

paraﬁeters. These parameters are selected according to the
variation procedure to minimise the energy associated with the

~ function. For atomic calculations analytical Hartree-Fock atomic
wave functions are most usual which, if used in their unrestricted

form, assume Rn%2§ to be a function of all the éuéntum numbers.

However, more often the restricted form is used. making Rn%??

a fungtion of n .and 1, the principal and azimuthal guantum
numbers, only. A significant error in the calculated e.f.g.
from these wave functions is introduced thereby and is one known
under the collective name of Sternheimer shielding(6) . This
error may be seen as the consequence of the restricted form of the
Hartree-Fock wave functions assigning spﬁerical symmetry to all
fiiled shells. The average value of (3 0032@~1) ié zero for

a spherical distribution of charge because the average value of
c0s?8 is one third, Therefore the filled shells are set to
contribute nothing to the é,f.g. in atomg, then, the calculated
e.f.g. is gaid to arise solely from the electrons in the valence
shell, However this representﬁtioh of atomic e.f.z., already
sﬁbject to éevefal anproximations, requires further adjustment.
Under the influence of an asymmetfical v@lence orbitzl (5) and
the quadrupolar nucleus the inner filled shells distort from
spherical symmetry.  Their distortion makes a contribution to

the total e.f.g. at the nucleus of say, =Req y Where

valence

eq is the e.f.gz. in the absence of such distortion.
valence
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R is called the Sternheimer polarisation factor of the atom.
The observed e.f.g. (ef;) is thus,

eq = (T-R)eq valence ' o (12)

Using perturbation theory on restricted Hartree Fock functions,
Sternheimer (5 ) and Scrocco (7) have evaluated values of (I-R)
%)

for free atoms, e.g. for Cl(Ne3523p , (1-R) is estimated as

4O°888 which correspondsto shielding. .
The values of R usually lie between 0.0 and 0.5.
The other important component of the nuclear quadrupole ccupling
constant in addition to eq is the nuclear quadrupoie electric
moment, e Q . We might suggest in atoms that from experimental
values of e2qQ the value of eQ could be extracted if calculated
values of eq were availéble. However for many-valence-electron
" atoms Hartree-Fock wave funétions are not sufficiently reliable
and so experimental values of é%}) are obtained. Atomic
emission and atomic beam resonance spectroscopy yield values of
<-:-.3>from the magnetic coupling between the nucleus and the
electrons ( 9,10 ) which are then used to obtainl"empirical values"
a of eq:,l'eQ may then be calculated, this being the most reliable

method as yet( 9) R Armed with values of eQ the e.f.g. values

for molecules containing the atoms can be obtained from their

nuclear quadrupole coupling constants (equ). A valuable test of

molecular wave functions is then to compare theoretical with the

experimental values of eq.

' To return to Sternheimer shielding we may consider its causes
and importance. The distortion from spherical symmetry of the
inner shells produces ar additional e.f.g. at the nucleus as

shown in equation (12). The distortion or polarisation is of
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two types. In the first, a radial shift of electronic charge
occurs. In Fig. 2 this is represented by contraction of the
shell at C and.b and expansion at A and B. The main contributing
electrons to the e.f.g. - the valence electrons - "feel" the
quadrupolar interaction with the nucleus reinforced. This
therefore is anti-shielding corresponding to a negative R, Ancgular
distortion is the second affect and cén be represented as
electronic charge movinz to C and D from A and B. This shields
the nuclear quadrupole from the valence electrons and corresponds

to a positive R,

In contrast to the generally poor theoretical values of the

e.f.g. calculated for atoﬁs, résuits for smail molecuies have
proved to be closely accurate. The reason lies in that the

trial wave functions used for small molecules have had few
restrictions placed upon them. The use of all orbitals in self
consistént field LCAO methods causes the calculation to incorpocrate
. any core orbital distortions in tﬁe final electron distribution.
(Examples of the results of ab-initio calculations are given in
.Table 1). The polarisation éffects are tﬁgrefore automatically
includgd»qnd in such calculations on_molécules the Sternheimer

term can be ignored.

S5till, h.q,r. dafa cover molecules of a far wider range tﬁan are
at present amenable to theoretical evaluation by the methods above.
"Accurate wave functions for them cannot be expected for many years
to come. Indeed the growth of exgerimental techniques such as
n.q.r. spectroscopy has been spurred by a desire to investigate
electronic structure as yét too complicated for theoretical

calculations. Methols for the correlation of experimental
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TABLE 1

MOLECULE NUCLEUS THEORETICAL FIELD  EXPERIMENTAL FIELD REF,
GRADIENT (a.u.) GHRADIENT (a.u.)
Hydrogen Fluoride : °H -0,541 =0.52 (5)
Formaldehyde ’n. -0.207 -0.261 (31)
Hydrogen Sulphide 211'; -0.265, 'i: 0.167 =0,229, 72: 0.205  (32)
Hydrogen Cyanide %y -0.317 -0.310 (33)
Yy 21.204 ~1.131

Nitrogen Yoy ~1.35 =1.323 (34)
Hydrogen Chloride 31 +3.923 3.639 (8)
+3.612 3.639 (5)

Apiridi 14, . | o '
ziridine . -1,008, ‘%: 0.683 <1.038, J= 0,629 (35)
1y ) _
Pyrole , -1.480, 'ﬁ: 0.109  =0.752, = 0.071  (35)
Isoxazole Yy 21,695, '?: 0.704 0.3 (35)

0 Yy

xazole -1,405, "2: 0.314 =1.123, h = 0.21 (35)
o | 14y . »
Pyridine =1.778, = 0.115 -1.374; Y= 0.405 (35)
Pyrazine 4y 4,868, )= 0,048 =1.291, 9 =0.53% (35)

AN ILLUSTRATIVE LIST OF MOLECULES FOR WHICH AB INITIO

WAVE-FUNCTIONS ARE AVAILABLE,



nuclear quadrupole coupling constants with electron distributions

have been developed and these techniques are now discussed.

Approximate Methods

Consider equation (9a) and ways to simplify the interactions.
Townes and Dailey proposea several simplifications (12 ) which
included,

1) An assumption that only valence electfons of the quadrupolar

nucleus are important in generating the e.f.g. i.e. eq

This therefore assigﬁs spherical symmetry to the iﬁnér shells,
As seen already, this is not strictly true and so a correction
factor, P, is introduced to represent the e.f.g. contribution
generated by the polarised inner orbitals. |

2). An assumption that in other nuclei of the molecule their

inner shells are tightly bound and that the e.f.g. at the quadrupolar

nucleus is due to them as point charges of value (Z-n) where
n is their valency and % is their nuclear charge. This

contribution is written as eq core® The assumption of fixed

nuclei is included.

9molecular eof.g.,e?,,

eqa = €q valence - core P (13)

20 - |
where, €4y )qonce = <gb v.'_llence\z Deod 36& \i valence
elec. . ™ . elec,
‘&’ g ‘
\Rxlehce (PMQM

The field gradient opverator Hq is a one electron operator and

1) and 2) may therefore. be summarised as

usually is written as a Slater determinent in terms
valence
. /
of orthogonal one electron wave functions 17#}' - molecular

- erbitals, M.0. i.e.

Q’l)\lalenc,e,::'\‘. :\%“z ety ‘:\La:"“'x;&(."f")
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In the LCAO-MO avnproximation the M.O's. are written as linear

combinations of atomic orbitals, A.0's., M. i.e.

=Z&&} .¢& | - (16)

Substituting equation (16) in equation (14) gives,

s/ {7 A +Z;»ﬂ<¢,m;!¢z>

ZZ e CARIA) < Lo L1

where j 1nd1cates summing over thp valence M, O s.; k over the
A.0's, of the quadrupolar nucleus, and 1 and m over A.0's. of
other nuclei. Equation (17) represents (within the LCAO-MO
’approximation) an exact expression for the electronic e.f.g.

of an isalated moiecule. The approximafions of Townes and Dailey
'allowed the separation of the observed e.f.g. (eq) into three
components (equation 13). Comparison of thé terms in equation
(17) with these in equation (13) provided Townes and Dailey with.
an approximation allowing developmentvof a method for interpreting
nuclear quadrupole coupling constantS’(n.q.c.c.). The contri-
bution of nuclei external to the quadrupolar nucleus (eq core)

and that of - the iﬁner shells of the quadrupolar nucleus (P) are
set against the two-(k,1) and threé—(l,m) centre terms of

equation (17). Namely that the e.f.g. experienced by the

Z Z gh<¢k\3°!— l¢ > (1)

This results 1n treatment considering only orbitals on the

nucleus is,
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quadrupolar nucleus and those of atoms to which it is bonded.
A description of the Townes and Dailey (approximate) method

for determination/interpretation of n.q.c.c's. is given later.

A study of exact solutions of equation (17) has however shown that

ed _ire is equal and opposite to the second term plus one half of

the third term in equation (17). Cotton and Harri§(13) have .

" -shown this to be closely the case in several halogen complexes.

They propose that the e.f.g. is,

L1 0) + 7 Saaohl /)
d +P (1?)

because the three-centre integrals (in 1 and m) are certainly
all small and can be negleéted. Cotten and Harris suggested
that Mulliken type approximations (i4) be made for the two-centre

integral in equation (19), i.e.

<¢&\ J0) =S50 Gl W [ o

where 5., is the overlap 1ntewral.<q&2|¢1> Therefore from (19)

ZZ () sl zgnl} +F @)

Equatlon (21) may be written as,

eq

§ = LZ‘%&.‘WL + P (22)
<¢&!%\¢9¢> .

and is the e.f.g. generated by an electron in the k A.O. and,

where, eqy

also in equation (22),

) 2 529& v &2 %LSM ‘(23)
RSNE

£+%

The nuclear quadrupole couplinz constant is given by,
- 2
R ORAEE el S
= %)
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The second term; in P, is incalculable, An approximation common
to 2ll (approximate) methods was invoked by Cotton and Harris, viz.
that the polarisation effects are proportionately the same in the
isolated atom as in the atom in a molecule and that they vary
negligeably from molecule to molecule. The polarisation effects

are said to be included in the e.f.g. due to an election in an
A. 0., gék. Hence,

le2qQ, = Zkfk°e2qu ~(25)
The terms f, are Mulliken's total (gross) atomic orbital popul-
atiqpsrg14), As will beAseeptlgigggAif Siq

25 reduces to the Townes and Dailey expression for the n.q.c.cC.o

is set to zero, equation

Cotton and Harris (15) applied equation 25 to 6alcuiating e.f.g."s
at 22Cl for complexes of the type r¢101$="(e,{5;° PtCl?’, 1>1-,01§'= )

where the quantities needed for (25) were élreédy estimated. For
Pt014="9 they computed a value of 34 MHz for the noqacoco(expl° value
36,1 MHz)° However, the predicted equ values must be viewed in

the light of approximations made in deriving the eigenfunctions

used in the calculation. For this reason and the general lack of
sufficientl& accurate eigenfunctions; the method 6f Cotton and Harris
is not of general use. However, it retains the advantage of being
based on an M.0. description of the chemical bonds in a molecule,

Kaplansky and Whitehead (37) have reported and erratum to an equation

presented by Cotton and Harris. Correctly stated, the equation is

2 Z Z: 2

éQq = 109.7 4, (2 - {Nk(cik + l@ﬁcikcjksij )} )
and represents the change in the n.q.c.c. caused by the change in
occupancy of atomic orbital 1 due to bonding., We therefore

turn to a more detailed analysis of the applications of the method

of Townes and Dailey.



The Townes and Dailey Method.

In equation (18) the atomic orbitals gﬁ% are written as
products of a radial function and a spherical harmonic as

in equation (13), i.e.

¢, = HRETE YRE.8) (13)

Here the spin functions XS are ignored since for one electroﬁ
A.0.'s they are the two usual s = +} functions., Substitution
of (13) in equation (18) gives tie principal component of

the e.f.g. generated by one ekctron in an A.0. (1),

<¢“3w&®—'h h¢> (26)
3me - 1(1 + 1) 21
{ 121 - 1) % 21 + 3%"63} (27)

where <:1 is the average value of the function 1 over

oy

€4(A.0.)

T
the A,0. in space.

Townes and Dailey (12) state that the e.f.g. due to p-electrons
is far greater than that due to any other source. This is
supported theoretically and on experimental evidénce° With

the knowledge that distortion (polarisation) of inner shells

is accommodatéd already, we can say tha they contribute

nothing to the total e.f.g., as do the s-orbitals due to

their spherical symmetry.

For a p - electron, the maximum e.f.g. arises for -

- a Pz electron, So from equation (27):

ea(p,) = 4/5 < 13> o (28)

For d - electrons, however, the maximum occurs for.
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a do electron (siens of e.f.g.'s are opposite) and
z.

ea(d,2) = 4/7 <:1 §> (29)
P

- 2 2
eq (dx -y ode)
From these calculations on the angular terms only,
p - electrons contribute more to the e.f.g. Furthermore,

average values far<(1 for p and d orbitals are in the
L)

ratio 8 ¢ 1 (same n) given by

EY agmils (30)
where ZZ = nuclear charge (number of protons), a, is

the radius of the first shell, n énd 1 are the principal

and azimuthal quantum numbers respectively. Although, of
course, hydrogenic radial functions (30) are not generally
applicable it is found experimentally that the e.f.g.'s
produced by p;- electrons are ten times those produced by

d = electrons having the same pfincipal quantum number (n).
A conseqﬁende of the field gradient's dependence upon 213

is that the nuclear guadrupole céupling constants are likely
to bé higher for nuclei of higﬁ'étomic number. This theory
is parficularly appropriate to 35Cl where the e.f.g. usually

lies along its bond.

With regard to the e.f.g. generated by p - electrons, it is
ciear that the maximum vélue for the e.f.g. is generated
along the symmetry axis of the orbitai° Hence we define
eq as the principal gomponent of»the e.f.g. tensor given
by a p = orbital, i.e.

ea(p,) = eq, (31)

From the Laplace condition (Chapter 1, equation (4))9
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the contributions of the other two p - qrbitals can be

estimated, On the other hand, equation (27) could be used

for m = 1. This gives for an electron in the p, and Pys
eq (px) = eqa (py) = ~deq, (32)

For Townes and Dailey, therefore, the e.f.g., generated by

the p = orbitals is

eq = a,(eq,) - 3(ay + ay)(eqy)

eqy(a, = 3(ay -+ ay)) (33)

~ vhere aj is the electron occupancy of the P orbital,

Let us consider the_case of a chlorine atom.' Its electronic
configuration is 1s22322p65325p5 but its inner shell
1322522p6 is spherically symmetrical under the Téwnes and
Dailey approximations.' The shell and 332 therefore contriﬁute
nothing‘to-the e.f.g. The p - orbitals are 3p§,3p§,3pz,
1abelling the symmetry axis Eﬁe z axis, The e.f.g. along
-this z axis is then determined by the orbital occﬁpancy of

the C1 3p orbitals. Thus: | |

Orbital Qrbital gradient Orbital population Total gradient

3px -5 eqo 2 ~edo
pr -%— eqo 2 "eqb
3p, eq, 1 edo

For a chlorine atom, therefore, the e.f.g. is =eq,. This
may be related to the nuclear quadrupole coupling constant,
‘equ\ (measured by atomic spectra), 109.6 MHz. Thus the

total e.f.g. is equal, but opposite in sign to that produced
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by a single electron in the 3p, orbital,

In the chlorine molecule the e.f.g. at the chlorine atom

is generated byithe electrons in the single bond involving
the 3p, orbital (or a 3s = 3p, hybrid orbital) and those

in the 3p, and 3py orbitals. We may write a general s-p
hybrid as:

: 2\
bondmg¢b =d3s + (1 -ot")"3p,

2.1 (34)
non-bonding¢ b = (1 -et©)=3s =l 3p,

The bonding A.O.'s (¢b) combine to make the bonding sigma

5, = o=

where S is the overlap 1ntegra1 (equation (20)) between

orbital, é

the bonding orbitals. T?e e.f.g. along the z axis at one
"~ of the chloriﬁe nuclei is therefore the sum of the n = 3

orbital contributions. i.e.

(¢b ¢b) (».35) |

Orbital Orbital gradient Orbitalgpopuiation Total gredient

B A=a? '
5;5.‘ 2(1+8) Ve 2 ' ‘Eh“szsl

2 .
@ab‘ . eleg, | 2 2 of -eg,
3D, ~% eqq 2 -eqy
3py - =heq A e ~*d,

For the chlorine molecule the e.f.g. is therefore
2, 1.
eqo(1 = )(1+s - 2) and the value ofl e2qu

measured by n.g.r. is 108.9 lHz,

The assumption by Townes and Dailey that overlap contrib-
utions may be ignored helps simplify the expression for

the e.f.g. of molecular chlorine. Furthermore, the close

~46-
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similarity of the coupling constant values for atomic and
molecular chlorine suggests that él has a value close to
zero., This is assumed and a Hilckel description has
subsequently been widely used. The approximations for

a simplified expression also inciude an exclusion of

d = orbital participation in bonding.

. . .
In a heteronuclear bond, R-Cl, the e.f.g. at chlorine
is generated by a polarised covalent bond. If chlorine

is the more electronegative atom in the molecule R~Cl

we may view the bonding in a valence bond picture as being

a resonance hybrid of ionic and purely covalent forms
i.e. - é = (1-1i)(R =C1) +i (rRfc1") (38)
where i is the fractional ionic character of the bond.
" Since for C1~ all three p - orbitals are filled and the
electron distribution spherically summetric its contri-
buti§n to the e.f.g. at chlorine is zero. Therefore, the
total gradiént is along the R-Cl bond,
eq == (1= 1)(1 ~et?)eq (39).

" Because 012 is usually ignored, the ionicity (i) of the
R=-Cl bond may therefore be calculated from equation (39).
In the case of the molecule R-Cl where cﬁiorine is the
less electronegative partner, the morezlikely resonance
hybrid is |

$ = (1 - v)(R -C1) + b(rR7C1LY) (40)
The positive charge on chlorine causes a contraction in
the orbitals in excess of that already allowed for, and
theréby increases the e.f.g.A A ccrrection term, &, is

therefore introduced, values of which are available for

47—




various atoms (16)., It is usually small, e.g. for chlorine a
value of 0.14 is used. The weighted e.f.g.;, if s-p hybridisation

is ignored (et = 0), is then

eq = ~e((1 = i)q - 2i(1 +¢&)q )

(41)

~eq (1 + i + 2ie )
For chlorine involved in IT-bonding the axial symmetry of the
; O
e.f.go is disturbed, i.e. By ay # 2. The asymmetry parameter,

'é s is an experimentally obtainable guantity and can be related

to orbital populations (aj) thus:

e.f.g. due to p_ , eq equ_(gz—%(ax_fay)) B

iz
e.f.g. due to Py 5 e = eq, (a —%(a + a )) (42)
efg.duetop,eqx=eqo(—%( +a))

and, therefore, e qQ Z( - %(axi + ayi)) e qu (43)

is= x,y,z
From equation(5) in chapter 1, therefores
'@(E'E& =3/2 (a, - a) (442)
eg /. y

The ratio "z may be replaced by that of the coupling constantsg
eq :

o

that is, of the compound in question to that of the chlorine
molecule which has full p-orbital occupancy and %= 0. In
conjugated carbon-chlorine bonds, the original application of 1‘ihis
formula, the difference in occupancy of the P, and p._ orbitals

(saLx - ay) represents the degree of Tr -bonding (1) present. It
was obtainable from the.two measurable parameters, ’? and equ.,x

i.es from equation (44a),

d1fferent1a1 Tr—character of bond,(T) = 3%(1 096 ) (441b)

Although the above expressions have been derived from a
consideration of chlorine as the guadrupolar nucleus, the
following example of pyridine illustrates their wider use -
in this case for 14‘1\1 as the quadrupolar nucleus. Assu:ﬁing
that the nitrogen & bonds in p.yridine can be represented

2 .
by sp~ hybrids and that the W -electrons move in an M.O.

AR



which, close to nitrogen, appears as a pure p - orbital,
the e.f.g, contributions may be determined. From bonding

wave functions (17),

eq, = eqo(4/3 - da - 1/6) |

]

eqy = eqo(-% + a - 5b) (45)
eqy = eqo(-§ - 3a + 5/6b)
where b is the occupancy of the N - C ¢ bonds, a is the

11 - electron density and it is assumed that 2 electrbns lie

in the lone pair. This lone pair makes the greatest contribution

to the e.f.g. at the nitrogen atom and so the C2V axis of the
molecule is chosen as the z axis. The y axis is téken
perpendicular to the plane of the ring and the x axis lies

in its plane.

From (45) the equations for e2qQ and ?l are derived and

e20q = 4/3 ~ %a ~ 1/6b
e<qoQ : : : - (46)

while 12, = 3/2(b - a) 29,0

e“qQ’

Egquations (46) can be solved for a and b wsing the experimental

2 .
“values e q@Q = 4.584 MHz and 'i = 0.396 and taking for 14N

¢2q,Q = 8.4 MHz (18). Thus,

a=1.,145, b= 1,289 and ¢ = 0,723, where c is the total

excess electron densit& on the nitrogen viz:
c=(a+20-3).

As a final expressidn concerning ﬂ’— bonding we consider-

the cases of (a) both px,and py érbitals involved in

mT- bonding
and (b) only one of them invoived.

Thus from equation (33) for a halogen bond:

(@) gha =(1-1-T)
109.6 A (47)

(b) e%q =(1-i-1)
109.6 2

/G



negleéting any contribution of the 3d orbitals. These, then,
can be used with an expression for ionicity; i,

i=3(X, - %) (48)
where X; are the electronegativities of the bonded atoms
- involved (19,20), Equation (48) can be used to yield from

equation (44) an estimate of ?i if it is notlélready known.

Lucken has proposed that the:most serious defect of the
Townes and Dailey methpd is its failing to take account of
the m(magnetic quantum number)'dependénce of the field
gradients produced by the valence orbitals (21). He has
suggested that different values of e2qu be used for the
¢ and 77 electrons. However, although it should prove
worthwhile, the lack of data needed makes its development

‘unlikely at present.

To sum up thén, the Townes and Dailey approach contains

many major approximations but attempts at refinements do

. not normally bring better agdeement. This is probably

caused by the fortuitous cancellation of conflicting :
requireménté for the majérity of molecules. The theory

works especially well for the Halogens Qhere it is possible
that the effect of d - orbital hybridisation on g?qQ, acting
in‘the opposite sense to that of s = hybridisation, effectively
balance one another out in molecules of related structure,

(20;).
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Temperature effect on n.q.r.

The n.q.r. frequency is not always a continuous function of the
temperature of a sarple. Usually the discortinuity is caused by

a phase change in the solid sample or by the introduction of
another molecular mode of motion, causing a change in the e.f.g.
experienced by the quédruholar nucleus. An interesting example

of discontinuity caused by the onset of a hindered rotation motion
is transdichloroethane (22) where, after a break in the recorded

signal, one returns but'now lies 4.5 lMHz lower in frequency. The

'

preséure dependence of this phase transition has now been recorded

(3%).

The number of lines observed in the n.q.r. spectrum is indicative

of the number of inequivzlent sites in the crystal unit cell.
Thérefore9 the n.q.r. data provide an aid to the information =
available from X - ray structural investigations. Single crystal
Zeeman studi;s of nuclear gquadrupole resonances locate the principal
e.f.g. axes which thereby fix the locations of the quadrupolar

nuclei in the unit cell.

35Cl n.q.r. has been used to elucidate the molecular geometries
of many chloro;cdmpounds which exist in the solid state and are
‘not readily investigated by such as n.m.r. Examples of these
lie in the field of phosphorus chemistry where phosphorus V¥

héiides have received much attention (30).

Phosphorus pentachloride has a trigonal bipyramidal stiructure
+f

in the gas phase but the usual solid PCl5 is known to be an

ionic crystal (PC1 4)®'(P016)9., (24,25). As expected,
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there aie four”fésonances at high frequencies due to PCf?
and six at lower frequencies due to PCf?.(26)o A metastable
molecular form of PCl5 has yielded a spectfum consisting

of two low freguency lines and a single high frequency line
(27)o This is interpreted as indicating a trigonal bi -
pyramidal structure with the two frequencies at low frequencies
due to the axial chlorine atoms and the single higher
frequency line due to the three identical equatorial
chlorine atoms., A consideration of phosphorus V chloro-
fluorides (28,29) has shown that the more electronegative
fluorine atoms prefer to occupy the axial positipns which
are therefore assumed to be more ionic. This is supported

by their longer btond lengths and lower n.q.r. frequenciés°

Finally, to illustrate the use of the asymmétry parameter
('a) in structural investigations we may consider the case
of some.cobalt carbonyl derivatives. In the case of
molecules such as Co(CO)BX.Y (where X = E.;PhB,AsPh3 and

Y = SiClB) the 5900 N.q.r. frequencies show the asymmetry
.'parameter to be zero. This therefore shows the molecules
to be trigonal bipyramidal with the ligards X and Y in

trans-positions.
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CHAPTER 35 — M ionIF=HTAL DEVLSTIOR OF .o R.

Introduction

The first nuclear ouadrupole resonance was detected in 1950 by
Dehuelt and Krliger (1), since when efforts to improve and
develop methous of detection have veen unceasing. Among

those technioues achieving wide acceptance are pulsed - (2)
and aouble resovnance - spectrometers (3) w.;ich sre discussed

later. -

The n.q.r. spectrometers ew,.loyed in tiiis woric have been the
DECCA su.er-resenerative type and a nume-built Robinson -
0.cillutor spectremeter. This lstter cont:nucus weve (c.w.
spectrometer was originally passed to us by Az2l. In aii_tion
to discussion of the basic ty.es of spectrome.er, methoas of
sifgnel improvement are covered. The development and use of

a computer of average transients (c.a.t.) and of ¢ sinusoiaal

Zeeman modulator are also described.



A (4) the marginal oscillator

oscillator circuits (5) wnich were
very prone to nicrornonic noise, With a valve feedback
circuit it has no reguirement for the constant current source
ol the separate oscillator and is therefore a simpler circuit;
The amplitude of ogcillations is determined oy the balancing
of the (negative) conducitance of the feedovack circuit with
the_ghunt resistance of the circuit. Yinen resonance of the
circuit with a2 nuclear abscrption occurs, energy is absorbed
from tre radio freguency field and the effeciive shunt
resistance increases. The emplitude of oscillation is
therefore diminished axnd this is detgcted. Because the
voltage on the ccil is nmuch @reaoef than the nuclear signal

voltage, almcst pure zcsorgtion lineshapes are obtained from

this type of oscillator.

Limitations to the range of operation of the marginal
oscillator arise from instability in the mutual conductance
of the (feedback) valve, Only at low levels is sensitivity
satisTactory but below zbout 20 wV on the coil oscillation is
iikely <o cease. It ie also unlikely to sustain oscillation
with the oscillaior circuii of low IVC ratio.  Although
relatively insensitive 1o microphonic noise, spurious
amplitude modulation due to Ifreguency modulation breakthrough
causes problexs, To meintein the marginality of the
oscillator, adjusiments to trhe feedback must be made as the

freguency is swert. “he mergingl osclllator is therefore of

7]

limited use in n.q.r. spectroscopy and is only applied to low

- - . 14
freguency rescnances witn narrow iinewidihs e.g. ¥ n.q.r.



It is however widely used in n.m.r. where the feedback adjust-

ment is not reguirei if trz field is swept.

Robinson oscillator

. PR . 4 A\ .
The Robinson oscillator (6 juses separate oscillator and

limiter devices and thereby removes the disadvantages of the
marginal oscillator wnich has a single device to provide both
regeneration and limitinc., The resulting circuit experiences
ruch reduced breaktnroush of frequency modulation but maintains
the freedom from microphonic noise found in the marginal.

This type of circuit is sometimes referred to as a limited

oscillator. The relationshnip between regsneration and circuit

jOJ

loss 1s linear and sc zreat changes in radio-frequency (r.f.)
level do not result ifrom slight fluctuations in regeneration.
The preferred limiting device is a saturated pventode which,
when coupled with the correct resisior, srovides adeguate
limiting action for a 27:7 chzngze in r.f. level. Improved
sensitivit;y compared with the marginal oscillator is combined
with tris greater raage of r.f. level. “nilst providing

high enough r.f. levels for quite broad n.q.r. lines, low levels
(needed for narrow lines) are obtained easily due to adequate
regeneration which can sustain oscillation with circuits of a
low L/C ratio. The Robinson oscillator, having a large
frequency range (up to 40 MHz), may therefore be used in n.g.r.

. . . . . 14 .
investizations of botih 3501 ani N nuclei.

Zdmonds and Robinson (7)) have iniroluced a capacitive potential
divider for the feedback circuit which allows a higher voltage
on the oscillator coil hefore the amplifier is overloaded.

This makes possible the use of limited oscillators like the
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Robinson circuit at incrcased 1.f. levels withoui losing the
advantage of r.f. amplification before detection, namely hig]
sensitivity 1o narrow lines. This development encuvles the
limited oscillator to rival the super-regenerziive oscillator
in the lowerr freguency range (<(4O MHz) with the advantae

of a better lineshape resuonse. Tne Robinson os=cillator

used in work reported in this thesis i: shown overlezf and

will now bs sescribed.

Built originally b& A.B.1. (Dr. H. Barbér) the o:cillatof
comprises a resonant cir uit with its coil enclosing the

sanle, an B180F amplifier, a diode (1¥914) und 2 6:K5 limiter,
the outmut of wli.ich is fed back to the rermonant circuit via a
resistor. (Pig.5). The 6ik5, auszmented by ihe 1h914, also serves
as a grid-leck detector for the n.c.r. si;mnel. The osci.lator

is frequency modulated using a varactor diode (VLA 7213). A 621
variation in r.f, level can be achieved, the rzn<e being set by
virying the alue of tue feadback resistor or copocitor. The
lower limit to r.f. is approximately 0.1V peik and is aue to ihe
limited gain of the single E1L0F. At the upner limit of
approximately 1V peal, crid current flows and renders the circuit
insensitive, Altiiough replacement of tlie E180F by a hirher gain
v.lve (E£10F) produced more than 10V .eak to pezk, the sensitivity

of the circuit to n.q.r. wes degraded.

The r.f. levels obtauined from the speciromeler are auequate
for ihe adetection of some cuadruvole resonances which are often
e-sily saiurcted (Fig. 1. Altho.gh the r.f. levels are not

37

hirh enough for the broader 5‘)Cl and Cl resonances (e.g. di-t-
butylketinineborondichloride (But)qCNBCIG,tLQ::QZKHz) (Fig. 2),
< [

the narrow linewidth (AV)
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resonances of mercuric chloride and boron trichloride

(DY =S5kHz) are detected strongly (Fig. 3 ). The doublet
observed for boron trichloride is worthy of comment. The
éeparation measured in Fig. 3 is 4.95kHz and may be compared
with 3.68kHz measured by Raman et al (8) . The doublet was
explained as due to "8—3501 and 1OB—EBCI isotope§w The full
55Cl n.q.r. spectrum of titanium tetrachloride is displayed

in Fig. 4,

With frequency-modulation (f.m.) detection a small amplitude
modulation effect accompanies the f.m. which produces a
resonance in the oscillator circuit at the f.m. freguency.

As its magnitude is greater than that of the n.g.r. signal,
this resonance is filtered in the pre-amplifier. An ou.
TP (741LN) is set to unity gain except for a sharp rej.ction
notch at the modulation frequency of 1:0hz. Any second
harmonic of the spurious rescnance (230Hz) cannot be removed
because detection st the phase sensitive detector is at twice
the f.m. frejuency. It is therefore necessarv in searching
for a guadrupole resonance to carry out searci: sweess both

with the samtle present and with it absent.

The frequency modulation is -enerated by a vibratins high-%
reed oscillating at 140Hz. The very stable sinusoidal
waveform is used to modulate the r.f. oscillator and to
generate a 230Hz square wzve to the phase detector.

Sinusoidal Zeeman modulation usin~ a stablised power suuply
driven by a frequency generator has been employed in lineshape
studies usinc this spectXOmeter. Results are reported later.

The advantage of Zeeman modulation is that as its influence

-2 {._
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" for such nucleil as

is dir=ctly upon the guadrupole interaction, external spurious

signals are not observed.

A circuit diagram of the AEI spectrometer awpears in Fig. 5.
The overall preamplifier gain is approximately 200 and the
signal is applied to a unity gain buffer, to high-pass filters
and to a low-pass filter. Followin~ the gain control, the
signal is amplified and passed to the phgse detector. After
optimising the phase of the referencé to mive maximum h.q.r.

signal, the output is amplified and fed to a chart-recorder.

Although the spectrometer loss not have automatic gzin control,
drift of the bgse line is not usually & problem. The level
of noise can be reduced with the use of long time constants
but in practice the time constant used did not usuzlly sxceed

10 sec.

Super-rerenerative oscillator

The first nuclear quairupole resunance was detected using a
super-regenerative oscillator (s.r.o.) (1 ). This device

is one of the most widely used in n.q.r. spectroscopy because
of the wide freguency ranges (5-1000MHz) and high r.f. levels
(1-10V) obtainable. However, an s.r.o. is seldom satisfactory

as a detector when operatins below SHHz and is therefore used

1214
3

= Q [=¥e)
3%c1, *lgr, b, ~7Co.

The operation of the s.r.o. is to allow the r.f. oscillation

envelope to periodically b“uild up after which it farces the

envelope to decay. = This is termed ''quenching'" and in the

DECCA spectrometer employed in this work an externally
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penerated waveform is used, the frequency of which is about
‘IO‘-3 times that of the oscillator. The quenching effect is
illustrated in Fig. 6. The quench voltage is applied

as a bias to the active device of the oscillator, causing
oscillation to be damped. When this bias is switched off,
r.f. oscillation can be restored by either a random noise
spike, the "tail" of the previous oscillation or by an n.g.r.
signal, By the first, no phase relationship between pulses
is retained and is termed the incoherent mode. In the

seconl manner coh=rence or, the retention of phase, is achieved.
Coherent operation of an s.r.o. results in & very narrow
linewidth in the power spectrum which (in the hi~h-Q (quality)
circuit) is rarely sufficient to excite a quadrupple resonance.,
It is therefore usuzl to employ a partially-coherent mode

for n.g.r. detection. Usually the s.r.o. is operated with
oscillations reaching their limitins amplitude before bein-
(periodically) guenched. This is termed the "lorTarithmic
mode'" whereby the -ain of the circuit is proportional to the

logarithm of the signal voltage.

When the radio-frequency of the oscillator excites nuclear
guadrupole transitions the oscillation envelope amplitude
builds ur earlier and - riss in the average output is detected.
?u}ther, due to the excited nuclear s»ins relaxinc to restore
the nil r.f, field Boltzmznn distribution, a voltage is
induced in the coil which prolongs the tail of the oscillation
envelope. Detection is primarily of this nuclear induction
signal but is not purely inductive and in consequence the

s.r.o. suffers from poor lineshape fidelity. A mixture of

first and second derivative lineshapes is usually obtained.
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As the power spectrum contains many sidebands in addition to
the fundamental, any one of which may effect a guadrupole
resonance, accursate measurement of the resonant frequency can

be further complicated.

This latter difficulty has been greatly reduced by the . use of
sideband suppression. The DECCA operates sideband suppression
by modulating the quench freguency at about 1Hzthrough about

one third of its freguency. The fundamental in the power

0l

spectrum i1z then zdjusted to be stationery in frequency.

¢

4

mxcitations by modulated sidebands are smoothed by the
detection time constant so that the spectrum recorded is due

to the fundamental slone. There still remains, however, the

problem of poor lineshapss from the s.r.o.., This problem is

covered in the following section on enhancements.

The actual detection of an n.c.r. signal is achieved by
monitoring the outout of the oscillator. Changes can be
observed with an oscilloscope but a phase-sensitive detector
(p.s.d.) is more usual. The p.s.d. detects the component

of an n.c.r. signal which has been modulated and is in phase
with the audio-fregquency modulation. It'improves significantly
the signal-to-noisze ratio of the quadrupole resonance. To

display the spectrum, the output of the p.s.d. is fed to a

chart recorder.

The modulazion used in n.g.r. spectroscopy is usually of two
types. It is ei=her frezsusncy-moiulation or maghetiec-field
(Zeeman) ~odula%ion, Fra2juency-modulation, although more

sensitive, has the disaivanizze of being susceptible to



resonances other than those due to n.q.r. e.r. external radio
transmissions. This is not the cane with Zeeman modulation

as used in n.q.r. spectroscopy. This is the preferred mode
when searching wide frequency ranzes, A marmetic field

of ﬁp to 0.C2T is applied at a low audio-frequency ( € 200 Hz).
During the 'off' periods the n.q.r. sismal is unaffected but,
when the field is 'on' a sienal is broadened., With a Zeeman
field of sufficient strength, a sirmal from a p.lycrystalline
samnple bzcomes so broad as to be undetectable. The signal

ie therefore stroﬁgly modulated. Ph&sé-seﬁsitive detection
of the oscillator outmut locates such modulated si'nals.

Only the rure gu:drupole resonances are Zeeman-modulated and
zdditionally, this modulation does not influence measurerents
of frequency, The DzuCCA spectromeier uscs a bisymmetric souare
waveform {or Zeeman mou lation, Tne coisiruciion an: use of

a sinusoidal Zeeman modulator isc discussed later in this chapter,

Sirmnal Enhancements

a) Locked s.r.0.

The s.r.o. as described has two main {2ilin~s when a plied
to lineshape studies. These are its frequency %nstability
and its poor linesnave, Tong (9) descrives how external
frecuency lockins of an s.r.0. can remove these problems.
An incoherent s.r.o. is made col:izrert by the injection

of an e :ternal r.{. voltage into the oscillator tank
circuit. The result is & frenuency - and phase- locked
8.T.0. whose lineshape response can be manipulated by

varying a sinele irecuency difference.
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In the lbcked s.r.o0. the residual frequency is the normgl
unquenched oscillator freguency (fo) but the exciting

r.f, spectrum becomes centred upon the injected frequency
(fi). The frequency of the central component of the

r.f. spectrum depends only upon fi and not upon the guench
frequency nor the resonant frequency of the s.r.o. tank
circuit (fo). The spectrometer is therefore frequency

locked by an external stable source.

The lineéhape respénse in aﬁ s.r.0. is determined by the phase
difference between the residual and exciting pulses of the
oscillator. Tong shows that this phase relationship can be
related to the freguency difference (fi - £ ). Adjusimens
therefore to this frequency difference will rinder any desired
lineshepe and when fi = fo the response of the ideal locked
s.r.0. will be the same as that of an ideal conventional s.r.o.
Unforiunately in the practical s.r.o. changes in fundamental
freguency occur during the guench cycle and thus further phase
shifts occur befween the exciiing and residual pulses,

These are accomnodated by treeting thew as a single term,
constant for each pulse. The final trimming of a line-shape
when (fi - fo) has been set is to introduce small phase

4]

corrections by "pulling' the auto phase control (loop). In

conseQuence however, the r.f. specirum iz asymmetrical in phase
and amplitude about the fundamental and irregular sidevands are

observed (9).

Read (10) has constructed a spectromeier upon the principles
P P I

idelity and frequency stability

aar

of Tong. The lineshape

[



b)

of the locked s.r.o. were illustrated for p-dibromo-
benzene. An asymmetry parameter of 12% was determined
from Zeeman n.q.r. spectra obtained-with fields of 0,003~
0.COLT.,  Operating at 225MHz a locked sweep-width of
LSCkHz was schievei with this machine, the signal from
which was averaged, For wider search applications,

the s.r.o. could be locked to a2 stepped frequency

synthesiser creratinc a signzal averasger.

Synchroniser

Brooker and Startup (11) have also produced an n.q.r.
spectrometer of high lineshape fidelity and frequency
stability, Adapting a linited oscillator to signal
averaging technigues they have lost the higher frequency
range of an s.r.o. but achieve pure lineshapes more easily.
The highest reverts3d resonance of the suectrometer is of
sodium chlorate (32.5251z), The long-term freguency
instability of the Zobinson oscillator makes it unsuitable
for averaginz purposes. I'ne authors however make use of
a synchroniser to overcorme this problem. The syncironiser
(Hewlett-Packard 8708A) s=mples the spectrometer frequeﬂéy
and then, ty application of a voltaze to a varactor diode

in the oscililabor tank circuitycorrects any frequency drift.

To obtain a sweep of the specirometer the synchroniser is
itsell stersred by a ramp voltage. Tyopically a sweep

. - St . - -1,
width of 50-30kHz at a rate of about 40Hz sec ' is

employel. ‘he ztability achieved with the synchroniser
makes vossible shs use of a comruter of average transients.

tens of the freguency sweep are sampled

(cezoti)e _n2 s

into =zepzrate charnzls of the c.a.t. and signal enhancement



(due to noise resuction) is pro,ortional to the square root
of the cumber of sweeps. Like that of the Read spectrometer,

the area of a;plication of this machine has been Zeeman n.q.r.

c) Computer of Average Transients (c.a.t.)

High transfer rates for datz from experimental instruments

to comimuters via analogue-to-digital converters have made possible
ti.e real-time storare and manipulation of such data. With
digital-to-analogue conversion, pro/rammes may be written to
control an instrument. One of the simpiest applicatipns'of a
computer is as an averager i.e. a computer of average transients

or c.z.t.

Ls apniied to-a spectrum, the c.a.t. stores an array of d=tum
points corresponding to the numbsr of channels into which the
spectrum has been divided. e spectrum is scrnned in a stepped
manner and the outyut at each step is 'written' to the corres-
ponding channel. The commuter sums and cnlculates the avers-e

of the entries to each chzinel when the specirum is repentedly
scanned, The summing (and avera~ing) can be achieved by one

of twvo methods. Either a complete = ray is a.ded each time

the full spectrum is swept or each dhannel mey ve sampled severel
times during one slower scan. This latter ethod is termed

boxcar intesgration.

The princ.wle behind the operaticn oi a2 c.a.t. is that
repeatedly averaging a spectrun enhances a non-random
sirnal by suppressing the random noise. Noise produces

a random outovut to a channel which when repeatedly sampled
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tends tu ve self-cencelling. An n.n.r. signal will however be
reinforced by repeated sampling. Compared with the sifmal—to-
noise ratio from & single scan, averzcing should give inprovement
by a factor of the square root of the number of sampling swec.:s
made. Its advanitage over a lons: single sweev is that it ie¢ less

susceptible to 1/f noise (12)..

The c.a.t. reported in this thesis was originally constirucied to
irprove the signal strensth for Zeeman Neq.Te spectra of sulphuryl
chloride at 77K. I{ was connected ﬁQ.a_bECCA spectrometeé because
the n.q.r. frenuencies re:uired lay outside the run;e of the ALI
oscillator. The computer ured was a Varian 620L which-provided
1024 channels for a full sveep. A ramp volicge (O to 10V) of
1023 'sieps' was generzted via z dirital-to-anzlofue converter

and was applied to the freguency modulation (f.m.) varactors of
the DECCA oscillator. The sweep time was variable in multiples

of one twentieth of a seccnd. Sampling ir eac: channel may be
vaeried from one-tenthousandih up to one-sixth of a =zcond. To
nrovide sufficient wiath to the c.a.t. spectrum, the ori -inal

10pF (BA1100) varac:.ors were rep 2ced with 47pF (¥VZ111) varactors.
The full ramn volia~e then produced &z sweep width of uy to 260kHz
at 37.7 YHz. This sweep - idth could be wvzried by =d u-tment ol
the attenu:tor placed beiween the dimitul to analogue converter

and ile external-i.m. socket of the spectirometer.

The outrut of the specirometer was sampled at two s.ues.
The-iirst was from the oscillztor itself after r.i.
filtering ana amplificatior: and tne & cona from the phase
sensitive detector (p.s.d.) output. It was soon established

that instability in the osciilator followin;: each sweep

-(5=



accounted for a dramatic rise and fall in the base line of the
averaged spectrum. This could obscure umch szectral information
and the p.s.d. oubtput was therefore used in the c.a,to.experiments
repcrted here. The number of sweeps was varied ani sweeptimes

rangin:

UG

from five seconds to thiriy minutes were e zluated. The
most frequently used settings were Qf ten—minuﬁe scans with a

ten second time consiant. With a current of-up to one ampere
ap-lied to the Zeeman coils, the ccolant usually remained effective

for zbout ter hours allowinz sixty sweeps cf the c.a.t.

The n.q.r. spectrum of p—dichlorobenzene was recorded at
room temperzture in order to check that repiacement of the
f.m. varactors had caused no reduction in sansitivity

of the spectrometer. It was found that due to thé greater
capacitance, the depth of frequéncy modulation had increased
but, when readjusted, thé spectrometer sensitivity was
nnaffected with an estimated signal-to-noise ratio of

7531 and an observed linewidth of 4kHz (Fig° 7 )o The
operation of the c.a.t. was tested at room teméerature

with samples of p-dichlorobenszene, dichloro—bis-benzonifrile
paladium II and zinc chloride. All spectra were enhanced
asbexpected. The successful improvement in siznal strength
of the resonance due to zinc chloride resolves it as a
broad singlet (Fig. 8 )° Singlé scans had shown some

fine structure susgesting a possible triplet. (See Chapter 5).

As reported in Chapter 4 the zsymmetry parameter (H) of

thionyl chloride at 77K has been measured. However, the
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measurement of 'i in silphuryl chloride had been prevented
b the weakness of the resonances. It was ho -ed that
averaring would reveal enough siructure in Zeeman n.q.r.
spectra to measure '7. The quadrunole resonances of
sulphuryl chloride (1%) are reported at liguid nitrogen
temperature and avera-~ing at this temperature was attempted.
Hanipulefig; éf the n.g.r. lineshape waé required and, ac
with thionyl chloride, thiz resulied in the loss of some

signal stirength.

All attenpts to obtain enhanced spectra zt liouid nitrogen
tempersture led to failure. This wags at first attributed to the
inrress of liruid nitrogen (or of condensed oxygen) into the vprobe
and to exclude it the probe was more tightly sealed with a greased
rubber '0' ring. As the problem persisted, probes were left in
ligquid nitorgen for several hours in order to ecuiliberate before
connection to the spectrometer. Although sin-le sweep spectra
were obtainable using the system, averaging tended to smooth

out any signal. It aipeared that freguency drift was the cause.
With liguid nitrogen as the coolant it is probably attributable

to the lezking of licuid into the probe.

Cold nitrogen rzs produced b, bubbling nitrosen -as throush
licuid nitrogen achieved the temperatures recuired (<1§OK)

but failed to cure ihe problems of drift. However,

" powdered dry ice emuloyed as a solid coolanit was found to

be & great improvement and n.c.r. sifnazls observed at low

S

temperatures could be averaged (e.g. SCIE). No Zeeman
spectra for sulphuryl chloride were obtained although =zt

this tempereture it is frozen. The applicution of the c.a.t.
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system to broad, weak n.q.r. signals was investigated

at dry ice temperature with the

D,
5C1,

of [SClgp] [?bClzﬁ} A further attempt to enhance

Zeeman n.q.r. spectra was also made using the quadrupole

resonances from axial chloriﬁes in phenyl phosphorus

tetrachloride.

At dry ice’ temperature the gquadrupole resonances due to

69SCl lie at 42.230 and 41.654 KHz.

3

At these fregquencies

a c.a.t. sweep width of up to 360kHz is achievable.

table below compares the c.a.t. performance at dry ice and

liquid nitrogen temperatures for the 42.230 Mz resonance.

signal-to-

noise ratio

linewidth
(xHz)

Single slow motor sweép

The

Four 10-minute c.a.t.

signals from a sample

sweeps
DRY ICE LIQ No DRY ICE LIQ No
5 12 6 8
15 8 : 17 40
]

The large linewidth after catting at liquid nitrogen

temperature reflects the drift experienced with sulphuryl

chloride.

temperature is lower than that observed for a single

motor-driven sweep.

This is Turther evidence for the

-68-—
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degrading influence of frequency drift.

The value of the asymmetry parameter (% ) for the equatorial
chlorine atoms of phenyl phosphorus tetrachloride has been
determined as 0,17 and is‘reported in this ﬁhesis.

However, the weaker intensities of 35Cl quadrupole
resonances due to the axial chlorine atoms prevented the
determination of their asymmetry parameter (72). Fig 9
iilustrates the anproximately first derivative lineshape
due to axial chlorine atoms which was averaged in the
attempt to determine 5' . The linewidth is 4.SkHz and the
1inesﬁape was obtained with a centre shift compensation
setting of 15h. Fig ( 10) shows the lineshape obtained
for zero magnetic field after thirty 10-minute sweeps have
‘been averaged. Clearly an improvement has been made and
so the resonance was averaged while subjecting the sample
to Zeeman magnetic fields. Figs. MA - 11D display
the changes in lineshape Jdue to magnetic fields caused by
currents 0.25, 0.5, 0.5 and 0.8 amps. The averaging period
was of fifty 10-minute sweeps. This period was the limit
for a packed dewar of dry ice when & current of 0.5 amps
was being used. Replenishing a dewar with powdered dry
ice usually resulted in a drift in freguency due to the

vibrations. Fig. 11D therefore represents the limit

of this Zeeman n.q.r. investigation.

Although discontinuities are evident in the spectra

obtained for a curreat of 0.6 amps (Fig  11C) these are

not seen in spectra at 0.7 and 0.8 amps. The estimated
width of-these discontinuities is 2.5kHz which is only about

—69-
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half the zero field lin-:width. An eastimate of ‘% from ihese
measurements is not nossible and so onl; a value for the
equatoral chlorine ntoms of phenyl phosphorus pentachloride

is reported in Chapter 7.

As noted earlier an alternative form of aver..£ing is boxcar
7integraiion: The spéctrum is sampled channel-by-channel and
so ~nly part of the total averaging period is spent upron the
lineshape itself. The nossiblilty that boxcar integratiQn might
better handle freouency drift than does multirle scan averaging
was invertigated. The samyuling itime for each channel of the
output was determined by the settin: of a single sweep-time
(usually 10 mins.). The number of sampling periods in each
channel w=s then set by a sweep—number function. In multiple
scan mode, this detern ned the number of sweeps to be repented
before averasing, whereas in the bpoxcar mode, it determined the
number of sampling periods for eacl: channel nsefore averaging and
b -fore "stepping" to the next channel. Forty 2 —minate c.z.t.
scans of the 42,230 IHz resonance of@8013 at .ry ice were used
in both +uiti-le scan and boxczr modes, The resultant signal~-to
-noise ratios were the same (—VQO/1) and the lincwidths were
identical (14 kEz). With boxcar inte-ration, nowever, it was
found that small 'spikes' were ~iven in the outrut and were too
numerous to remove by erasion of the dntz points, Although
3-poi£t smoothing was able to remove them, the deinil of the
rééultnnt spectrum was poor. Repetition and subtraction of
vac!.ground spectra fai‘ed to remove ihis problem. It was found
best to continue with the rultiple scan method using 1U-minute

sCans.



d) Sinusocidal Zeem:in Jodulation

In 2 private comminication from Professor Brooker (U.iversity

of South Florida) it was pointed out that sinusoidal Zeeman
modu:lation could be employed in n.c.r. spectrcscopy. A single
pair of coils could provide both modulation and @ stntic magnetic
field for Zeeman n.c.r. investi:.~tion. Previous attempts to
use scunre-wave Zeemzn modulation with the AE] (Robinson—type)
snectrometer had met with little success duc to an inebility

to drive the coilg. It was thoupht that the simpler circuit
requirec for sinusoidal mrgme.ic modulation couldAremove.this
vroolem. With the aim of applying this system to the LfEI
spectrometer a power supply was c nstructed for testing, fisstly

witi. thie Zeeman coils of the DEClA n.q.r. spectrometer.

4 slibiliced power supply with & limit of 5 amps was used with
81
an audio-frecuency sirmal gen-r tor modulatings the currsnt
limit. T:e modulation wzs applied across the comparator resistor
and the current outnut wzs modu.ated by the feedback loop.
A D.C. cutput had 1o be maintained for moduilstion by the

sinusoidal in:ut because, in princ:i-le, ihe vover surn

iy coulad

not be driven below eurth. It was necoessary to modulqte n

fluctu-tin~- D.C. current in order tc maintzin a symmetrical sinusoidel
output (Fig. 12a)., The coils of the DulCi spectromever measure

three inches in depth and five inches in diameter. The three

undred turns of 18 s.w.;. copper vire produce a resistance of

about three chms. The circiit is shown schennticzlly in Fis. 12p,

All sources were either floating about the earth of’the signal

cenerator or were connected to the spectromszier ezrth throuch

the p.s.d.

-71-
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The preliminary tests were carried out at room temperature
with the strong n.g.r. signal of p-dichlorobenzene with

a DC offset (and therefore a static field) present.

It was found that the detected signal strength was very
little sensitive to the phase of the p.s.d. peference
although two positions were marginally bettere.- Signal
strength was found to be better for high levels of modulation.
This 1s to be expected but a limit is reached for =
meodulation field strengih sufficieﬁt to completely erase

the signa;. The effect of this depth of
modulation upon n.g.r. linewidths was not noticeable when
compared with the line <brosdening due 1o the static magnetic
field caused by the DC current. It is shown below that
isolation of the DC current was not beneficial, Due
presumably to the bheck e.n.f. of the collepsing field the
power supply could be driven negative (below earth),

thereby allowing depths of modulation (Z) creater than the
J &

DC current (I), viz:

Z>1

~72-
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S/N'*’Z/1 under similar conditions. The lack of a good modulation

lineshape was felt to be the likely cause of reiuced sensitivity.
A phase-optimised spectrum of p-dichlorobenzene is shown in Fig. 14
~and is to be compared with those of Fig. 15 for which the D.C.

was not isolated.

A transformer was introduced in place of the.signal generator
in the hope of reducing mains ripprle on the modulaticn waveform.
Hovever, its coarseness produced a very deformed moculation
wzveform which resulted in a poor lineshape for the detected
NeQoTo signal; The transformgr, modulating at 50 Ez, was found
-to reduce sensitivity below that obtained using the signal

generator and was therefore used no further. (Fig. 16).

Whilst accepting that D.C. isblated sinusoidal Zeeman modulation
was unsatisfactory for détection purposes, it was felt that
sinusoidal Zeeman modulation with a static magnetic field was

of practical use, especially for Zeeman splitting experiments.
To this end a pair of coils was produced for use with the probes
of the Robinson-type spectrometer. The coil dimensions are
given in Fig. 17a. The magnetic field produced by the coils

was calibrated using a Newport Instruments mognetemeter (Type H-
indium arsenide Hall.probe),_ The Hall probe was supported in
the centre of the coils and the instrument output was recorded
as a doflection on a Smiths Industries Servoscribe chaxrt recorder.
The deflections recorded at varying currents unon ithe coils

were calibrated arainst that cbtained using the standard field
facility of the msgnetometer. The measured masnetic fields and
zpnlied currents were plotted to Calibratelthe Zeerman coils (Fig.

17b ). A theoretical field strength:haskalsd been calculated

from the dimensions of the coil and is reported in Fig, 17a), The

_74...
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significant difference has been resolved by the close
agreement of observed values of 2-9H in Zeeman spectfé of

silicon tetrachloride and those calculated from the theoretical

field strength value (Chap. 6, p.155). Perhaps the difference is cue io

an error in the calibration and is prcbably due to some damzze

to the gsvandard magnet.

Muha (14) recenfly found that a simple bidirectional Zeeman
modulator using a silicon controlled rectifier circuit ~:as conly
satisfactory with s.T.0.-iype n.o.r. svecirometers. With mexrgi-al
and limited oscillator épectrometers, pick;up appears to'have
been a problem., It was therefore satisfying to find that the
siﬁusoidal Zeeman moduiator operated very well with the 43I

(Rovinson-type) spectrometer.

The 4EI spectrometer contains a notéh filter set at 140 Ez which
is used in conjunction with frequency modulation. Rather than
remove the filter, sinusoidal Z:eman modulation was operated at
140 Hz. A Farnell (Type LFM) sigﬁgl generator was used to drive
the power suppl& and‘tO'provide a réfereﬁce to the Brookdeal
9401 lock-in amplifier (p.s.d.j. Detection was at 280 Hz because
each sinusoidal wavelength produces: two "field—off" periods pf
modulation. The modulator was operated without isolation of

the DC offset and a static magrnetic field was therefore present
upon the sample coil at all times. In contrast to results with
the DECCA spectrometer, sensitivity was strongly dependent uéon

the phase setting of the p.s.d. reference.

The amplizude of a Zceman com:onent is proporticnal to *he
heizht of the absorption line and so; as the line is swent, the

- . Ay
absorption linesihiaps should be nroduced, (9). The spectromster
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vroduced the second verivnative of the absorption lineshcpe and
adjustment of phase produced its inversion, Fig. 18. The output
of the signal generator was adjusted for optimum signal strencth
and fidelity to a sinusoidal modulation lineshépe. The best
coﬂditions proved to be at 2V (r.m.s.) wvirich produced modulation
derth of 2 = 1.5 for I = 0,02 amp. and of Z= 2 for I = C.1 amp.
Sample spectra are shown in Figs. 1va and 19b. Fig. 19a compvares
the specirometer output witin freauency and sinusojdal Zeeman

2oL lation. There.is a noticeable broadening of the linewidth
by the D.C. offset require. by the Zeeﬁan modulation. Fig. 159b
shows the full n.o.r. spcctrum of cilicon tetrachloride at 77K

obtained on the iXI spectrometer using: sinucoidal Zeeman modu ation.

4]

Attempts to reduce the DC offset (and therefure the sinrtic masmetic
field) pelow 0.02 amp. cauzzd clipping of the lower limits of the
ginuscidal modu.ation. With a zero seiting for the uC c.rrent,

a moduialion lineshape closely resembiing hzlf-wave reciification

as modulation were very

C’)

wvae proauced. The resuits of Using thi
ooor - Fig. zo. To ooizin any simel at all, a hizh outrut was
needed ifrom the simial generator. This resulted in & sharnly
elorint vaseline. The linswidth is sli i:tly n;rrowed by he near
absence of & siztic magnetic f{ield but for silicon teirachloride
ot V7E, the best signal ootcired had a sifmal-to-:oize r~tio of

onliy 4/1 .

Slnu501ua1 Zeeman modulation hos boen used to invesiigate the
;

Zeeman n...r. oechaviour of several Group IV tetrachlorides waich

is discussed in Chapter 6.
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Zeeman n.g.r. Spectroscopy (Z.n.s.r.)

The theory of Zeeman n.g.r. spectiroscopy has been explained

in Chepter 1. The determination of asymmetiry parameters for

v
o
(O]

chlorine in thionyl chloride = seen reported in Chapter 4.

-
L

A similar determinatiocn for equzicrial chiorine in the trigonal
bipyramidal molecule phenyl-prhesphorus (V) chloride is reported
in Chapter 7. In boin of iheze cates, the DiICCA spectrometer
or:l7 a result for the

stroqger resonances froi yne eguatorial chlorirne atoms was
obtained. In the case of ihe gsuadrupole resonances from the
chlorine atoms in axial positions, unsuccessful attempis to
enhance the signals were made using the computer of average
transients. Eoth resulis reporied were tunerefore obtained from

Zeeman n.q.r. experiments upcen the unenhanced spectrometer

resgonses.,

’
{ -

i - 3 ':'.'7»'\'4 Syt eyt gy TN~ S aad < 1 5
The method of ilorino and Yoyamaa (19, was used, in which measure-
ments of splittings in the Z.n.c.r. linesiiape are plotted

against the inverse of mammeiic field, Extrapolation to

infinite field yields tne value of the asymmetry paramenter
(’h). Tre measurenents needed 3o zetermine'keae detailed

- meacurenenio 11 was necessary to cobtain a
lineshape of clear definition. “re two ccmpounds investigated
produced Cl regonance lineshapes which closely approximated
first derivative (dispersion) lineskape. The lineshape
responses for both experimeniz were manipulated using the

cenire snift coniroi. Sidevand suppression was also applied

=T7=



to rid the specirum of sideuvonds.

The validity of the measurements was checked by a similar
determination of the asymmetry p:rameter of chlorine in p-
dichlorovenzene. Examples of the lineshapes produced are

shown in Fig. 21. From the spectra at virying field stren-ths,
the curve shown in Fig. 22 war produced, from which a value of
b wis determined. The Zeeman coils of ihe DECCA spectrometer
were calibrated at 31.7 x 1074 Tesla amp-1.' The value of 0.08
arrees closely witﬂ that of Morino and Toyama themselves (15).
This substantiates the reliabiiity of the method used in

evzluating %.ikn‘thionyl chloride and phenyl-phosphorus (V)

chloride,

A technigue to avoid the use of sideband sunpression was tried.
The DECCA snectromster was operated with 2 cuenci frecuency of
zbou Hz which causes a:y sidebanas >ollepse i t

bout 5 kH h y debanas to collepse into the

fundamental lineshape. Unfortunately, as Smith -nd Tong (16)

4

observed, the loss in sensitivity is too grezt for Zeemcn s litting

studies to be made.

T
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Fig, 2 TABLE FOR FIG. 22
o o 2; S 55.
1 -1 Y
I . - KH
(amp. ) T (amp™') '( z) Zfﬂih
1.5 0.667 6,322 0.159
5.80 0.127
2.0 0.5 6.740 0.109
6,512 0.0985
25 0.4 | 6.860 0.1037
i .
' T.753 0.0977
3.0 0.333 8,023 0,101
8.235 0.104
i 7.931 0.0857
3¢5 0.286 8.046 0.0869
4.0 0.25 8.500 0.0803
4,3 0.233 9.16 0.0802
4.5 0.222 9,529 0.0801




Pulse n.q.r. and Double-Resonance n.q.r. Spectroscopy

There remain two types of n.g.r. spectromecters as yet
undiscussed. As they have not been used in the course of
research reported in this thesis, their tre-tment will consist

of short descriptions. -

Pulzed n.c.r. spectrometers can provide more information than

continuous-vwave spectrometers. Of particular intere~t are
nuclear relaxation times. Because lineﬁiaths in n.q.r. are
typically broader than those of n.m.r., high power radio-
freouency traznsmitters z2re required (1-5 kW) and high costs &@re
iherefore incurred in the circﬁitry. Instruments of this tyre
have not been widely used for scarching experiments bec:zuse
fregquent reotuning of the brocd-band aemplifiers iz recuired to
maintain sensitivity over +ihe wiae resonance frecuency ranges
of vuzdrupolar nuclei., However, such is the us<fulness of
informztion from relaxation times thaﬁ this form of n.c.r.

spectroscopy has achieved widespread usace, (17), (18).

In a noly-crystzlline sample the direction of the ~mrinci:al
axis of the e.f.g. (the % axis, if tre e.f.r. is axially
sy.metrical) covers all orientations. The nuclear ouadrupole
moments of the nuclei may be rezrded as precessing azbout this
direétion, which we shall tzke as being the £ axis. When the
.éirong r.f. field (H) oi the transmitter coil is zpplicd, the

magznetic moments of the nuclei begin to precess about its axis

also and at a rate of &H, (& = the /yromasmetic consiant of the



nucleus). in & poly-crystelline sample the field gradient
direction isarbitrary but the pulse duration controls the
anount of rotation of the macroscopic nuclear magnetic moment,
M.

There are two pulse periods used. In one, M travels through
90O from the Z direction and is termed = 90O pulse, The other
is the time required to move M through 180° and is termed a
180° pulse, Yhen a pulse is switched bff; I continues to
precess about Z but then, under relaxation influehces i)
conponents of il disperse in the xy plane, and ii) M begins to

return to the Z direction.

At the end of a pulse, the precession of M (about Z) causes

an oscillating voltage to be induced in the surrounding coil.
However, as process i) progresses and the macroscopic magnetisation
(E) is dispersed into the components of eacn nucleus, the

induced signal decreases progressively. This decrease is

called the free inducition decey (f.i.4.) frow which a time

constant can be calculated and which is usually represented

as T,%, and is called the inverse linewidtn parameter.

determined by the Carr-

w

The spin - spin relaxation time, T i
X > b 2’

Purcell seguence (90-T-180) (19).

..
LY

Process ii) is governed by a single rate constans if on
" . . . 3
two nuclear energy levels exist (e.g. I= /2). The rate

constant, T is described as the spin-laittice relaxation time.

1’
This ic because energy exchanges between the nuclear spins and

the lattice thermal energy levels are responsible for the

return of M to the Z direction. The rate equation is due to

=10=



Bloch (20):

rate of return . dti —(N7 - 1)

to equilibriuvm at - T

where i, iz the original megnitude of I and M

2 3 A
0 7 is the componeny

of ¥M in z-~direciiocn.

Determination of T1 is ucually made using the pulse sequence

180-F-90.  The initia: 180° pulse turms U into the =%
direction waich remcwves marnetisation from the Z2 directiom.
When the pulse is switched off, the magnetisation is gradually
restored to the +7 direction. After an interval T , an
inspeciion 900 pulse is applied the free induction decay
(f.i.d.) of which will ve a-'measure of the magnetisation that
has returned to the % directicn (i) . As " is increased
the f.i.d. following the second pulsze will follow the value
of MZ. For the 180-’?—90rsequence the signal will inivially
decrease as KZ decays from a negative wslue t0 zero and then
it will build up as ;Z returns to its initial positive value.

T, 1s obtained from the rate equation where the height of ihe

f.i.d. replaces (¥,) .

While the limitaticns of c.w. and super-regenerative techniques
have concenirated much work on chlorine n.q.r., the intrinsically
greater sensitivity of pulsed n.g.r. has allowed the
investigation of, otkerwise, less promising nuclei. One such
.14 . s

nucleus is i1 whose (commonly) long relaxation times and low
resonance frequencies have previously made searches fruitless.

{1 can now te probed Ly a technique capable of overcoming the

saturation problem. Tre investigation of boron nucleil

—81=
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("R and Z) and guadrupolar nuclei in low abundance
32a%

C and”"8) sikould alsc benefit from pulsed n.g.r.

spectroscepy.

Double reconance n.g.r. spectroscopy makes use of pulsed

techniques. Double resonance with ievel crossing (DRLC) was
first demonstrated by Slusher and Hahn (21). In this technique
the quadrupolar interaction of one nucleus (X) is detected by
its influence upon e segpnd nucleus (Y) to which it is either
bonded or in close proximity. This second nucleus (Y) should

have an easily observed pulsed - n.m.r. or-m.g.r. signal which

ke

will usually be monitored as an f.i.d. £ the nucleus Y is
to be observed by, say, n.n.r. the experinent consists of
irradiating the samrle at the mognetic resonance of Y followed
v the rapid transfer of the szample to the coil of a continuous-
wave (c.w.) r.f. Iransmitter whose frequency is slowly being
swept. The sample moves bvetween these two devices and the
height of the f,i.d. of the nucleus Y is monitored. Vihen the
r.f., transmitier irradiases the sample at a gquadrupole resonance
of the nucleus X, atsorpiion of energy results in a population
change in the energy levels. During the transfer to the n.m.r.

spectrometer, a coincidence (level-crossing) of the energy

levels occurs for the two types of nuclei and, in an energy

exchange (7=$X), the f.i.d. of the second nucleus (Y) is changed.
The detection of this change is clear evidence that the swept
transmitter frequency has coincided with an n.q.r. signal of the

z

nuclei X.

The DRIC technigue has been used to detect n.g.r. signals for

nucleil otherwise inecceszitlc e convinucus-wave specirometers

~82-



- Yy and 2D. Edmonds (22) has used proton n.m.r. as tae Y
nuclei to detect 14N Nn.q.r. of a variety of amino-acids and
peptides. He has also studied 2D resonances in various ice
structures (24). Hertzog and Hahn (3) studied the doudle
resonance effect of the continuous :.ave resonance of 23Na upon
the f.i.d. of 3501 in NaClO5 i.e. the interaction of two

quadrupolar nuclei,

Jones and Hartmann (23) have demonstrated a variation of double
resonance n.q.r. spectroscony. This method they call steady
state nuclear double resonance. It differs frdm DRIC in that
the second nucleus (Y) is held in a constant state of |
magnetisation. A continuous r.f. field is applied to nucleus
Y while a second r.f. transmitter is swept for rescnance of

the other nucleus (X). The resonance of nucleys X is detected
as a changze in the magnetisation of nucleus Y.k The advaniage
claimed for this method over DRLC is the less stringent

instrument stability required.

~83—



CiiPTER 4 - 2°Cl N.Q.R. INVESTIGABION OF S-C1 BOND IN VARIGUS

INORGANIC COMPOUNDS

Introduction

This chapter reports n.q.r. and vibrational spectra for some

compounds ongCI and the n.g.r. frecuencies for pentafluoro-

3
sulphur VI chloride and a ketimine sulphinyl chloride. The
agymmetry parameter of ilie S5~C1 bonds in thionyl chloride has

been measured using the Zeeman splitting n.q.r. techniqué.



35

Cl n.q.r. Investigation of S~Cl Bond in Varioug Compounds.

Background
Although sulphur bonded to chlorine can exist in several

valence states, the range of frequencies observed in

35

Cl nuclear quadrupole resonance (n.q,r.) is a little.

less than that of chlorine bonded to carbon (1) i.e.

9501,,42.9100z to ¢, 5(0)C1, 29, Stttz

3

The n.q.T. frequency depends upon the presence or absence

of lone pairs on, and hybridisation of, the sulphur atom.
Also important are the total inductive effect of substituents
and whether the sulphur is involved in dn.~ bonding.

This is illustrated in Table 1.

The 3501 N.Q.T frequency.for trifluoromethyl'sulphenyl
chloride lies above that of chlorine bonded to sulphur

in téichloromethyl sulphenyl chloride reflecting th

normal inductive influence of a more electronegative group
on the 5-Cl bond. . This differs from the situation observed
for alkyl halides where hyperconjugation of the trifluoro-

35

methyl group causes a lowering of the Cl guadrupole

resonance freguency of trifluoromethyl chlotride from that

of carbon tetrachloride.

i.e. CF_SCl, 42.196 MHz

3 cC1, 38,089

r
3

CC1,5C1, 39, 74411z C1,0C1, 40.6 (avg)

35

In phenyl sulphenyl chloride the ““Cl n.g.r. exhibits a
lowering in frequency characierisztic of the inducitive

o5




 TABLE 1
COLTPOUND - FORMUTA STRUCTURE 351 n.q.r. FREQUSICIES
OF S-C1 BOND AT 77K (1Hz) REF.
Sulphur Dichloride sc1,, “ 40,250, 39,088, 39.018 (2}
> '\
39,011 (avg. 39.342)
4
Sulphur monochloride} §,C1, % Sf‘! 35.977, 35.584 (1)
P s
o pe ’
Substituted R-SC1 R:C'F3 42,196
sulphenyl chlorides =CCl3 39,744 (ave,
=C,H, 36.978 (2)
ot )
=CgHy 37.011 ‘
=(CH3)2H - 36,000, 35,592 (2)
Thionyl Chloride s(o)012 /S\.. 32,088, 31.884 {1)
@y,
(avg 31.986)
Substituted rs(o)c1L R=C,H, 29,477 (1)
sulphinyl chlorides
Ct
. . \
Swlphuryl Chloride s(o)?_c;2 C!/A\?O 37.810, 37.597 (1)
- o (avg. 37.704)
Substituted RS(O)201 B=CP,
Sulphonyl Chlorides =CC13 36.276 (1)
=C_H 32,519 (1)
v
Trichlorosulphonium %01 & 42,932, 42,1385 (as. (1)
> a” N\
Cation Co hexachloroa.ntimonate)
F
. . AF
Pentafluoro Sulphur Sb‘5C| F—~ 42,680 This
(vi)chloride F ,!- Thesis
) e et

. o
- &
3

o



influence with an a.om to which the cilori-e does not
conjurate, The variation in n.g.r. frenuency for a

limited ranse of sulphenyl cilorides has becen extlained by
Whitehead and Hart as due to @ -inductive effects and
re—ﬁybridisation on the sulphur atom (1). Thus divalent
sulphur transmits electronic effects similarly to the
tetrahedral (—CH2—) methylene group. Another study (2)

on alkyl sulphenyl chlorides suggested that conjusative
effe:ts are.more important than inductive effects. However,
the hypotnesis is wé@kened because the increase in 3501 n.q.r.
freoueicy for irifluoromethyl sulphenyl chloride cannct then

be exileained. The abnormally low freguency for di-k-
methylamine sulvhenyl chloride (Table 1) was not commented v .on

either, but it is probawuly ¢ uscd by the involvement of interna

aclarisation (5).

The 35Cl n.g.r., freouencies of substituted phenyl sulphenyl
chlorides (ESCl) are indicative oir & difierent rechanism

of electronic transmission throush the silpnur to the chlorine
atom (4). The inductive effect was observed to be rrea-er

<+

than the conjugs.ive althoush in tiis serios conju-rtion,
if possible wiih the s.lphur =iom, ri .ht hzve usen Tavoured,
Tne further obs rvation of nesar random freguenc: shifts for
other sub-iituted phen.1 sulphenvl chloriaces lends auded

weight to the assertion th.t in sulwmnenyl chlorides, inductiive

elfects hcve the maijor influence on the 5501 n.o,r, :repuency (1).

The chlorine n.q.r. frcauenciess Tor straisgnt chain alkyl sulphoiyl

chlorides, R-S(C).Cl, parallel the behaviour of the
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Fig. 1.

Comparison of 35Cl n.q.r. frequencies of straight chain alkyl

sulphonyl chlorides and of corresponding alkyl chiorides. (from'Ref; 1)
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frequencies for alkyl chlorides, R-Cl. The frequencies
of alkyl sulphonyl chlofides are lower due to the lower
electrpnegativity of sulph;r. The -502- group appears to
transmit primarily inductive electronic effects. However,
the lack of correlation of n.q.r. data on alkyl sulphonyl
201,
shows that the —SOz—kgroup does not act 1ike ~CH,~ (5).

chlorides, R s(o)acl, with those of alkyl halides, RCH

As with sulphenyl chlorides,the ﬁoq.r. frequency of trifluoro-
methyl - substituted sulphonyl chloride indicates éhat
hyperconjugation is not transmitted through the sulphur atom
(Table 1). The -SOE- group is thus mainly a transmitter

of o-bond inductive effects.

For substituted phenyl sulphonyl chlorides no relationship
comparable to that of alkyl.sulphonyl chlorides with alkyl
chlorides was found (1). Lucken (5) has proposed that the
large différence between the 3501 n.q.r. frequencies of
p-nitrophenyl- and m-nitrophenyl - sulphonyl chlorides
indicétes conjugative coupling through the sulphur to the
S-Cl bond in the case of the p-nitro-compound. [\ -
character was therefore assigned to the bond and conjugative
transmission.proposed for_the _SOZ- group. However, no
correlation between the n.q.r. frequencies of RC(0)Cl and
»RS(O)ZCI, where allowance for 47 - conjugative effects is
made, is found. Furthermoré, inductive effects alone appear
to explain the variation in frequencies for chloro-substituted

phenyl sulphonyl chlorides (1).

A Scrocco-type equation (6) has been evaluated for differently

substituted phenyl sulphonyl chlorides. The allowances

-87-
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in frequency for the -S(O)2Cl group in the various positions
o-, m- and p~ of the phenyl rins fitted well for chloro-
substituted phenyl systems where, as stated above, inductive
effects are expected to dominate. However, when applied

to nitro-, carboxyl-, and methyl- substituted phenyl sulphonyl
chlorides no satisfactory easuation could-be established.
Since these pgrours can participate in ff-conjugition to the
ring, it is possible that they may be causins necessary
variations inAhybridisation of the sulphur atom or are_making
use of the dﬂ_ orbitals on it. The contrast with divalent
sulovhur is therefore that substitution of lone pairs by

oxygen atoms on sulphur promotes its conjuguative powers.

Using the United Atom Approach (7), (3), and the close comparison

of 77Cl1 n.g.r. frequencies for RS(O)2C1 and RMCIz (M= Sroup

'

3

IV metal, i.e. Si, Ge, Sn), Hart and Whitehead conclude that

£2,

the —502- group can be reasonably represented by its "united
aton" rermanium (1). This would explain the poor transmittinz
vower for electironic effecis of -502- and its participation

in m-type bonding usin- the Por molecular orbitals of dqr

symmeiry.

Sulphinyl chlorides, ES(0) 1, probably behzve in z similar
manner to sulphonyl chlorides and 1T -conjurative effects are
a possible influence on n.3.r. frequencies. Only limited
n.g.r. data are available on these compounds due to their

ready decomposition (1).



The Reaction of Sulphur Dichloride with Various Lewis Acids

In a study of the reaction of sulphur dichloride with some
Lewis acids, Nabi (9) reported the formation of solid 1 : 1
complexes. Tﬁose feported included SClE.SbCls, SClzﬂFeClB,
and SC120A1C13. The production of F%Cl) by self-ionisation
of sulphur dichloride in acetone has also been reported (10).
The 35Cl n.q.r. and other spectra éf the produgts of these
and other reactions involving sulphur dichloride weré studied
in order to identify any sulphur-chlorine cations formed.
Any 3501 n.q.r. respense for sulphur dichloride itself was
unobserved at 77 K on the Decca speétrometer, It has been
éeported as.a multiplét (an. 39.342MHz) using a pulsed |
spectrometer (2). Possibly the,formation of a glass upon
freezing thelsample has prevented its observation with the

5.r.0, spectrometer.

Distilled sulphur dichloride was dissolved in dry "Spectrésol”
grade acetone.  After two days, standing at room temperature,
the dark réd solution had tﬁrned~to a black tar in the sealed
ampoule. The proposed self—ionisation was based upon
conductivity measurements in which conduction was said to be
due to (SCl§> and (Clg) . However a more plausible
explanétion is that by reaction of sulphur dichloride with
the enol-form of acetone, trace quantities of hydrochloric
acid are formed. This would produce the conducting species
(H§> and (Clg) and subsequently would promote reaction
.with the acetone. Heal and Kane (11) have studied the
ionisation of sulphur dichloride and sulphur monochloride

in acetonitrile but have observed the equilibrium constants

=1 N .
to be very small (K ~ U4x10 ) and self-ionisation was
~89-




regarded as unlikely.

The assiStance of Lewis acids in aromatic halogenation
reactions is well known and in 1884, Friedel and Craft
(12) succeeded in‘reacting sulphur dichloride with benzene
using aluminium trichloride as catalyst. The reaction is

now seen as proceeding through an activated complex involving

the Lewis acid thus,

=HClI

) @ further
NPl

reactions

.+ other products

In the reactions of sulphur dichloride with Lewis acids (9),
traﬂsfer of charge occurs and ﬁust therefore cause a change

in the electronic populations at the chlorine atoms bonded

to both the sulphur and the Lewis acids. 3501 NeQa.T.
spectroscopy was therefore applied to investigate the structure

of the complexes.

1) Sulvhur Dichloride and Antimony Pentachloride

The preparation and analysis details are included in the
chapter Appendix.

—9()— \



The prepared solid in a sealed ampoule wis used to record its
35Cl n.q.r. spectrum and Raman spectrum. It was found that
tuis com ound reacted vith dry Bujol. This and the other
comj.lexes prepared with sirong Lewis acids were therefore
mulled in distilled KelF rreacse., To protect cacsium iodide

plates prlythene discs were used to separa.e thie mull from

the plates.

Spectrosconic Resnlts

35

The Cl n.g.r. spectrum of tl.ds product is almost identiecal

with that Hart et :1. obtained frum a samule of (SCIB)(B(SbC16)(9

prepared from SCl4 (13). (Table 2).

£lthough using a similar super-regenerative oscillator spectro-
met-r, Hart obsc=rved & si'mal to noise ratio of oniy 2/1 fer

the high frequency (SC15)€B

species., It can ther-fore oe
concluded from the n.c.r. cpectrum that the reaction product

o fom @ (a ©
is (Suls) (ubClG) .

The infra-red bands of the hexachlorcantimcnzte ion =i 340 cm
and 180 63—1 Qere oboserved, s were those of (5015) y in soectrs
recorded on Periiin Elmer 547 and Becimann FS720 (fer inira-red)
maciines (Table %). 4 polythene supnort for ihe mulled samples
ves usew wiin the FST720. The broad bond z about 330 cm‘j, witich
aopesrs in svectr= of this z2nd ithe other iriciicrosu_phonizm

com lexes, uzs found to also exist in the blank runs. It was
tirereicre likely to originate in slow reaction of the samples

with the jpolythene.
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TABLE 2.

N.q.r. results observed

at 77k

RIACTION

CEBSZRVED

3704

-,

b
se1, + SBe,

1 L

2)

. <
52012 + ubCl5

1 : 1
2)
52012 + SbCl5
1 2
3

o A
SCl2 4 nlCl3

3 : 1

73,805 (°/1)

33,235 (")

20.35 (%)
19.52 (/1)

19,06 {4/1)

33.82¢ (4/1)
33,242 ()
20.37 (/1)
not otserved

/
19,04 (%/1)

33,821 (°/1)
32,254 (")
20,371 (3/1)
not okserved

2
19.04 (/1)

.
34,202 (/1)

33,202 (°/1)

e.69  (%/1)

g.25  {5/1)
g.oe (")
ot ()

— -

Speciec (Rer)

®
sc1, (

Q..

Compare 1)

&

501,
s

0]

3BCL,
3

Compare 1)

€ (2)

1, 14)

Tell, (1,14)

LITZRATURE

42.932 (/1)

42,185 (")

24,810 { ")
24.269 (% )

28,174 (")

gitto

ditto

rot ocserved

11.04
30,47

10,128

T



TABLE 2.

in ampoul e)

23.702 ()

-
jo2]
.
)}
[INs]
nN

(n)

R=EACTION ORSERVED TITSRITURE
By B Species (Ref) 351
4)
50 e 4/ 3\ o 2 ]
1, + 7401, 42,41 (1) 33.44 (/1) Compare 1)
42,05 (") 53,13 (") @3013
at1.e7 (") 33,00 (")
5)
Supplied Semple 42,637 (14/'1) 33,607 (5/1) Compare 1) -
@, Q. . . ®,
81,701, (Form 1)~ 42.091 ¢ ") 33,184 (") 501,
41,726 (") 32,890 ( )
@®
28,123 (5/1) 22.15 I01,% (33) 22.37
25,895 (%/1) 20.40
20,95 (2/1) not observed
6) .
§C1, + BCl, 21.515 (100/1> 16,960 (30/1) BC1, 21) 21,582
300 1 21.48 (skoulder) 21.578
7).
2 ] N e )
.5C1, + 8nCl, 21.e4 (/1) not observed 2nC1.2C1,@3
1 s 21,39 (")
(Crvstals)
S0 ;1. 9 ~ 6 - > ‘
5Cl, + 6n0l, 24,302 (°/1) 19,153 (/1) snC1, (32) i 24,294
3 : 1 24,184 ( " ) 12.070 ( it ) E 24,226
(frozen liguids | 24,037 ( ") 18,920 (" ) - ; 24.140

| 23.719




TABLE 3.

SPECIES RALIAN BANDS SPBECIZES .\z,‘Pg—\]\lAN BAWDS
OBSERVED LITERATURE OBSERVE% LITFRATUR:
em ! em™ (Ref) cm_1 cm’—1 (Rer)

1) and 2)
®SC13@S'L‘;016 _
®sen. 533 |- Spea 336 337
? { 543 °
524 ) 277 277 (46
i 502 519 (44) 175 172
282 284 ~
T 220 214
T (1)
3) o ’
@SCI3QAICI4
e, (G0 553 e, 575 575
{518 . {521 351 349
498 493 ' - 180 (46)
a1 275 (16) 141 146
208 - 208
{219 215
L +(43) . +(43)
4) '
@SﬂlgL'iCl5
05013 _ 522 Q-r1015 _ 223
492 - 419
272 352 -
203 309
222
Also 4) lines at 143, 153(sh), 443 and 462 unassigned 90

O o -



TABLE 3.
SPECTES RALAW TADS SPECIES RAVAT BANDS
OBSERVED TITERATUTE ORSERVED TITERATURE
-1 -1 -1 -1
cm cnm ( fef ) al on ( Re?f )
5)
@r- i e— : ~
soigicn, i
c) <]
. 10 282
501, | \f 512 1, 5
{498 = 260
- 485 (42) - 228 ( 48)
279 218
220 154
. 212 143
125

T See hote 2,



TAB E 3 - o T A
SPININS I.B, BADS SPTOIES 1.2, BAHDS
B CRSZRVED LITSRATURE | OBSERVED LITERATURE
em™ ! et (Rer) e om ! (RexT)
1) and 2)
Q. -
%013 ubblé
Dsc1 275 275 (4 Gy 340 (s) 340
3 4 6
333 171 180 (14)
3)
@3013%_1@4 I -
©) O}
SC1 274 2 -\ | AlCl - 575
5 ~ ™ 3|
326 brosda | 496 176 120 (49,
518
4) . >,
Q?‘301 G)TiCl5
@5013 . 271 - @Tic15 | 385 (vw) 385 )
417
330 - 349 346 w7
- 212
170 170
- 83
Hotes
1. XCl disecs, prepared in a hand die, were found to react with SCl3 compounds, I.R,
absorptions at 50% cm"1 and 530 cm—1 vere produced which are characteriztic of
sulphur dichloxide.  Therefore, for the above results, KC1 discs were replaced
with caesium iodide plates protected by polythene discs,
2, QRaman investiration 0*6?71262 1 (rer 14 ) was unsuccessfil due to0 fluorescence
~ .

-

reen laser was veed in this vwork end in which i

1:7

of gemple in the rod leser., A

sample did not fluoresce.



Raman spectra-have been recorded on a Cary 81 spectrometer.
The Raman spectrum for this complex shows bands due to the
trichlorosulphonium jon and the hexachloroantimonate species

(Table 3). The complex is therefore confirmed as containing

(5015)@ (SbCl6 @ .

While the analysis of Nabi and Khalique (9) apvears to support

the production of a 1:1 complex SClZ.SbCl it is not incompatible

5
with a mixture containing (SC13§9(SbCl6§? If the 1:1 reaction

mixture lost no products, the analysis could.support the reaction,

—_——
SCI, &—= 525352 + (112

2
SbCl SbC|_ + 2SC

- 2 oy ©
(5013@(Sb0169+ 3 + 80Tl (5011@(3’0316)

i.e. 35C1., + 3SbC15—>2(3313@(3b01659+ 5bCl, + 3 S

2 3

The disproportionation of sulphur dichloride proposed in the
reaction meéhanism is given support by the rezction of sulphur
monochloride itself with antimony pentachloride. Thiz is

the subject of the next section. Investigztions of complexes
witl: other Lewis zcids nrovide further support and are

discussed below.

-~

2) Sulvhur Fonochloride and Antimony FPentachloride

In & similar manner to that used in the reaction of sulghur
dichloride with antimony pentachloride, sulphur monochloride

was mixed in 1:1 and 1:2 molar proportions with the same

Lewis acid. Reaction takes place forming yellow solid products.

The 35

21 n.g.r. spectrum shows the presence in both cases of
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(SClB)e%SbCl6)€)(Table 2). The n:.r. frecuencies obs -rved for the
products of reaction with 1) sulphur dichloride and 2) sulphur
ﬁonochloride differ slightly. It is probably attributable to
impurity or crystallinity diifferences and nct to a chenical
difference. The greater strengths of the n.g.r. resonances for
(SC13)C)obtained from the monochloride cannot be easily explaired

-

but it is likely that it is due to the vphysieal state of the samules, .

Partington performed a similar reaction of sulphur monochlorice
with antimony pentachloride in sulphuryl chloride and obhtained

SCI4.Sb015‘(15). The likely reaction is expressed by

5,C1

5Cl,. + 2 SbC1

———;(3013}ek5b016f3 + SbC1

T i
5 + /b ‘)8

3

Analysis (reported in Appendix to this chapier) of the product of
the 1:2 molar reaction indicated that all reactants were absorbed.
The above eguation is therefore supported by a 1:2 mecharism

and by the observation of spectra due to (SClea(SbCI6}9.

Wnilst the vrescnce of elemental sulphur co.ld not be denonvir:zed,

an n.q.r. sizmal at 19.65 liHz was attributed to antimony trichloride

at 77 (32).

It has therefore Leen shown thzt antimony rentachloride r. acts
with sulphur dichloride zna sulphur monochnloride by meuns of
oxidstion and reduction. The simvle 1:1 adduct of SClz.SbCl5
proposed by Mabi has been shown te be a .ixture coi:tzining
(SCIB)G%SbC16)EZ Similar comrlcoxes were nowever reporied with

- aluminium trichloride and titanium retrachloride where oxidation

of The sul+hur chlorides is less litely.

3) Sulphur Dichloride and Aluminium Trichloride

The rezction was carried out with a 1:1 moler m_xture. Detsils



of the preparation are given in the asppendix. The production
- of a yellow liquid distillate (removed when the mixture was
pumped) indicates a possible difference in reaction mechanism

from that shown for antimony pentachloride as lLewis acid.

Spectroscopic Results
Table 2 shows that the presence of (50159 (101 459 is
indicated by the n.g.r. spectrum. A previous study (16) or
this compound failed to find the n.q.r. responses of (SC15§> .
Two resonances are observed with an intenSity ratio ofiabout two
t0 one, The higher freguency line is the highest recorded
n.q.f° frequency for an S-Cl bond. Internal non-bonding
interactioné protably enhénce fhe electric field-graaienf at
one of the chlorine sites of (S013§D . The Raman spectrun
of this reaction product closely agrees with that of (8013)(9
(AlCl4§) (16) (Table 3). The infra red spectrum, although
less conclusive, is in agreement with this formula.

If the first step of the reaction with sulphur dichloriae
involveé a disproportionation.reaction thus,

2 8012 b 82012 + Cl2

the reaction of chlorine and aluminium trichloride with sulphur
dichloride will yield the product (8013)‘9 '(Alcl4§) .

Although reported as forming a complex 282C1 °A1013(17), no

2

interaction was observed between aluminium trichlcride and

sulphur monochiloride when sealed together in an ampoule. The

n.q.r. spectrum of the mixture gave no evidence for a new species,
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It was therefore possible that the liquid distilled off from

the reaction.between sulphur dichloride and aluminium trichloride
was sulphur mOQOChloride.v This was investigated by using

excess aluminium chloride 1n the reaction mixture and by taking

the Raman spectrum of the distillate, The spectrum gave

clear evidence that it was indeed sulphur monochloride, i.e.

' Symm, 3 : N Assymm 3
- 7 o
o Y, (s-8) Qz(s C1) 43 ) 5(.) c1) p
Observed 543 450 207 | 104 435 240
Iiterature 540 446 2051 102 434 238
Thus the proposed reaction mechanism is,
25C1, == 5,01, + Cl,
Cl, + A1C1; + SC1, — (s<313§9 (AlClI,ﬁ9
i.e. ‘
o ' ‘ ® ©
k. C C'C < p - “
3501, + A1CL,— (s 13) (Al(‘14) + 8,01,

Sulphur dichloride and aluminium trichloride were reacted in

the molar ratio 3:1 and were stirred to ensure complete reaction,
Droplets of a yellow liquid (sulphur monochloride) collected

on the flask sides and the yellow solid containing (SCIB§)
(A1014§)was formed. After pumping at room temperature for
about fifteen miﬁutes the solid residue was analysed for
éluminium, chlorine and sulphur. Details are given in the

: ©
Appendix but the analysis supporits the formula (SCIB) (AlCl4).

The reported 1:1 complex SC12.A1013 (9) is therefore chovn to be

G5

o e e e £ ettt £yt
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unlikely. From all spectroscopic informztion the comilex is

believed to be (sc13)® (A1014)9.

4) Sulphur Dichloride and Titanium Tetrachloride

The presence of a lover o:idation siate for ititanium means that
titanium tetrachloride could react with sulphur dichioride as _
a weak oxidisin~ aent and a mechanism like that with antimony
pentachloride mirsht be supposed., If, how:ver, it remains in
oxidation state four, the titanium fetfachloride could réact as
a Lewis acid in a mechanism like thut of aluminium trichloride,
In a separate experiment with sulphur monochloride, titanium
.tetrachloride was found not to reacf; the dry liguids remaining
as two layere even af er soveral days in a refriéerator, It
therefore seems rore‘likely th-t the rezction is

5 8C1, + TiCl, — (8013)@ (TiClS)e + 5,C1,

4

Svectroscopic Results

The n.q.r. spectrum revzals that (SC15)€Dis asain present but
now three lines of =quszl intensities are observed, (Tadble 2).

35

The n.q.r. frequencies observed for Cl bonded to titanium in
titanium tetrrchloride are found to be very low (18) indicating
a. high degree of ionicity and p,- d interaction-in the Ti-Cl
bpcnds (5). These freguencies lie below the sens itive range of
the Decca spectromeier empioyed and, since the n.c.r. freouencies
of (TiClS)e)are likely to be enually low, the Tailure to observe
them is explicable. Sweeps at room temperature and 77K between

3 znd 7 FHz witn the AEI spectromeier zlso failed to loczte any
sisnals,

In the vibrational spectra, some evidenee of (TiCl )e)is fourd but

5
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the instability of the compound is manifested by the strong
band at 500cm'1 of titanium tetrachloride (Tavle 3). This

explains the vapour pressure of titanium tetrachloride and the

white fumes which prevented the collection of any sulphur mono-

chloride as a distillate from the reaction mixture,

The observed Raman spectrum contains absorptions dug to (801359
and also those reported for (Ti015§)including the strongést

at 419cm-1 (Table 3). A previously unreported Raman active
band,‘%z, iz given as 309(:13"-1 but Raman bands forfgv and 58
cannot-be asgigned. The presehce of weakly complexed titanium

tetrachloride is further indicated by é band at 1430m—1a

The counter ion to (SCIB)G9 will be of the type (TiCle) or

(T12019 since the vapour pressure of titanium tetrachloride

indicates that it can be quite readily lost. On this basis the

reaction may be represented by one of the equations,

3 SC1, + TiCl cl,

4

AU
—_ (s013)(D (T1C15) + 8,

or

3 801, + 27iCl,— (501 §9 (i, .01 §) +8.C1
2 FAbLy 3 2%+ g )

2

T™wo samples were therefore prepared in the ratios 3:1 and 3:2

of sulphur dichloride to titanium tetrachloride. After pumping
on them for a short time to remove the sulphur monochloride

(and some titanium tetrachloride) analysis for titanium,chlorine
and sulphur was carried out on each. Details are given in the

chapter appendix but the closest fit for both samples was with

. o
STiCly,  The counter ion is therefore probably (TiCl5).
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The Raman opectrum also supnorts the yresence of (TiCl fD
(Table 3). However, due to other bands obscuring possible lines

at either 280 cm™| or 264 cm—1, the presence of (TiCls)(3 as the

dimeric (T12011O) anion cannot be ruled out (19). The

comlex is therefore believed to be (SCIB)G)(TiClst or (5013)&2
. 2

(T120110)

5) (sc:13)ea (101f

A sanple characterised as (SCl )GB(ICI }5 wes 1nvest1bated by
35@1 n.qg.r. spectroscopy. Prepared by ihe method- of Jalllard
(20) it was supplied by Dr. T.H. Pare of Royal Holloway College -
and was believed to be Form I of this comound (34). The
presence of (SClB)(9 is shown by the three lines about 42 MHz
(Table 3 ) which have egual intensitiés. The counter i n
(IC14)(3 is responsible for the three lines at 28.12%, 25.895

and 20.95 IMHz which account for three of the chlorine atoms,

The difficulty in observing a line due to the fourth chlorine atom
of (ICI4¥D may ve because it has a bridging .osition beiween the
€D

3, . This aspect is discussed lzter. The Raman

spectrum of this compound ic re orted in Table 3 (31).

anion and (SC1
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A complex between sulphur dichloride and ferric chloride
(SC12.FeClB) was reported by Nabi and Khaleque (9). The
author did not prepare this himself but assumes it to be
(SClB)e)(Fe014fD. The reported 1:1 complex is likely to be the
product from a redox reaction analogous to that involving

antimony pentachloride, i.e.

o o
5501, + 4FeCl, ——  2(SCL,) (Fec14)@ + 3¥eCl, + S

When compared to the 1:1 reaction proposed by Nabi and Khzle:jue,
the 3:4 molar ratio may explain whx'thé apélysis figures reported
by Nabi are high for iron and low for chlorine and sulphur (9).
The hetercgeneous nature of the reaction may also obscure the

true values,

However, the action ol sulphur dicnloride with other Lewis acids
was investisated. Those used were boron trichloride and tin
tetrachloride whose werker Lewis acidities are clearly demonsirated

by the results, rerorted below.

6) Sulvhur Diclloride =nd Boron Trichloride

Preparation

Commercial boron trichloride was distilled on to distilled sulphur
dichloride in & silica arm:oule on a2 vacuur line. The amnoule

was then sealed. HNHo reaction a peared itoc occur at room
temperature nor even when held at low iecmiperatures for long

periods.

Spectrosconic Results

After slow cooling, with shaking, to liguid nitroren tempe. ature,
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the 55Cl n.¢.r, spectrum of the sample was inve tignted. No
evidence of (SCleB, rnior of sulphur dichloride was found in

the spectrum but very stron- resonance occurred at 21.515 and
21(48 MHz. These resonances are assisned to boron trichloride.
The n.q.r. frecquencies of pure boron trichloride are 21.582

and 21,578 IMHz (21) and it is therefore clear that rmaction hus
not taken place and that the shift in n.g.r. freguency is
probably due to an impurity ef{fect. Boron trichloride is a
weaker Lewis acid than the previous.th:ee used., It is

probably that the disproi-ortion of sulphur dichloride is not

sufiiciently aided b, boron trichloride to promote reaction,

7) Sulphur Dichlorid< and Tin Tetrachloride

Preparation
Distilled tin tetrachlioride was slowly added to sulphur dichloride
in & cooled flask under nitro-en. Ko r zciion was observed

o = L : : - L ..
at 10°C but, on standin:s in a refricerator for several days, a
few pale, cubic crystals were derosited. These were filtered cold
under vacuum and were itren s=zled uncer vzcuum in & phial, also

kept cold. The ijl n.c.r. spectrum was talben «t T7H,

Srmacirescopic nesults

Tne only resonanc s to be cobserved in the n.o.r. s ec.rum lie at
21.32 and 21.84 iiHz (Table 2je This stron ly sur . sts that
react on oi the tin tetrachloride -z occurred bevouce its very

strons, resonznces certred on 24.0¢ }iHz were not precent (22).

rlthoush rescnunces Jue to (SC1 63we;-e notl observed, its prezence

3/
\\6 the

mey be inferred. The likely counter icn is (SnClS, , T

n.qg.r, resonances of which have been obrerved previously in

P

(pC1 jﬁ)(5n015)€’at 22,04, 22,08 and 20.3%32 IMHz. The lowest

4
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frequency resonance was obéerved by Lynch (23) to be weaker
than the others and could be due to an axial site in the ion.
This would explain why only two resonances were found here, the
lowest frequency line being too weak for observation (Table 2).
The greater separation of these resonances may well be due %o
internal non-bonding interactions., The wide ranges of the
frequencies obser&ed for (A1014)(D and (SbClsf) lend support to

this.

An attempt to fully characterise this crystalline product failed
because in warming to room temperature, the crystals decompose.
A small semple decomposed during mulling for infra-red investi-
gation buf the bulk was 1ost'during a robm'temperatﬁre h.q.r.
‘spectrum run. FTurther attempts to prepare these crystals
failed with tin tetrachloride and sulphur dichloride showing

no signs_of,reaction and, even on scratching, no sign of

crystal deposition.
An ampoule containing a 3:1 molar mixbture of sulphur dichloride
end tin tetrachloride was slowly cooled, with shaking, to 77K
and its n.q.r. spectrum was ‘taken. The only resonances
“observed were due to tin tetrachloride (Table 2), with very

little shift from those of pure tin tetrachloride (22).
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[
Discussion of 3)Cl n.q.r. Results

The preéence of (SCIB)GB in the products of several reactions
has beern shown by 35Cl n.q.r. and by vibrational spectroscopy.
The high n.g.r. frequency observed for (SClB)G%eflects the
effect of a positive charge on sulphur to increase its electro-

nesativity leading to greater covalency in the 5-Cl bonds.

a) Number of n.g.r. lines

The number of resonances and the relative values of their.signal-
to~noise rutios are 6ften helpful in assigning voint cymmetries
to the resonant species. In the com .cund with (Ti015)€9 as

anicn three rescnances of equal intensity are observed near

42 MHz. Assuming one molecule per unit cell this indicates that
the three chlorine atoms of (SClB)e)are in ncn-eguivalent sites.
The same applies to (SCI3>® in(SClB)e; (IC14)6.

There are two resonznces due to (SCIB)(9 in (8015)6)(A1014:'<9
the strensths of which indicate that two sites of chlorine ztoms

+re eguivalent but not to the third site. The point symmeiry

of the ion is thus Cs.

Two, apparently equal, resonances are observed =zt 77K for 1 e
(8013)(5 ion in (SClY)G)(Sb016)€). This intensity pattern is
>

observed for all samples at 77K including th:t of Hart et al (14).

&)

monochioride and antimony .entaclloride complex., This is probably

The stronsest resonance for (SC is ouvserved fer the 1:1 sulphur

due te the mmple being of fortuitously letter crystallinity. The

two resonances for (SC1 O are insufficient to predict the number
5/

of molecules in the unit cell. However, the intensities of the

lines due to (SbCl fB suggest a single counter ion in the cell.

&
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b) Temperature Dependence of n.q.r. Signals

The temperature dependence of both n.g.r, lines of (SCIB)GB

in ‘(sc13)fB (sb01,)® was observed and is shown in Figure 3.

Above 200K the two resonances due to (SCIB)(a are s8till present
for the campound but their stréngths are now observed to be in
the ratio of 2 3 1 with the higher frequency resonance of greater
inténsityo This probably represents Cs or Cv po%nt symmetry

for the (SCIB)QB ion and indicates that two chlorine atom? lie

in equivalent sites. The observed equal intensity for the
resonances at 77K is accidental., A possible cause of the
unreliable intensity patterns is that at 77K fhe relaxation times
associated with the two resonances are very different while at

200K they become comparable.

Any phase changes from 77K to 250 -K are unlikely because the
n.q.T. frequency versus temperature plots would then show
discontinuities, Resonances were not observable at temperatures
above 250K probably due to fast relaxztion by, éay, a rotational
mode broadening the line beyond detection. Both resonances
exhibit the same temperature gradient so it is likely that the
three chlorine atoms experience the same potential barrier to
torsional motion. An average temperature gradient of -8.00 kHz
deg_1 is found for the upper frequency.resonance at 200K, where

" the variation of frequency with temperature is changing slowly,

Using the formula developed by Bayer and Kushida (1.35) and (1045)
for the temperzture dependence of n.q.r. frequency (at constant
pressure) and ignoring terms in % s an estimate of the

librational frequencies causing this dependence can be made. With

an estimated S-Cl1 bond length of 0-199 n.m. and a value of 98° for
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Cl‘??Cl, thg frequéncy corresponding to libration about the.C3
axis is 15.2 en~'. Libration about axes perpendicular to C}V
corresponds to a frequency of 42.2 cm=1 if doubly degenerate.

If gll three motions (and moments of inertia) contribute, a
librational mode of 44.8 cm“1 is calculated. However, no frequencies

-

as low as this were observed in the Raman spectrum.

In the case of (s<:13)ea in (3013)Ga (zc1 4)e the temperature
dependence of the three quadrupole resonances was investifated
aﬁd is shown in Figure 4. For the highest frequency line an
average frequency/temperature gradient of =4.30 kHz deg'==1 is
observed at 200K where the gradient is changing slowly. It

is therefore'seen to have a gradient approximately half that

of the corresponding resonance for (SClB)<9 in (SCIB)@(SbCIté)B°
This is interprested below as evidence that association of
(5013)€B with (ICI4§3 occurs. Using the same parameters as in

the case of (SClB)(9 (SbClé)e3 corresponding librational frequencies
of 20.8 cm (CSV axis), 57.7 em (doubly deienerate, perpendicular

to C3v) and 61,3 em ! (three motions) are calculated.
These were not reported by Finch et al (31) but lattice modes in

the region of 25-8C cm_1 can be szen in the Raman spectirum

illustrated in their paper.
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Structure of e)SCl complexes.,

3

Information on the internal structure of the (SClB)<9
complexes investigated may be obtained by comparison with
related group VI species and from interpretation of the

n.q.r. and vibrational spectroscopy data. The variation

in average frequencies and in the number of 35Cl quadrupole
resonances observed for (5013f3-in the pairs E530135113\:16,
5%0135%1015, 6%0158&014 indicate that differences in structure

are possible,

It is provosed that in the first pair the higher 35Cl N.qoT,
e,

frequencies due to “SCl, anu their large temperature dependence

3
(in the hexachloroantimonate compound) indicate that the<$SCI

3
ion is nut associated with the anion, whereas, in the case

of the sccond pair, the lower average 5501 n.qg.r. frequencies
and lower temperzture dependence (in the tetrachloroiodate
compound) suggest that some form of interaction through the
chlorine atoms of the anion may be occurring. For the first
pair of com:ounds, there are two 35¢1 n.q.r. lines (at 77K)
attributable to the trichlorosvlphonium ion but there are
three (at 77K) for the other pair. The difference appears

significant when the n.q.r. frecuencies for the anions

are also considered.

- The n.g.r., results for the hexachloroantimonzte and tetra-
chloroaluminate ions are typical for these anions, indicating

that strong interaction with the G)SCI cation is unlikely.

3

However, the response for the tetrachloroiodate ion differs
from the singlet observed for the alkali metal tetrachloro-

iodates (e.g. KICl,, 22.37 iHz (38)). The structure of

4’

the multiplet can account for three of the four chlorine
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atcms, An inter pretation in terms of strong intermolecular

interaction may be made thus:
(Il
<:|~\\\ \\\\\\

Cl—5~._
T — \

If strong enough, the polarlsatlon lnteraptlon would reduce

the n.q.r. frequency of chlorine (1) well 5elow that of the
others. This, coupled with the lower detection performance

of the spectrometeg for bridging chloriqe, would explain

why only three chlorine atoms are acéounted for in the reported
n.q.r., spectrum. A fourth line at 14.85 MHz (77K) has since

been reported and confirms this prediction (37).

The trichlorosulphonium. ipn acts as a strongly pélérising cation
but appears to have a more pronounced effect unon the tetrachloro-
iodate anion than upon itself. It seems likely that any charge
transferred from 01(1) of the tetrachloroiodate would enter the
trichlorosulphonium ion throusgh the lone pair on sulphur. If

it remained on the sulphur, the increazsed charse might cause a

closing together of the SCl, pyramid. It might however be dis-—

3
tributed to the chlorine atoms. Either their increzsed ionicity

or an exiension of the S~Cl bond mzy explain the slight reduction
in the 3501 n.q.r. freqguency compared with those of the trichloro-

sulphonium ion in (s013)® (55€1)%; i.e. ave.42.151 MHz vevsus

42.530 IFHz.

The tetrachloroiodate and tetrachloroaurate ions have been

the subject of vibrational spectroscopic investigation into
intermolecular interaction. The results point to the influence
that smaller, palarising cations mey exert on these large, square~

planar anions{31). For the undistorted anion of b4h symmetry,
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three vibrational modes are Raman active but if the symmetry is
greatly reduced (Cs or qj) nine deformation and stretiching modes
may be possible. For both @501361;\101 4 and G35013@101 4 the muiti—
plicity of lines in the-Raman spectra has led Finch go conclude that
a reduction in the symmetry of the anions has occurréd. Fokina (33)
has suggested that bridging between;@SCi3 and.e%nCl4 occurs in
trlchlorosulphon1um tetrachloroaurate.

A.J, Edwards (34) has determined the structure of aCl E)ICl4 in

the stable form used in this n.q.r. study. Bridging bctween the
trichlorosulphonium and the tetraiodate ions appearé to o¢ccur.

There are three non;bonding contacts to the sulphur atom byichlorine
atoms of the (IC1 4)9‘anions, The bond lengths of the distorted
anion may be correlated with the number of bridging interactions
experienced by the chlorine atom. Thus the longest I-C1l bond

invelves C'l( which makes two contacts of 0-3096n.m. and 0-3118 n.m,

4)
to two different sulphur atoms. The intermediate I-Cl distance
involves Cl(7) which makes one contact to sulphur of ©0-3130n.m.

The shortest bonds of the anion involve chlorine atoms (5) and (6)
which make no contacts with sulphur. The reported S-Cl1 bond lengths
of the trichloro-sulphonium ion average 0199 n.m. There are four
"molecules" in the unit cell and the reported structure of form I

of (5013)® (1014)9 is miven in Fin. 5. The distortion of the
tetrachloroiodate ion is very similsr to that found in the structure
of hICl4 H2O in which interionic interaction was proposed (59).

The close similarity of the n.q.r. spectra of the compounds supports

this comparison (40).

There is a gradual reduction in the S-Cl stretching frequencies
observed in the Raman spectrum of the comounds containing SCf% N
(Table 3). The lowest frequencies are those reported for SCf? ICf?

which ayproach those of SCl4 (41). Because the structure of solid
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O ~ iodine

O — sulphur
(:) = chlorine

- cocoa polarisation interaction

Fig. 5. Structure of 301? 1019

iy

(after ref. (34))




Sdl4 employs bridging chlorines, this has been proposed as fgrther
‘evidence of significant interionic interaction (42). The variation
of stretching frequencies may be a measure of the strengths of

interaction between SClEDand the anion in the sequence of compounds

3

reported in this thesis.

The two forms of SCI%') 101? - I (stable) and II (metastable) -
have been the subject of a study by vibrational and n.q.r. spectro-
scopy (42). Of special interest is the positive temperature
coefficient reported for the lowest 35Cl n.g.r. freguency of
tetrachloroiodate.in form I. This is compatible with strong
secondary coQalent bonding interactions between the sulphur and

one of the chlorines of Icf?a Such bonding appears to be much
weaker in form II w.ich displays a narrower range of n.q.r.

frequencies for the anion (25.25 - 20,07 MHz at 77K), the lowest

of which does not show an anomazlous positive temperziure coefficient.

Finally, the ready loss of titanium tetrachloride from Q%CIB(]TiCIS)
when pumped upon, may be taken as further evidence for bridging
interactions resu-ting in the extraction of a chloride ion from

the titanium -~ chloride anion.
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Other compounds containing the S<Cl bond were investigated

using n.q.r. spectroscopy. The asymmetry parameter of

thionyl chloride was determined.

Thionyl chloride,

Figure 6 is a plot of 3501 n.q.r. frequency against S-Cl
bondllength for sevéral compounds containing the S-Cl bond,
The spread illustrates the varying influence of electro-
negativity and hybridisation at the sulphur atom. "These,
combined with bond length, help determine the electric field
gradient (e.f.g.) -and hénce the guadrupole resonance freguency
of the attached chlorine atom. The average n.q.r. frequency
of chlorine in sulphur monochloride is as expected from the
electronegativity of the sulphur (5). From this it appears

that the n.q.r. frequency of thicnyl chloride is unusually
ldw.

. Iucken (5) suggests that the large difference in 3501 Nn.q.r.
frequencies between thionyl chloride (average 31.986 MHz) aﬁd
sulphuryl chloride (average 37.704 MHz) is caused by the
contributions of these canonical forms to their molecular

structure,

-

Q\§/ “ O—\*‘g/ a
'\c;z 5/ \c/z

The double positive charge on the sulphur atom of sulphuryl

chloride would enhance the electronegativity of the sulphur
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atom and hence raise the average n.q.r. frequency of the
chlorine atoms. Lucken also makes the suggestion that the
raised electronegativity of the sulphur atom in thionyl
and sulphuryl chlorides gives rise to extensive 7T back-

. bonding of the chlorine atoms to the sulphur,

The result of 7fback-bonding by a chlorine atom is to iower‘
its h.q.r. frequency., In thionyl chloride only one oxygen
atom competes with the chlorine atoms forﬂ:bonding° This
may suggest that Tr—bonding in thionyl chloride is greater
than in sulphuryl chloride, which may help explain the lowef
n.g.r. freguency of the former. In support of this further
35Cl n.gq.r. data may be used. Compare the differencesvin
 N.Q.T. frequency of the two substituted oxychlorides, when
one of the chlorine atoms is replaced by an ethyl group.
i.e,

S0C1, avg. 31.986MHz. S0,Cl, avg. 37.703MHz.

EtSOCl 29.477VHz. EtS0,C1 32 .519MHz.
A= 2.5091MHz. B A = 5.184MHz.

The n.q.r. frequencies were reported by Whitehead and Hart
(1)} The marked fall in n.q.r. frequency experienced by
sulphuryl chloride reflects the lower electronegativity
of the ethyl group; The smaller reduction in frequency for
thionyl chloride may support the presence of 7T -bonding
in the S-Cl_bond. The substitution of a chlorine atom by
an ethyl group will cause S-Cl1 T «bonding to be reduced
vhich may then partially compensate for ﬁhe fall in frequency
caused by the lower electironegativity of the ethyl éroup.

Similarly a comparison of the differences in n.g.r. frequency
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upon replacement of the sulphur atom by a selenium atom may be
made. Sulphuryl chlorides have already been shown. to transmit

¢ -induction effects primarily. Thus compare the differences:

PhSC1  37.01 MHz. (2) socl, 31.99 (ave) (1)
| . and

PnSeCl  30.36 (avg) (26) 5e0C1, 30.41 (avg) (26)

Saatszaov et al. has shown that in the ser?ed R1R2R35e01 (where

H = Cl, Me and Ph) the selenium atom transmits primarily’ &-
inductive effects (26). The n.q.r. frequency for'thionyl chloride
cean therefore be seen as lower than expected, This again suggests

the presence of significant TV¥-bonding.

This presence of TT-bonding in thionyl chloride due to back-
donation from the chlorine atoms to the sulphur results in the
electric field gradient (e.f.g.) at the chlorine atoms being
substantially axially asymmetric about the S-Cl bond., This
asymmetry would be refelcted in a non-zero asymmetr& parameter (?)
for the resonances. With Zeemen n.c.r. spectroséopy the asymmetry

parameter was measured for thionyl chloride at 77K.

Extrapolation of the graph in Fig. 7, obtained by the method of
Morino and Toyame (30), yields a value for 17 of 0.27. The two
_resonances of thionyl chloride yield similar values as would be
expected if their separation in freouency were due to external
crystalline effects only. More points are displayed in Fig. 7
for the line at 32.091 MHAz because this one was examined in full,

vhereas only comparison data were reccrded for the line at 31.687 lEz.
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In Figures 8, 9 and 10respectively the line shapes of the
32,091 MHz resonance are given for magnetic fields generated
by zero, 2,2 amp and 2.6 amps. The measurements of 5. are
indicated on each figure. The value of‘%'canndt be directly
relatéd to Tl - character in the S~Cl bond. However its

magnitude is strongly suggestive of substantial 1T—bonding°

‘The temperature dependence of the two resonances of'%hionyl

chloride is reported inFiguretl, The quite high negative
value of the tempe:ature gradient, ~6.3% kHz K—1, provides

no further evidence for 7 -bonding, however.

The proposal that 7l -bonding in the S-C1 bonds is much
reduced in sulphuryllchloride (5) would be much enhanced
if a measﬁrement of the asymmetry parameter yielded a much
lower value than 0.27. However, due to_the low signal
strength of the observed resonances of even large samples
of distilled sulphuryl chloride this determination was

prevented,

In an attempt to obtain comparable data, the preparation
of common derivatives of thionyl and sulphuryl chlorides

was attempted. Xetimino derivatives were prepared thus:

PhoCNH + nButylli 771; T 3 Ph,CNLi + Butane T
unaer 82 (evaporates
in dry ether on warming)

: 1 77K Y o ‘ »

Ph,CNLi + S(0)_C1, nder Ty ,Ph2CNu(O)nCZL + LiCl J]

dry ether on warming

(Bub)ocm + 11 77K s (Bub),cni

. [4
under N red
dry ether N
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Fig 8 35Cl Zesrnan ngn SOCI2 at 77K on Decca spectrometer

I=Oamp. .

Fig. 9.
V I= 220mp. =682 mT,
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(Bu),cNLi + S(0), €1, 11K s, (Bu?)£i5(0),C1+1i01 |
: under No on vazrming
dry ether

n= 1920

Of the four derivatives prepared only one, (But)Q‘CNSOCl

35

yielded a ““Cl quadrupole resonance. Details of the n.g.r.
data, infra red spectrum and analytical datz are given in

Table 4.

Di-t-butyl ketimino thionyl chloride

The infra-red data is compared with that of thionyl chloride
and indicates the preéence of a monomeric unit of di-t-butyl
ketimine thionyl chloride in the solid. A probable cause
for the failure to observe any 3SCl quadrupole resonances
for the diphenyl ketiminb derivatives is that the compounds
exist in dimeric units, bridged through the nitrozen atom

of the ketimino group. This may cause dislocation in the

lattice and broaden the n.q.r. resonances making detection -

by the spectrometer more difficult,

It is stron. 1y suggested by studia@s of infra-red dzta and

from boﬁd length measurements that tre ketimino group

takes part in 1f—bonding(interactions with the atom to which
it is bonded. This could be an explanation of the small

. rise in n.q.r. frequency from that .of thionyl chloride, 'if
the ketimino group has a similar electronegativity to chlorine,
it Qill not greatly effect the electronegativity of the
sulphur atom. The cause of the rise in n.q.r. freguency

may then be the preference of sul phur toATr—bond-through the
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TABLE 4

Characterisation of Di-t-butyl-ketimino thionyl chloride (Buf).cws§9)01
_ 2

Y

1) n.q.r., data at 7T7K:
. 34.012 IHz S/N =
33. 840, "
33.7703 -
Varience on n.q.r. frequencies is 5kHz,
No signals were observed at room temperature,
2) Infra~-red data:

Comparison is made with thionyl chloride,

(But)chS(O)Cl 5001, (50) (But)zcns(o)c; 5001,
e . cm! e cm
2975 872
2200 778, 740(sh)

1590 590
1481 7 534
1360 503 490
1227 1229 483 443
1160 405
1053 344
973, 936(sh) 5384
194
3) Anglisis: orserved celculatied For C9§18¥§92;
5 13.25 14,532
xol 15. 40 15.88
© 45,69 48,32
F2 5.25 €.26



3d orbitals to the ketimino rrou; instczd -f to iie cilorine,
This would then diminicsh the  #-bonding by the chlorine atom
to the sulphur and hence cause the chlorine n.q.r. frequency

to rise.

The nitrogen atom of the ketimine group is of auproximately sp2
hybridisation and the bond between the sulphur and nitro:en atoms
is therefore inclined at an angle of abiut 120° to that between
the nitrogen and the carbon atom of t e ketimino group. This
may much reduce the degree of TT-interaction transmitted.from
nitrogen to sulphur. The electronegativity of the ketimino
group, if greszter than that of chlorine, could then e:plain the
increased n.q.r. frezuency. There is insufficient data available

to iromote only one ex.lanation,

Attempis to prepare N-amine derivetives of both thionyl chloride

and sulphuryl chloride were unsuccessful. FPiperidine ;ave a solid

derivative with sulphuryl chloride but with thionyl chloride

charr ng occurred. The flakes o ithe sulphuryl chloride derivative
. 35 . . . Coa

yielazd no Cl cuzdrurnole resonance., Althou-h it is reported

that both oxychlorides form sirong comrleses wiith trimethylamine

(27), the dewails of irepnration are nit given, and nc satisfactory

derivatives were obtzined by tne auihor,

Pentaflvoro sulvhur VI chloride.

Fihally, the n.g.r. frequency at 77K is reported for pentafluoro
sulphur VI chloride (Table 5). It ic seen to be cloce to that
exnected from the cou.ling constant obtained by kewley (28)
using microwsve specitroscopy. In Table 5, the n.q.r. data are

compared with tiose estimated for pentafluoro sulphur VI bromide
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obtained by Neuvar (29) for the gaseous compound. The bond between
sulphur and the bromine atom is seen to have a polarity S€:-Br£+
(0.03 e~ charges) and from this an estimate of the electro-
negativity of the SF5- group is made,

The presence of Tr—bonding in the S-Cl1 bond of SF_Cl was predicted

5
by Hart and Whitehead (1), who expected it to cause a lowering
of the n.q.r. frequency. These authors used an estimcted n.q.r.
frequency of 40 lMHz which has now been shown to be too low,

The observed 55Cl resonance freguency (42.68 MHz) is com};arable
to that observed for @'5015 (42-43 MHz) which represents the
maximum of the generally narrow rance found for S-C1 bonds.

The high electronegativities of (SVI)F5 and (SIV)®) probably
account for the frequencies. In the apnarent absence of a
lowering of n.q.r. frequency, it seems unlikecly that Tr-bonding

plays a significant part in the S-Cl1 bonds,

~115-



Apvendix %o Chepter 4 N
Tor all the preparations sulphur dichloride was distilled from“
over phosphorus pentachloride which stebilises it azainst
disproporitionation, The reacivlions were carried ouv in dry
conditions either in a nitrogen Filled flask or in a dry glove
box. Addition of reagenis was nmade against & cownter flow

of nitrogen. The components ﬁere agiteted and left for several
hours 1o complete reacvuion. Any volatiles were pumped 0IF
before the prcducts were transferred To glass ampoules in a

glove DOX. The smpoules were then sealed.

1) 5CL,, and 3bCl.

ped

To 2ml. sulphur dicnloride wag

F’
g,_l
<
0
jel)
[oN)
o

reacent antimony penbachloridc, Alshour
(93 YA

in a bath of wvater, vigorous reacilon occurred irmediater]

=
~3
P
¢
¥

e PR, DOV IOE LA . N v ~ et s P T L AT, S e =
tize nroducilon,ny an exothermic reaciuion oF o daxls rellor LoLiae.
E b v ) v

There appeared w0 Le no volatiles produced,

Analyﬂl
o ] el cor seocn, | valdh. sor uone) :
| obzerved | calc-, Zor 3UWCl | Cale-, Jor NIIONIN LA
i b -
f . T - - -
~ (‘m_]: 1'1 Edal T T I 7.0% S
/- S Lrle v [V N HERY] LAV
|
I ;
| K -~ . ~ -
i (/’ L. /-9[ 1 R M e
| | |
| | |

...... - - [— - - - . [OE S

epa ey pade S T R T T T R
Jroduct ds o mixnuare conbaininy

N e B
2) .01, tnd SoUL
- B

o o

131 and 1:2 molar Proporvions o) sulphar cwonocoloridce and anviloouay

pentachloridc wore nixed L iy nilreren, n
exothermic reac:ions a yellow wolid wer 2roviced. Were oonoerltd
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Table 5

PentaFluoro sulphur VI chloride.

1) _35C1 n.q.r. frequency :

measured at 77X, = 42.680 MHz S/N = 5/1 (this thesis)
By molecular symmetry, '? = 0 ,.: equ’ = 85,36 MHz

2) e2qQ from microwave :

gaseous SF53501, e2qQ = - 81.5.+ 5 MHz (28)

gaseous SF579Br, e2qQ = 800 + 5 Iz ~ (29)

and 79Br ’ eZqQ = ~ 769,756 g

- S
Hence, the F58 - Br bond is polarised SF5 ——23r,
3) efaq Y

> = = (1 + 4+ 24€¢ ) (Chap. 2, equation 41)
eq Q

;maierr, 6= 0.13

Thus, for SF.Br, ionicity, <« = -0.03

>
i.e. & -bond populetion in S-Br bond = 0.97

4) For the electronesativity of 825 , ‘y'SF,

-

1 _ .
] ("..SFS 1 Br ) (Chap. 2, equation 48)
2,66

from which ’Y"SF
5



10 be no volatiles upon pumping, The product of the 1:2

reaction was analysed.

Analysis
observed calcg for S.,S5b,Cl. . Calcg for S SbCl
272712 9
% el 57.46 _ 57.83 67,03
%S 8. 50 8.71 6.72

If the reaction had proceeded by any mechanism other than 1:2
an excess of one reactant would have been pumped off, The
observed chlorine and sulphur anelyses would then have differed
substantially from those calculgted for 823b201

12°

3) 5C1, and A1<,13

Aluminium chloride was purified by sublimation at 110°¢ under
about O0.02mmHg pressure. The aluminium chloride was powdered
in a nitrogen~filled dry box and placed in a weighed flask

equipped with two tap sockets. Sulphur dichloride was introduced

" with a syringeageinst a counter current of dry nitrogen.

Sufficient sulphur dichloride for a 1:1 molar mixture was added
vhilst the aluninium chloride was continuously agitated. As
before the ﬁlask was cooled in water as the reaction was signifi-
cantly exothermic, A moist yellow solid was produced from

which, on pumping, & yellow liquid was distilled.
An analysis of a 3:1 molar mixture of sulphur dichloride and

powdered aluminium ckloride was made, The results for the

powdered product are given cn the following page,
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observed ' calcé.for SAlCl7
71 | 79.38 ) | 80.80
s | 10.24 16.40
| 9.5 : 8.8

The anelysis is in close agreement and justifies a formula for

the product of (SCIB§D(A1014§?

.
4) SCl, and ¢¢014

Distilled titanium tetrachloride was added slowly to distilled
sulphur dichloride in a flask copled to abouy 1500. After

.a few moments of ihactivity the two liguids suddenly)and guite
violently, reacted producing a.fine bulky bright yellow seolid,
Like the other solids prepared, the sample wes sensitive to
moisture but more S04 evolving white fumes of titanium dioxide
even in e dry box. Although the solid aeppeared tc be dry,

it was pumped upon for a few minutes on the vacuum line, I%
was found that titanium tetrachloride was being removed. It
was therefore'apparent that the product was less stable then
-those previously prepared with antimony pentachloride and
aluminijum chloride. |

Two samples in 3:1 and 3:2 ratios of sulphur dichloride to‘
titanium tetrachloride were prevared. The analysis figures

are reported below.

Analysis
d da . : d .
Calce~ for Calc=- For Calc~ for observed
ams ! i} L al 2. "
ullc;s | smicl, 8,101, 311 | 310
ol 78.00 76.88 79.16 77.35 I 78.2%
=118~




7s 8.80 5.73 11.91 9.33 9.14

Imi 13,20 17.%4 8,93 12,98 13,37

From the figures it is clear that the closest agreement is with

STiClg, i.e. (8013? (TiClBP,

The slightly low analysis values for chlorine and titanium

4 : 2
.in the 3:1 sample can be explainéd by the loss of some titanium
tetrachloride on pumping. ~This is supported by the slight

increase in the sulphur analysis,

Methods of Analysis Used
The Séhgninger oxygen flack combustion method was used to bring

the samples into solution.

Chloride was detected potentiometrically with silver nitrate.

»

Sulphur was detected asz sulphate with barium pcrchlorate and

»

sulphanazo 3.

Alupinium and titanium metals were measured by atomic absorption

on & Perkin Elmer 403 spectrometer,
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CHAITER 5 ~ .Q.R., IKVESTICATION OF Z3:KC CHLORIDE AKD SOHE OF

ITS COMPLEXES

Introductioh

Nuclear guadrupole resonance spectroscopy is a useful tool for
structural iﬁvestigations of metal chlorides forming molecular
crystals. There are no published n.q.r. data on zinc chloride
although studies on the complex halides of zinc (1,2) illustrate
the potential. This chapter reports 35C1 n.qQ.r. and i.r.

data obtzined on zinc chloride and several of its éther adducts
with a discussion of their likely differing structures. 1In

the 55

addition Cl n.q.r. freauency is reported for a
’ q 1 y

tetrahedral aniine com.lex of zinc chloride.
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Zinc chloride and ether—donor adducts

Although once thought to possess the CdCl2 structure, zinc
chloride is now known to be trimorphic. The o(- and ﬂ ~ forms
are composed of a three-dimensional framework built of ZnCl4
tetrahedra and the 8'- form has the layer structure of red
mercury (II) iodide., 1In all three forms the zinc atom is four-
coordinate and the chlorine atom two-coordinate., Commercial
samples, due to their means of production, are more likely to
be K-, - or a mixture of the two. (5). The & ~ form of
space group 1 4. 24 is tetragonal and has four molecules in the

unit cell (4). The & - form, also tetragonal, has space group

P4 / nmec (D 21}51) and hes two molecules in the unit cell (46),

=129~



35

A broad singlet is observed in the Cl n.q.r., spectrum at room
temperzture (Fig. 1). Averaging at room temperature has confirmed
the line to be a singlet (Fig. 2). The temperature dependence

of the 35Cl quadrupole transition is shown in Fig. 3, At 195K
thé dependence is =0.57 kHz K-1. A small negative temperature
coefficient, without obvious discontinuity suggests the absence
of any phase changes over the range 295 - T7K. It is compatible
with a framework lattice bridged through chlorine and is about
half that obtained for zinc bromide when adjusted for comparison
(=1.43 kﬁz K—1) (Fig. 4). Anhydroué—zinc bromide_has tefrahedral
units in a tetragonal structure (42)..

The single broad 35

Cl n.q.r. response obtained from crystalline
zinc chloride is not sufficient to determine which of the three
crystalline forms is present. It is shown below that introduction
of ether molecules into the. lattice does not produce large changes
in the observed 35Cl quedrunole freguencies (Table 1). It may

be inferred that the lattice is of an oven type. The sir . licity
of ihe quadrupole response perhaps best fits the tetragonal,

layer structure of § =-zinc chloride wnich has only two molecules

35

in the unit cell, i.e., it is suggested that the Cl n.g.r. line

observed at 12,67 IEz results from § - zinc clloride,

Four samples of anhydrous zinc chloride were used and yielded

a slight spread in n.c.r. frequencics.
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Fig. 1

12886 MHz. 12300 MHz.
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Fig. 3 Temperature dependence of 35CI,n.qr? lines of

ZnCl .ether adducts —_—
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Commercial Commercial
Source i stick Melt Sublimation| granulated
n.q.re frequency 12,67 | 12,57 | 12.53 12,67
(MHZ)

‘The frequency reported in Table 1 is that of the stick andlthe
granulated samples. The N.q.r. signals from these samples

were a little.strongér than those from the other two, reflecting
possible better crystallinity. The anhydrous zinc chloride was
handled in a nitrogen dry box and was kept in sealeé vials to
avoid hydraﬁion. The same handling techniques were psed‘with

the ether adducts.

Zinc is usually found tetrahedrally coordinated, as it is in the
chloride. . Tetrahedral menomeric complexes of ammonia (6) ’
ethylamines (7) and pyridines (8) are réﬁorted. These strong
.nitrogen Lewis bases are able to completely break down the
Vhalogen.bridging in zinc chloride. A tetrahedral complex of
ﬁinc chloride with tetrahydrofufanv(T.H.F.) is reported also-(9)..
In a study of the 1:1 adducts of cadmium»halides with polyethers
tﬂé inability of these oxygen Lewis bases to coﬁpletely break
down halogen bridging has led to the postulation of interesting
chelating structures (10) . The tetranydrofuran adduct of zine
chloride was prepared, as were adducts with 1,4 dioxan (DIOX)

and monogiyme (GLYME), Their possible structures were investigated

using 3'5Cl n.q.r. spectroscopy and infra-red vibrational

spectroscopy. Results are given in Tables 1 and 2 respectively.
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Preparation of the ether adducts was common to the-three°
Anhydrous zinc chioride, obtained commercially (sticks - B.D.H.
and granulated - Hopkins and Williams), was purified by
sublimstion at 350 - 4OQPC and 0.C1 mm Hgz pressure. Quantities
of the chloride were stirred, with heating, in the dry solvent'
ethers under nitrogen. Filtered hot after about two hours,

the liguor was allowed to crysizallise slowly under nitrogén

in a refrigerator. The crystals were filtered off and were
scaled in 13mm n.q.r. sample tubes with a slight excess of the
ether to minimise decumpostion. All subsequent operations,
including muliing with Nujol for infra-red spectra and.the
sealing of analysis capsules were performed in a dry, nitrogen-
filled glove box. The n.q.r. spéctra were recorded on a Decca
Radar n.q.r. spectrometer and the,infra—red spectra on a Perkin
.Elmer 457, Analysis of chlorine was by the Volhgrd method,
carbon and hydrogen by a‘combustion analyser while zinc was

estimated by atomic absorption. The analysis results for the

crystalline products are shown later in Table 3. The peoor correlation
of carbon analysis in ZnClz(THF)2 must be attributed to accidental
interference but may be compared with that apparent in a similar

analysis of CdClz(THF) (11).
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Many metal halides form complexes with ethers, Complexes of

1, h-dioxan (DIOX) with dihalides of calcium, manganese, iron,
cabalt, nickel and covpper have been investirated by Fowles et

al (12) and were found to be of 1:1 stoichiometry save for
(CuCl2)3' 2 DIOX.  Bridgines dioxan with six-coordinate metal
atoms is proposed for all the 1:1 complexes, which are isostructural
with one another. Unidentate 1,4-dioxan has been sugpgested for
the copper comnlex (13) but Fowles maintains that the evidence

is only tenable if the bonding of the'iioian is very weak.
Complexes with 1,4-dioxan of 1:2 stoichiometry have been reported
for nickel and manganese dibromides in a later paper (14) .
Similarity of their infra-red (ir) spectra with that of Hg012.

DIOX prompted the suggestion of octahedral coordination for these

complexes. Bridmin~ by the dicexnn is asain surzested but without
that b7 the halogen atoms (12) . The provosed structures for
1:1 and 1:2 comvlexe:z are shown in Figs. 5 ani 6. As discussed

below, the authors demonstrate that in 2ll cuses 1,4-dioxan is

present in its cair conformation.

From related worlk upon metal dichloride com-~l=xes with 1,4-dioxan

Barnes et =l (15} have su~gested that the ligzand field strensth
of 1,4-3ioxan is slizhtly less than thzt of chloride don, The

{d-4) banic in 1:1 MC1, . DI0% (i=Mn,Fe,Ni ani Co) are & 0.3kK
(200 cm_1) to lower energy compared with the isostructural metal
chloriie. Nuclear guadirupole resonznce (n.g.r.) spectroscopy
coull be employed to resclve = choice of octonedral structures
proposed for the hydrated complexes KXE.DIOX.EHEO. Althourh both
Figs. 7 and & wouli cenerate similar {d-d) spectra to that of

T , ; . : ) 2
MC1_.2H.O due to the trans -}("C1,20H_) chromophore, 5Cl NeGaT,

might distinguish betwsen the terminal and bridsing chloridies.
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Fig. 5

eg. MnBr, 2DIOX

Fig. .3

Fig.. 7




Chains resembling those (longer) existing in copper II chloride
and bromide, weré fquﬁd in copper II complexes including those
with 1,4-dioxan and tetrahydrofuran (THF) (13) . The ether
ligands assume terminal positions on the chains which are also
inter-linked by weaker Cu---Cl bonding, giving copper a coordina-
tion number of six.

2

‘More successful cleaving of halide bridging is achie&ed in
complexes of cadmium halides with ethers including 1,4-dioxan

and THF_(11) . Parnes and Duncan find that for a'given halide
the 1,4-dioxan complex is the stéblest and that with THF the
weakest.  Chain structures of (Cdxa)n.ZL units are suggested

for the predominantly 1:1 éomplexes, Unlike those between 1;#-
- dioxan andfthe metal chlorides of the first transition series,
these complexes ére not isostructural with the cadmium halides.
1,3-dioxan is reported to produce related 1:1 complexes and in
addition produces (MX2)3.2(1,3-dioxan) fér M=cadmium and copper

,(11}, (16) ° Structures similar to those of 1,%-dioxan complexes
are propésed (i.e. polymeric pseudo-octahedral with bridging
(Mn,‘Co, Ni) or terminal (Cu) 1,3—dioxan. Some differences are
observed, such as the absence of mixed hydrate complexes (MX2.
(1:3~dioxan)oH20) él?hough they are found for 1,4—dioxan.

The involvment of internal interactions has been suggested. The
oxysen atoms of 1,4-dioxan may link hydrated metal ions tarough

hyirogen-bonding (16) .

1,4-dioxan can assume two conformations - the chair or boat
conformations which may be distinguished by vibrational spectros-
COpY. Ramsey (17\ showe:d that for the boat and chair conformations

seventeen and eleven ir-active fundamentals rescectively are

.
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permitted. The free ligand in the liquid and solid states

has been shown to exist in the chair form (18) .  In non-
chelate complexes this form is more likely but if chelated, the'
boat form would be assumed. Fendra and Powell (19) investiéated
the ir spectra of a series of 5:1 metal halide complexes with
1,4-dioxan. The spectra closely resembled each other and that
of the free ligand. The chair conformation was therefore
proposed, the dioxan assuming a bridging pqsition in a polymeric
structure. Confirmation of the presence of 1,hk-dioxan in the
chair form has béen provided by Fowles et al (14) using Raman
and ir spectra. The mutual exclusion principle allowed the
centrosymmetric chair'form to be distinguished from the non-

centrgsymnetric boat form,

Tetrahydrofuran (THF) as an ether ligand to metal dihalides has
been shown_to produce complexes of 1:1 and, apparently, 1:1.5
stoichiometry (20) . The structure proﬁosed for 1:1 CoX2,THF
(X=Br and I) is pseudo;octahedfal polymeric chains.interlinked
by weaker Co---X interactions (Fig. 9). The 1:1,5 complexes
[:(MX2)2.3THF for M=Mn, Fe and Cq] are believed to be a mixture

of 1:1 and 1:2 complexes viz., CoCl_.THF and CoClan2THF, Similarity

2

in the thermal decomposition of CdX..THF and CdX_.DIOX has

2° 2
prompted Earnes to suggest that the compounds are structurally

similar (11\ o Other complexes are reported (21) of whicin that

with zinc chloride is further investigated and discussed below.

1,2-dimethoxyethane, and other glymes have also been investigated
as ether ligands to metal dihalides. 1:1 complexes of monoglyme
with manganese, iron II, nickel and copper dihalides are reported

by Fowles (2@9 for which polymeric structures are proposed

1]
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(Fig. 10). Wulfsberg and Weiss (10), studying bridging effects

in mercury II and cadmium II halide comilexes with polyethers,
show thnt the low-frequency Raman spectra of the 1:1 cadmiﬁm
halide oumulexes are closely similar to those (1:1) of the mercury
halides.. Following the structural analysis of HgCl2. tetraglyme in
which Iwamoto (22) showed that the polyether was fully chelating,
Wulfsberg et a2l. propose that the 1:1 cadmium halide complexes
with polyethers are also completely chelating. Complexes of other
than 1:1 stoichiometry appear to contain ether ligands not fully
chelating to the cédmium (atom). Thefvibr%tionql spectra of the
complexes usually show a shift to lower frequenciés for C-0
stretching and C-0-C bending modes in comparison with the bands

in the free ligand. The authors propose that the magnitude of
this shift follows ihe scouence free ligand)Hng adduct ) Cd)f,a
adduct, sugeesting this as evidence of the hirher Lewis acidity

of cadmium over mercury halides.

In order to study the electronic envirommerts and bonding of the
halogen ctoms in the complexes, Wulfsber;y and Weiss mzde use of
35 €1 127 . . .

C1, Br and I n.g.r. technicues. Using a Deccu spectrometer
ti.ey observed the haloren ou:-drurole rosonances which when plotted
against the number of chelating oxygen =ztoms revealed 2 sequence

of freguency sieps or "jumps". These "jumps" to iigher n.q.r.

freouency (QQ) corresnond to the reducing coordination of the

CdIl S :
halogens i.e. 2 ! Bridgin~ halogen > terminal halogen
coord. no. = 3 coord, no, = 2 coord. nc. = 1
(lowest Vg ) (hizhest Vg )

After each upward step there follows a gradual decrease in n.g.r.
frequency before the next step. Tnis decrease is accounted for by
the rising coordination number of the cadmium increasing the ionicity

of the halogen atoms bonded to it.
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From the n.q.r. results the following halogen bridging is proposed:

bridging halogens : terminal halo=zens

CdI2° clyme Other 1:1 complexes
CdBra. glyme i.e. CdI2. diglyme

CdI2° triglyme

CdBr.. dioxan CdBr

5 o tetraglyme

2
CdX2.18—crown—5(X:Br,I)

The glyme polyethers in general appear too weak as bases to break
up completely the halogen bridging found in cadmium IT chloride
and bromideo‘ ‘However, tetréglyme in CdBrE, tetragly@e appears
to completely remove the bridging, possibly because in doing S0
the coordination number of the cadmium atom may be increased

(10) . Fer 2:1 and 3:2 adducts of cadmium bromide the 81Br
n.q.r. frequencies are very similaf to ezach other and to those
of its cémplexes with 1,4-dioxan and mon(;glymeo From this it is
concluded that the 2:1 and 3:2 adducts contain bridging bromide
_atoms. - The structure of CdBrz.DIOX has been confirmed by
Bérnes (23) as represented by Fig. 11 in which bridging throﬁgh

the bromine atoms resembles that found in HgCl_,DIOX (24) o

2

This may be contrasted with the structure proposed by Wulfsberg
and Weiss (10) for CdBrZ. glyme (Fig., 12). The differgnce in
ether ligand bonding is not, however, reflected simply in the 81Br
n.q.r. frequencies of the compounds which are S4.000MHz and
54.646MHz for the glyme and 1,4-di§xan complexes respectively.b
BarneS'(13) has sugzested the presence of additional weaker

IT
bonding in metal halide - ether complexes. In a study of Cu

complexes hisher heats of dissociation were noted for the complexes
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with 1,4-dioxan compared to tuose found for comparable tetira-
hydrofuran, water and acetonitrile complexes. In addition to

the proposal that additional out-of-plane bonding between the
second oxyrcen of 1,4-dioxan and the copper atoms may occur, he
suggests that the dioxan molecule may pack particularly compactly
into the crystal lattice thereﬁy giving greater stabilisation than
the other 1igaﬁds. Chain length in these complocxes may be
determined by such forces. Daasch (25) has also commented upon
the possible influence of crystal packing. - He has sugge§ted that
small shifts and splittings in vibrational spectra (i.e. in
addition to & peneral shift) varying from complex to com lex

may result from packing in the crysial lattice rather than from

the interaction between 1,4-dioxan and the metal ion.

The bridging by hzlogen atoms within the 1:1 cadmium halide-

glyme complexes was observed by Wulfsberg and Weiss to reduce

the Raman metal-halorsen stretching frequency below that estimzted
for the monomeric metal-halogen bond (10). Fowles et al. (14)
have observed high metal-halogen vibrational frequencies in i.r,
spectra of zinc chloride-ether complexes supporting their
suggestion that halogen bridging is broken down in them and that
rornomeric units exist. A recent n.q.r. study of the diethyl ether
complex of magmesium dibromide h:s revealed a phzze transition
betweer 233K and 213K (42). The transition appears to be related

to 2 conformztional chare in the ether.

A study of zi:c chloride and some of its complexes with ethers
appeared a useful extension of the previous studies. The possibility
thet 35Cl n.qg.r. could distinguish beiween chlorine in terminal

and bridging positions offered scope for the proposal of structures.,
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Juhasz and Yntems (26) prepared several complexes of 1,4-dioxan with
the zic halides by their dissolution in the ether and subsequent
removal of the excess ether by evaporation in a desiccator. The
chloride, bromide and iodide all produced 1:2 complexes ZnX2.2DIOX
but, in addition, the c':loride produced a 131 complex if crystallisation
took place under different conditions. In each case a white
hydroscopic crystalline complex was obtained. In a similar

manner, but using heated dioxan (900C); yellow crystals which
analysed as 1:1 Zqu2.DIOX vere prepargdiby Hatch and Everett (21).
These were found to be very hydroscopic and had an ir spécfrum

which showed more bands than expected for 1,4-d:ioxan in the

chair conformation, The authors, investigating a stereosvecific
chlorinntion of 1,4-dioxan, proposed a chelated structure for t.e
adduct. Chelation of the two oxypen atoms to zinc was su/gested,
requiring the 1,4-dioxan to adopt the boat conformstion (Fig. 13).
This structure is closely similar to that of CdIQ.DIOX elucidated

by X-ray crystaliography (27) which'caused Wulfsber: anda Weiss

to propose z chelzted structure for Cd12.diglyme. Each of these
structur+s is monomzric witn zinc havinrg its usual iestrazhearal

coordinstion.

Fowles et zl. (14) prepared a white 1:1 ¢ mplex ZnClQ.DIOX wrich

ir inverti-ation showed to contain di xan in the chzir confirmation.
It is pro:osed that the dioxan molecules provide bridzing between
the tetrahedral unitis (Fig. 14). He found the suggested structure
oi Hatch and Bverett for the 1:1 com, lex unlikely unless a
different form had been isolsted. This seems possible since

tiie colours reported for the crystals differ. Although generally
reported as bridging cr bidentate, 1,4-dioxan hus been reported

to yield 1:1 complexes with strons Lewis acids such as aluminium

trichioride in which it appears to be attached by only one
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Fig 13 ZnC| DIOX

Fig. 14 ZnCl2 .DIOX



oxXyren, i.e, monodentute (25). The ir spectra of these dioxan
complexes differ little from those in which dioxan is bonded
through both oxygen atoms. Hendra and Powell (19) have
prepared 1:2 comuplexes MC1,.2L (1= C4H80S, thioxan) which have
monédentate thioxan in the chair conformation, These complexes

are likely to be monomeric within ihe lattice,
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The Structures of the ZnCl_.. ether comulexes
o

The usual tetrahedral coordination of zinc is almost certainly

35

retained. The movements in ““Cl n.q.r. freguencies and in the
i.r., siretchings bands of Zn-Cl are not larse enough to surgest
a complete chan.-e of structure fran the anhydrous zinc chloride,

Some of the chlorine brideing. is rrobably retained to bind the

tetrahedral species together.

It is proyosed that the variation in n.g.r. frequency (Jh) about
that of zinc chloride results from a competition between two
factors., They are i) the weakening of the intermolecular chloride
bricging (tending to raise {%) and ii) the increased ionicity

of the Zn-Cl bond caused by the oxy.en bases (tending to lower'QQ).

Zinc chloride, tetrahydrofuran adduct

The quadru.ole resonances for this complex lie zt lower freguencies
than thot of zinc chloride (Table 1). There zre two lines but their
small sepsration su-gests that they are chemically sirilar (Fiz.15).
It is more probable thut t::e chlorine atoms bonded to zinc are
crystcllocrailiically inenuivalent or thet there is more than one
molecule in the unit cell. Analysis results on the fine,; colourless
needle crystals of the cowplex are given in Table 3, and support

the formule of Kern (¢). The result for carbon was repeatedly low
probably due to interference in the autonatic analysis. The analysis

supports a 1:2 stoichiometry of ZnClg,ZT.H.F.

Shifts to lower freguency in th- i.r. spectrum cof the coordinzied
T.H.F. molecule, especially in the asymmetric C-0-C stretching

mode, clearly indiczte that the bonding to zinc is throuch its
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TABLE 1 }501 n.q.r. results for zinc chloride and some cther

adducts at R.T.

] I
| COMPOUND - 3561 N.Q.R.(MHz) o
' | AT 295K M
ZnC1, (ANHYDROUS) 121570L_ 5/,
Zn012 (T.H.F.), 11,159 | 10/,
_________ . L 11,289 | | 10/,
ZnC1, (1.4 DIOXAﬁ)éﬁ 11.711 2/y
Sl M2 | ¥
.E ZnCl, (MONOGLYME) i 10.985 2/, :
. |




oxygen witom, (Table 2). Though inconclusive, the similarity of
i.,r. fregquencies for Zn-Cl stretciinc modes in zinc chloride and
the ether complexes sugrests that the general character of the

bond remains unchanged. The frequencies are observed to fall as
the bese strens;th increases i.e. monoglyme to 1,4-dioxan to
tetrahydrofuran (Table 2). It proposed that this trend is evidence
of the increased ionicity in the Zn-Cl bond of the comvnlexes over
the comrlexes. However, chlorine-chlorine intermolecular inter-
actions, pres:nt in zinc chloride, appear to be retained in the

complexes, altihough they are weakened.

The temperature dependence of the higher frequency n.q.r. line

is -1.50 kHz K_1 at 195K which is much greater than that observed

for zinc chloride itself, -~0.57 kHz K_1 at 195K. The greater size

of the T.H.F. .iolecule, ¢ mpared toc chloride, rrobz :ly causes an
expansion of the lattice which may exilain the greatler temperzture
dependence. This opening up of the lattice may wezken intermolecular
chlorine bridging compered to that in zinc chloride and any reduction
in bridging would then tend to raise the n.gq.r. irejuency above

t:at of zinc chloride,

25

Actiny to reduce the “7Cl n.q.r. freacuency below that of zinc cliioride
is the donation of electronic charge by the oxy:en atom of the

ether to the zi:c. The increase in the ionicity of the Zn-Cl bond

is relzted tc¢ the strength of the bise. O0f the three vases used

in this werk, tetrahy.irofuran may be expected to be the stronrest

and therefore to produce the greantest lowering of the quadrunole

resonznce.

The observed n.q.r. frequencies for Zn012.2THF lie epproximately

1.45 I'Hz below that of 2ZnCl, ~ a 11.4% reduction in Qq. This is

2



TABLE 2. COLPARATIVE I,R. DATA FOR ZINC CnLOZIDE CClL PLYXES.

ASYMMETRIC *Shift Shift shift
C-OfC 1023 -46 1110 -0 106 -41 -
STRETCH
(em™1)
SYM 'ETRIC ‘ Shift Shift Shift
c-0-C €74 -35 200 +¢ 864 +11 ‘ -
STRETCH 77 ave . 821
(em™1)
Zn-C1 7:c8 727 728 728
- 507 - - 557
DTRETiH 556 3e 405 -
(em™) 500 252l 345 -

* SHIFT is (reque.cy dil erence frem correspeniing pund in frsze liquid ether.




similar to reductions observed for complexes of mercury 11 chioride
with ethers (45) where a 15.1% reduction wcs observed for one line
in HgClz.T.H.F. The frequency of the adduct may be seen as the
result of a balance hetween the increased ionicity of Zn~Cl bond
and the decreased chlorine bridging. If the three éomplexes are
structurally similar then, re1;¥ive to zinc chloride, T.H.F. may

be expected to produce the large:st reduction in frequency and, as

the smallest base, the smallest subs:qguent increase in frequency.

Zinc chloride. 1,4-dioxan adduct

The n.q.r. frequency of this connlex indeed lies above that of the
adduct with T.H.IF'. Analysis of the needle-like crystals of the
comrlex shows it to be of 1:2 stoichiometry with two molecules of

1,4-dioxan to each ZnCl, unit (Table 3). Complexes of cadmium

2
halides with 1,4-dioxan have been shown to be more stiable than

those with T.E.F. (11). This may point to the existence of stabliSing
intermolecular interactions making use of the additional oxygen

ator, ©Such inte actions in the for.. of dioxan brid—res beiween

H;ﬁCl2 chains exist in the EgClz.Dioxan comsiex (45). Monodentate
1,4-diocxan has besen renorted in complexes with stronrs Lewis acids
(25). It mzy be present in the 1:2 comrlex to complete the
tetranedral coordination of zinec, althorgsh use of its s<cond oxygen
should not be ruled out. The similarity in the structures of

cadmium halide complexes with T.H.F. and 1,4-dioxan (11) may be

taken to sunport thiis proposal.

1,4-dioxan is erpecfed to be a weaker donor ihan T.H.F. due to

competing inductive elfects of the two oxyien atoms. Due to the

wesker interaction , the reduction in the mean j501 n.q.r. frequency
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" TABLE 3

ZnCIE(T.H.F.)a | ZnC12(DIOX)é | ZQClé‘(GLYME)
ANALYSIS Formula wt=280.33 Formula wt=312.33| Formula wt=226.33
% . f‘ound calc. Found .. calc. Found calc.
’-c 26.31 34.25 29.36 30.74 21.50 21.21
H 5.90 5.71 5.25 5.12. kg2 - L, 42
O\Zn 2,08  23.32 | 20.47 20.93 27.85 28.89
C1 25.39  25.31 -23.60 22.72 30.48 A31.35




from that of zinc chloride is less than that of the adduct
with T.H.F. As with the tetrahydrofuran adduct, the two n.q.r.
lines may indicate crystallographic inequivalence of the chlorine

atoms or more than one molecule in the unit cell.

The weaker and longer Zn-0 bonds together with the increased size
of 1,4~dioxan molecules probably open up the crystal lattice rather
more thar T.H.F, A similar temperature dependence of the n.q.r.
lines is found, -1.38 kHz K=1, which is maykedly greater than that
of zinc chloride (Fig.3). The expansioh may be expected'to

produce a weakening of the intermolecular chloride bridging present
in zinc chloride. The resulting tendency to incrense the n.g.r.

frequency is expected to be greater than that with T.H.F.

Taken lo~ether, t.e increased ionicity of Zn-Cl and the reduced
chlorine bridging predict that the n.c.r. frequencies for ZnC12.2
(1,4—dioxan) will be above those of the corresponding T.H.F,.
adduct. This is confirmed (Table 1). The 7.8% shift in n.q.r.
frequency from that of -inc chloride suggests only a small amount

of charge transfer which the small shift to lower frequencies in

tne i.r. spectrum of the adduct confirm (Table 2).

Zinc chloride,.monosiyvme auzduct

Fonoglyme, CHEOCHZCE2OCH3, is an open chain ether with two oxygen
atoms azvailable to complex with the zinc atom. The possibility
arises of a structural change from those of the two previous
complexes. As a base, monoglyme should be slightly stronger

than 1,4-dioxan due to the terminal methyl groups but Wulfsberg (28)

has observed monoglyme to bw the weaker in the polymeric complexes
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with mercury (II1) chloride. If a siructure similar to those of

the complexes with T.H.F. and diéxan were retained, it might bc
predicted that two nuadrupole resonances from the likely two
chlorine sites would be, perhaps, about 11.6 MHz at room temperature.
Hoﬁever, what is in fact found is a single resonance at 10 .960 MHz.
That the monoglyme is bonded to the zinc through oxygen is indicated
by the suift in the asymmetric C-0-C stretch of monoglyme at abcut
1100 cm-1 (Table 2). The fact that this comulex has cubic crystals,
while the other tﬁo have needles, suggéstsfhat & chanre in siructure
may have occurred. Analysis showed the cowplex td be of 1:1

stoichiometry i.e. ZnCl,.monoglyme (Table 3). If both oxygen

2
atoms of the ether zre used in coordination to zinc, there arises
the possibility thet the monoslyme has assumeli & bident:te position.

Such a position hzs been proposed for monoglyme in cadmium (II)

chloride.monoglyme (Fig. 10) (20).

The tempersture dependence for the monoglyme adduct of zinc chloride
is ~C.69 kHz ¥ ' at 195K wnich is much closer to that of zinc
chloride than those of the previous complexes. This fact znd the
stronje; Zn-Cl bonds suggsested by the hicgher i.r. frequencies

<

(Table 2), meke it plausible to rowose that in tris complex the
honding retains much of the character of that of zinc chloride.
Under these circumstances, the :major influehce upon the n.q.r.
response of the complex will be the increased ionicity of the

Zn-Cl bond cauced by the base., Compared to the previous comile:es
o B 2 H

the resulting reduction in n.q.r. frecuency relative to that of

zinc cihiloride will be similar to that of ZnClg.(ﬂIOX)U but, as

the chlorine bridrsing is retzined to a greater extent, there will
be little comnensationr for the initial lowering in n.g.r. freguency.
Qualitatively, this explains the freguency of 10.96(U MHz, although

a 13.5% decrease irom the frequency of zinc chloride seems rather

-137=



larze if it is due solely to an increase in ionicity. Without
results on other 1:1 adducts, it is not possible to speculate

on the effect of complexing upon the intermolecular interactions
foupd in zinc chloride. It may be that the resulting charges
cause a decrease in 3501 n.q.r. {requency in addition to that

caused by increased ionicity.

Structures of 4nCl_.ether complexes

35

The renerally small shifts in Cl n.g.r. and i.r. frequencies
from those of zinc chloride suggest that much of the bonding
character of the pazrent is retained in the-e comnlexes. It
seems unlilely that the ether bases used are strong enough to
break down completely the chlorine bridging held to exist in all
forms of zinc chloride. It is with stronmer nitroren bases such
as f4~toluidine that full monormeric species are found. A 32.4%
decrcase in n.q.r. frequency from that of zinc chloride is cbserved,
(8.572 IHz at 77K). Altho:gh likely to exist in a rolymeric
lzttice involving bridging chlorines, the structures of 'the
monomeric blocks" of the three adducts rerorted here may be

yrovosed. They are shown in Figs. 16~18,
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Zinc Chloride Amine commlexes

Zinc is normally found tetrahedrally coordinated and monomeric
canplexes of the form ZnClz.L2 are well lnown for amine ligénds
(6,7,8). Other coordination is however known. Five coordination
of zinc occurs in the 1:1 complex of zinc c'loride and 2,2',2"
terpyridyl (29-32). Chain brid-ed structures occur in hydrazine

(33,34) and ethylenediamine (en) (3%5,36) complexes with zinc chloride.

Scaife (2) reported that with ZnClzL2 qomplexes of L = pyridine
and ammonia 35Cl n.g.r. sirnals were not observed, Basu (44) has
reported the 55Cl n.g.r. freguencies for several amine complexes
of mercury II and cadmium II chlorides including CdC12(pyridine)2
(19.60 MHz at 295K). Other tetrahedral monomzric complexes were
preparea therefore in this work, namely, (4—toluidine)ZZnC12 and
(quinoline)2ZnCl2 (37). To investig.te different coordination of

zinc the complex (Zn(en)ClQ)m° was prepared which has an infinite

polymeric chain structure bridsed through the nitroren atoms,

Only (4—toluidine)2ZnCl2 vizlded a 35Cl n.c.r. signal althougn wide
searching at 77K end room temperature was carried out for 211 the

comulexes (6FHz - 25 MHz).

Temp 3501 NCR O (FHz) S[n
(4-toluidine),2nCl, 77%: £.572 2/

Signal aversgins was not ithought worthwhile vecause of the narrow

sweep width of the existing c.a.t. The investisation of ZnBr2

analogues was not undertaken due to lack of tie,.

Scaife (2) rerorted that in anine complexes of zinc bromide and
zinc icdide the r.g.r. fre:uencies observed were close to the

mean of thzt of the corresocnding tetrahalozincate. The value for

(2001 )% in Cs,2nC1, is .20 MMz (mean) at 77K and so this

4 4
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relationship for the renlacement of two chloride ions by two neutral

amine groups anspears to holi for all zinc halides.

Usinz a super-regenerative oscillator detector, Fariee has

Abserved the 35Cl quadrupole resonances for Zn(py)2C12 (38) . At
298K they occur at 10.14 and 10.29%kHz. Hsieh et 3l have estimated
the charge distribution in the complex, apportioning. charges to
chlorine and zinc atoms as - 0.81 and +1.2 electron charges
respectively. Comgparable figures for Zn(@-toluidine)aClT ars
-0.3% and +1.3 if a similar donor orbital occupancy is assum=d

for the nitregen of A-tolwidine. It is likely, however, that

the charze on the zinc is lower due to the greater basicity of

4-tolwidine over pyridine.

The preparative details for the zinc chloride amine complexes are

given below. Table % carries the infra red spectra and analysis
results for the complexes. ~Carbon and hydrogen analyses were

. k>’ . s Nav T .
made with a Perkin Zlmer {73) analyser. Nitrogen analysis was

1

by the Kjeldahl method while chlorine was estimated votentiometri-

cally as chloride using silver nitrate. Atomic absorption on
a FE4LO3 was used for sinc.

For the 4-toluidine znd quinoline complexes solutions of the amines
in ethanol were added to solutions of zinc chloride in ethanol

in tfhe molar ratio 2:1, The Jepcsited crystals were recrystallised
from sthanol, washed wi.th dry ether and dried in vacuo (39,40) .

The complex with 4-tohwmidine crystallised as white platelets while

that with quinoline was deposited as a pale brown sowder (even

@]
o
~
-

after reveated recrystallisati

Info 9.1 ml of 98% sthylenediamine in Y%ml conc. hydrochloric acid,



bis(4-toluidine) bis(quinoline) Ethylene~diamine

2inc dichloride zinc dichloride zinc dichloride
TABLE 4 (p-t:ol)221'1Cl2 (quin)EZnCIL2 (Zn(en)Claz=°
LR (em™ ) 3286 3060 3420
3240 3 1598 3275
3088 1530 3215
’ 2927 1513 3105
\ 1584 1406 | 2940
1513 e I aos
1095(sh) 1322 ; 1580
1076 1215 ; 1460
829 , 1147 | 135%
814 } 1137 1182
742 f 1064 1142
708 : 1060 1050
659 3 817 1005
640 f 787 988
532 f 74 660
Lok E 641 635
Los 630 524
310 538 612
530 Lo5
: 436 315
; 476 285
: 404
g 324 ‘
_ — —_—



TLBLE .4 cont.

ANALYSIS Formula wt=350.27| Formula wt=394,60 | Formula wt=196.27"
Founi calc. Found calc. Found calc.
"

o 46,33 47.96 53.78 54,78 12.35 12.23
N 6.97 8.00 8.0k 7.10 14,62 15,27
H 4.59 5.14 4,07 3.55 l 4,08 4,08
Zn 17.86  18.66 16.29  16.57 35.25  35.51

C1 21.13 20.24 18.30 17.97 | 35.98 26,12




was dissolved 10gm. zinc chloride. After making up to 65ml. with
distilled water, the solution was left to stand. Colourless,
well-formed crystals were deposited -over about an hour which were

filtered off, washed and dried in vacuo.

Krishnan and Plane (}5) have reported the structure as consisting

of infinite chains bridged through the nitrogen atoms thus:
2 .
v/ | W/

C\ /N\ C\ /N\

—_—C Zn C—~C Zn C—
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CHAFTER 6 = N.Q.R. INVESTIGATION OF GROUP IV T.TRACIILORIDES

Introduction

A reinvestigation of the Zeeman n.q.r. lineshapes of
polycrystalline samples of group IV {etrahalides has been

mide in an attempt to clarify the values of their asymmetry
parameters (‘i). Conventional determination by the method

of Morino and Toyams has been prevented by the uncharscteristic
Zeeman lineshapes, Comparison with simulated lineshapes

has yielded estimates for‘} of about 0.45 for GeCl4 and

2bout 0,60 for SiCl4.
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Properties of the nigher members of the group IV teirahalides
such as bond length, for example, prompted the provosal of
double-bond character in the MIV—Cl bond. (1,2,3). A
théoretical study showed that for a sufficiently large
difference in electromegativity between the central group IV
atom (MIV) and a halogen atom, d-orbitals of MIV could be
involved in dir—p". bonding with'the chlorine halogen (4).

Such d-orbitals appear in the ground state of the third period
elements i.e. silicon in group IV. The bond enerzies of Si-Hal
and Ge-Hal bonds (Hal = F, Cl, Br) are greater thén that of
C~Hal but, due to their increased polarity, they are usually
more reactive. This is indicated by the electronesativities of
the élements which are given belov. The electronegativiiy sequence
has been observed in ssveral determinations and is probatly
significant. It is likely to be due to decreased screeniﬁg of
the valence electrcens when 3d orbitals are filled in the period
containing germanium, |

Electronegativities

ref, 6a) ref. 6b)

carbon 2.5 2.50
siliconv 1.8 | 1.74
germanium 1.8 _ 2.02
tin 1.7 1.72

On the grounds of electronegativity alone the 35Cl NeQ.o.To freqﬁencies
of the group IV tetrachlorides might be expected to follow the
sequence : CCl4§>GeCl4> SiCl4) SnCl4° Generally this is ohserved
(below) but the la-ge separation in frequencies between carbon
tetrachloride and the other members caused Livingston to sugéest

that the latter were abnormelly low (5).
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35

Cl N.q.r. frequencies

ccL,  ave. 40,629  MHz (7)
sic1, " 20.390 " "
GeC1, 25,661

snCl, " 24,096 " "

Amongst chemical evidence that the electroneativity of germanium
is grenter than that of silicon is the increased reactivity of
MIVHa14, Tetrahalides «~f silicon (except SiF4) are immediately
and completely hyarolysed in water whereas germanium tetrahalides
are hydrolysed only slowly and revergsibly. The energy to reach
the transition state in substitution reactions involving a five-
coordinate intermediste anpears to ve lower tiian would be expected
without the use of the d-orbitals of silicon.

The difference in’35C1 N.q.T, frequencie; of silicon and germanium
tetrachlorides prompts the proposal thot subszantiai p"f—dﬂ.bonding
in the Si-Cl bond has lowered the ouadrunole resonance. That

Sthe Pgy—dy, bond character exists in certzin bonds to silicon

may be inferred from molecular structures. The ri.ther larse bond
angles in siloxanes (1500 avprox.) (8) suggest such bonding in
Si~0-Si when compared to the highly bent sermanium anzlogues (9).
There is some Jirect evidence for bond shorienins due to TW-bonding

in, for example, H,SilCS (10). It seems that Ge-X bonds are less

3
shortened relantive to the sum of covalent radii than are Si-X

bonds (11). The tendency towzrds use of d-orbitzls for TW-bonding,

therefore, seems to decrewse from silicon to germanium,

In an attempt to interpret the character of silicon-halogen
bonds, correlations of the hzlogen n.q.r., freguencies for
scries of tetrahedral derivatives of group IV (A) were sought

firstly vith Taft polarity paremeters (12,13) and later with
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with Taft-Hammett parameters (14). The latter allowed separation
of inductive and conjugative characteristics., Taft originally
defined a substituent constant (6x) describing the electron-
donating or -=withdrawing properties of the substituent X and a
reaction constant (jL? which was a measure of the sensitivity of
the rate of reaction of B-X to changes in the polar properties
of X (15). A series of values of S, vas then established for a
wide range of substituents. The earlier work (12,13) showed the
generally lower sensitivity of silicon than of the chloroalkanes
.to the nature of substituents. This was in agreement with the
early observation bj ﬁOOper and Bray (16) that the chlorosiianes
55Cl n.q.r. frequencies lower than those in‘corresponding

chloroalkanes, by a factor of about 2,

Semin and Bryuchova (14) produced correlations of n.q.r. frequencies
({E) with the Taft-Hammett parameters ( C;and 6% ) for a series
of tetrahedral molecules of group IV (A),(R1H2R31-k.=x). They

used an equ~stion of the form

Q- 7, < p

— = ol -+

= % I d;

vhere 0‘ , ot and ‘3 are constants characteristic of the MIV-X bond.,
The ratio of & to ﬁ provides a measure of the relative ‘importance
of inductive and conjursative substituent effects on MIV-X. In
the chlorine derivatives of silicon and germanium, values of the

ol
ratio]g‘ are =12,10 and ~7.29 respectively, indicating that the

transmission of conjugation through those atoms in not substantial.

Recent application of pulse techniques to the Stark effect in
nuclear quadrupole resonznce has yielded direct evidence that
intermolecular forces, and perheps W -bonding, are of minor

importance in the tetrahedral derivatives of group IV (A). (17,18).
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That external electrecstaiic fields should influence n.q.r. soectrs
was first sredicted b. Bloemberren (19). It was he who later
elucidated the theo;'y ol the Stark effect in n,q.r; and developed
a means of interpretation (20)., The shift of the n.q.r. frequency
under the influence of zn external electrostatic field is written

PR

where < is the n.g.r. frecuency and E the field. If
dE, .

as
the n.q.r. frequency 2is ziven by

Qij= Ta, A8 (B) O

ar

3 ’ iy R__-R
then %g—l-l =-:—i3 R0 BF5(3) +.3L3_E_l‘a.('2)(_z_%__ga-"2 @)

?% 22%
For I = 3/2 and )#0, the field constant 99Vij is given by
- Z

. 2
2
1 . -
‘Bj_l_l = i..QE&Z_Z_ (1 "*"’% )2 <1 +?_{ (Bzxx Rzyy) (3)
JE 2 3 R
2 . Z2%
R... are the components of the tensoraﬁ j « In order to relate

ijk 3 Ek

R

the shift (B—E—-) to bond characteristics, equation 33, chapter 2
B’/
may be used in the form

~ T
Q atomic p

where Up is the number of unbalanced electrons in the p orbitals

"of the halogen. Thus defining a new parameter, reduced field

constant, O . A = EEP_ (4)
BEZ Qat .aEz

The parameter-au]g' - is equal to the reduced field constant and

JE,
has been related to the characteristics of & halogen bond thus (20)

N _ eR \ __Z | \
°E,  [7 l0-S)i b, a-s¥ea. [ ©

R is the length of the chemical bond, So’ and S, are the overlap

integrals of the  and [ bonds, and Ad and An,the differences

between the ground and eicited states of the electrons participating
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in the & and TT bonds. From this expression, it is clear that
as the bond length increases so the quantity aup should incre:se
oF ~

and also that M ~bonding will reduce the overallz value of the

reduced field constant,

Semin et al. {17) have shown that pdlycrystalline samples of
organic compounds containing chlorine produce distinctive field
constants depending upon the hybridisation of the carbon to

which chlorine is attached, viz,

Carbon BQ -1
Y (Hz. cm kV ')
hybridisation z
sp° 57.5
2
sp 45.5
2
Sparyl 58.5
sp 24.5

As equation (5) predicté, this variation of field constant

mirrors the variation in bond length. The value of 09

is constant (within experimental error of 4+ 1.5 Hz.cm kV’1)
for a g¥e: type of bond between the element of groun IV
and the halogen. With additional coordination interactiens
abssnt, .Eig_ is independent of the number and nature of
substituegiizto the group IV element. i.e. it is the field
constant for the n.q.r. freocuency. The general absence of
intermolecular interactions in polycrystalline samples

(at 77K) of tetrahedrzl halozen derivztives of Si, Ge and Sn

is suggested by their linear relationship to bond length

which parallels that for the carbon tetrahalides. (Fig. 1).

With practical limitations upon the strensth of elecrical fields
that may be ﬁsed, the Stark effect is likely to be small (shifts

of order 1 - 3 kHz) and the accuracy of the results for o
E

is open to question.
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More specific evidence that there is little reorganisation of

the electronic charge distribution at the halogen in group IV

tetrahalides has been provided by Semin, Kazakev and Bryuchova

(18). They use the existing correlations of Taft substituent

.r. freguencies (7) in tetrahedral
Iv

1R2R31\1 g l.e.

0='Qo +oLZg* i (6)

constants ( @*) with halogen n.g

e

compounds of group IV elements, R

Division of equation (6) by Qat yvields
U =1 “+ 0( +
2"t LS v
at ’

if Up’ the number of unbalanced p electrons in the halogen atoms,
depends primerily upon the changses in intramolecular fields,

a relation such as

aUp = O} o 36* (8)
aEz Qat 2Ez v

_should exist.

Using QU (equivalent to the reduced field constant) and tie
5 E

z
known values of ©, the authors showed that a straight line closely

described the relationship between 22 and __o_(__ . They
° Ez Q at

concluded that chances in the initramolecular electric fields
were chiefly responsible for n.c.r. frecuency variations in
the I-IIV ~ halogen bond. vThe quality of the fit to & straight
line for 2 wide range of grouwn IV halogen derivatives overcomes
misgivings as to the reliability of the Taft d&* correlations.
Other authors have suggested thzt intermolecular forces in
molecular crystals make only small contributions to the e.f.g.
experienced by a halogen in the molecule. In an n.q.r. study
of (CH3)QSDCJ‘29 De Bertha czlculated the maximum contribution
from intermolecular interaction of near neighbours to be 20%.

(21). i more general estimate that no more than 2y of the n.q.r.
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frequency for molecular compounds is attributable to crystal
lattice effects has been made (22). Gutowsky and McCall suggest
that intermolecular forces in chloromethanes may account for

5 - 10% of the e.f.g. (23). A recent estimation of the relative
contributions to the crystal field effect in the n.g.c.c. values
of organochlorine comnounds (24) has‘yielded the following:

long range order effects, 45; short range order effects 1-2%5

vpolarisability of chlorine 11%.

As intermolecular interactions play such a secondary role in
the strength and character of the halogen e.f.g.‘iﬁ molecular
crystals, Graybeal and Green have proposed fhat measurement of
the asymmetiry prrameter (3 ) of the 3SCl e.f.g. in the tetra-
chlorides of group IV would provide information on the nature
of the EIV—CI bond. (25). They postulzted that values of the
asymmetry parameter could furnish direct evidence for tie
existence of pg - dy bonding. PMeasurement of % by Zeeman
n.q.r. only relects a difference in the W -bonding in two planes
at right angles, Contending that the available d orbitals on
i, Ge, and Sn provided for 1.25 f-bonds per chlorine, they
suggested that if W -bonding were present it could be asymmetric
with respect to the e.f.g. (presumed to lie along the Ii~Cl axis).
ieasurements by the method of Horino.and Toyama (26) yielded the
following results for polycrystalline samples at 77K.

cc1, % < 0.1

SiClL, % = 0.45 % 0.10

4
GeCl, % = 0.35 + 0.08
SnCl4 % = 0.25 + 0.07

The conclusion of Graybezl and Green is that these values

indicate a f-bonding character of the MIV—Cl bond of between
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20 and 40,; for Si, Ge and Sn. This compares with the estimates
for HHBCI of an earlier paper based unon the Townes = Dailey
approximation where the asymmetry parameter is assumed to be

zero (27).

Asymmetry about an axis is precluded if there exists threefold

or greater symmetry. For a purely tetrahedral molecule MCl4,
therefore, the asymmetry parameter should be zero. In a single
crystal n.a.r. invgstigation upon SnBr4, Shimémura found a value
for dz of £ 0.025 (28). Limited molecular distortion has

however been found to exist in the sélid form of SnBr, (29).

A single crystal X-ray determin~tion of the structure of carbon
tetrachloride at 195K has, by contrast, revealed that the molecules
are all regular tetrahedra (within experimental error) (30).

The unif cell contains four molecules in which there are sixteen
crystallographically unique C-Cl dictances, the average of which

is 17.73nm, This is in agreement with the sixteen—line‘n.q.r.
spectrum observed for polycrystalline carbon tetrachloride at 77K.
However, it is possible that some distortions tzke place in the
higher group IV tetrachlorides. Their tetrahedrazal symmetry (Td)
prevents the observation of their microwave spectra and therefore
the measurement of their sas phzse nuclezr guadrupole coupling
constant. A comparison of the gas (microwzve) and solid phase
(n.q.r.) values of equ would have helped quantify the contribution

due to distortion.

N.q.r. results show a lower sensitivity of chlorosilanes to
subsfituent effects in comparison with those of chloroalkanes
and chlorogermanes. Lucken (31) has suggested that this insens-

itivity may be due to the effects of Tr-bonding between the outer
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3d orbitals of silicon and the lone pairs of the halogen atoms,

Such double-bonding has often been ascribed to elements of tiie
second short period which possess empty, low-energy d-orbitals (3d).
Lower sensitivity to substituents for chlorosilanes may be explained
in this way: consider the chlorosilane, R—SiClB, in which R is

an electron=withdrawing substituent, R removes electronic charge -
from both €-and T-orbitals leaving the difference between

them little changed and hence the n.q.c.c. little altered. The
n.q.r. freqguency does not therefore change much., However, in the
cases of substituted chloroalkanes (RéCClB) and chlorogermanes
(R—GeClB), where the 7T population on chlorine is‘ fixed at 2,
removal of electronic charge from &-orbital does change the
coupling constant and therefore the n.q.r. freguency. Lucken

states that in the highly symmetrical compounds R-MIVCl3 and

MIVCl this partial double bonding would not be revealed by

4
measurement of the asymmetry parameter (7) which, crystal field
effects apart,should be zero., Indeed, for the tetraiodides of

group IV, where '? can be determined from the iodine n.g.r.

frequencies, the asymmetry parameters are found to be zero.

The weight of evidence arainst the results of Graybeal and Green
sugcested to the author that a reinvestigation of the Zeeman

lineshapes for SiCl, and GeCl, might be of value.

4 4
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Graybeal and Green measured the asymmetry parameters in
polycrystaliine samples of group IV tetrachlorides using a
self-quenched super-regenerative oscillator (S,R,O,) spectrometer
(25). 1In the present study, a Robinson type spectrometer as
described in Chapter 3 was used. This spectrometier gave high
signal strengths without possible interference from side bands.
when operuted in the frequency-modulated mode. Sinusoidal Zeeman
modulation did not produce such high strengths and was not needed
because no supurious resonances occurred near to the resonance
frequencies. The magnetic field applied to the sémples was

generated by the Helmholz coils also described in Chapter 3,

The investigztion of Zeeman lineshapes wzs concentrated on
silicon tetrachloride and ¢ermanium tetrachloride because much
lesser fields had been used by Graybeal and Green with these
than with tin tetrachloride (25)a Figures 2 and 9 show zero
field lineshapes for silicon-and germanium-tetrachloride
respectively. The purity of lineshape produced by the present
spectrometer is demonstrated with linewidths of 2.5 - 3.5 kEz

obtained.,

i method of determlnlnt the asymmetry parcmeter of chlorine in
polycrystalline compounds has been developed by lMorino and Toyama
(26). The method is described above (Chapter 3) and makes use of
certain measurements (é&} taken from the broadened lineshapes
obtained at varying magnetic field strengths. These measurements
(@i).have been related to the asymmetry parameter but extra-
polation to infinite field strength is required. A minimum

field strength should be exceeded for results to be significant (25)

i.e. Zﬂ' AQ

H>.,zzg
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Fig, 2 3S’Cl n.o.r, SiCl, at 77Kk, I =0
48

\

S/N > 60/1




or, in the case of 5501, H ) .,ZA(QO 4‘) X 1(1-4 Tesla,

The minimum fields required for silicon . tetrachloride ‘

(AV~2.5 kHz ) and germanium tetrachloride (HBV~ 3.5 kHz)

are given below:
for SiCl HD> (6.1). J’f x 10”4

E) (8.5). /!,E x 10”%,

4’
for GeCl4,
Darville (32)‘has, however, shown that accurate measurements
of 11 are possible at fields below this 'minimum' if features
are sufficiently well resolved. Values of 8‘. have, therefore,

been recorded for such spectra, there being no discernable

difference within the experimental errors.

A further re:triction on the method is that, due to approximations,
Morino and Toyama placed 2 limit on the range of asymmetry
parametef values which could be accommodated, A value of

11 = 50% is taken as the ceiling, after which serious errors are
introduced. Partly for this reason, methods of lineshaﬁe simulation
hzve been developed with field strength and.’l among the variables. The
metipd should allow determinatiqn of large values of the asymmetry
parameter by the comparison of experimental and simulated
lineshapes., Brooker and Creel (33) have reported such a.simulation
system which calculateg the powder lineshape for any value of

‘7 and presents frequency expressions exact in ? and magmetic

field (B) for the main features of the pattern. Any value of

'Q or H may be taken without the introduction of scrious error

into the resultant lineshape. Initial (zero field) linewidth
characteristics are matched to an experimental I = 3/2 NeQ.T,

line. It is then possible to vary the values of'i.and the
magnetic field. After fixing the magnetic field (in Gauss), a
value of 7i may be determined for the n.g.r. signal by comparing

si-umlations of varying ’2 with an experimentzl Zeeman lineshape,
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Whichever simulation most closely matches the experimental lineshape
in the frequencies of features yields the value of 11 . Brookef

and Creel have applied this technique to the lineshapes obtained

by Graybeal and Green. Use has been made of the Brooker and Creel
method and reference to the predicted lineshapes is made later,

The results obiained by the author aie now reported. -
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Silicon Tetrachloride

Following the suggestion of Graybeal and Green, the lowest n.q.r.
frequency (20.273 }MHz @ 771() was used in order to avoid inter-
ference between the four quadrupole resonances of silicon
tetrachloride., This line does not overlap with the othews when
broadened by the magnetic field because it lies at least 135 klz
to low frequency of them, 4 value of 0.45 + 0.10 was reported
for the asymmetry parameter by Graybeal and Green who used a

maximum field of 1.6 mT,

Table 1 and Fig. 4 include data on various é mezsurements, é1,

g2 and 53 are defined in Fig, 6bj (Chapter 1). leasurements

of '2"37‘ are summarised in Table 1 and are plotted a;zinst the

inverse of field strength (mez=ured as current through the coils)

in Fig. 4. The measurement of 3;‘ uses accurate freguencies but

an element of estimation is needed to fix the limits of the

measurements. For this reason, the error in ﬁ“ is estimated

as equivalent to the scatter of n»oints. Extrapolation to %: 0

alsg involves estimation; for example , the slight upward turn of
—_—t

29 at high fields makes plausible an estimate for % of
"

about 0.6. Certainly 2 minimum value of 0,35 -~ 0.40 is indicated

for Z,lq , which Darville (32) has suggested to be closely
H .
related to a minimum velue for '& . The values of = , end
FEN

terefore the value of )Z s, are dependent on the value of the

Larmor frequency, \) The values of QQR calculated from the

N °
applied current and the calibration of the coils (23.090 x 1()-4 T.A,-1)

were found to be in good agreement with those mezsured on the spectra

(See Fig. 3).

Brooker and Creel have developed a computer simulation for the
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TABLE 1

Sic1

4
I (amps.) .3 375 45 5 6 K .75
H (mT.) .693 .866 1.039 1.155 1.385 1.616 1.732
405 375 364 .42 .392 - .404
_é‘_ 385 350 .360 385
2% | (.30) 376
gz 769 - 750 738 +T50 - 747
2, | - 729
g .946 - .880 .880 .849 - .820
2 .896 .860 .870




n.q.r. powder lineshapes, split by a megetic field parallel

to the n.q.r. spectrometer samile coil, (31). Their paper makes
reference and comparison to that of Graybezl and Green. Using
the zero field lineshape characteristics and the field strength
(8 x 1074 Tesla), as reportéd by Graybezl and Green, they have
i)resented simulated lineshapes for various values of % .

The simulsted lineshape for § = 0.45 (the value determined by
Graybeal and Green)(Fig. 5) is, they suggest, aquite unlike the
observed lineshape (25)(Fig. 6). They report that much closer
similarity between the observed and simulated lineshape is
achieved when using an zsymmetry parameter of 0.8 (Fig. 7). The
significance of this conclusion was not develoned except for
sugge ting that the spectra of Graybeal and Green failed to
resolve 211l the features of the lineshape at this field sirength,
Under comparable conditions of linewidth and field strencth,

the lineshape observed by the author differs from that of Graybeal
and Green and from that of Brooker et al. (Fig. 7). Lowever,
similarity between the simulated lineshape of Irooker for

12 = .45 (Fig. 5, and Fig. 3 c-n be seen if one is inverted
(32). Careful checks umnon experimental lineshz-we develoyment
lernds the author to conclude that an error in sirn in the devel-
opment by Brooker and Creel has crused the need for inversicon,
Subseouent conclusions brzed on comparisons vith simulated lineshapes
assume thie inversion of the sirmulated one,

Closer examination of the relationshir beiween Jdeeman n.g.r.
lineshanpes nroduced by Graybeal =nd “reen anc those recorded in
tnis work has prompted the suthor to iropose thut tlie earlier
workers inverted their specira zlso before crrrying out the lorinc

and Toyama analysis. The specira may have heen inverted in order

that measurements mizght be made u:on the better defined feiiures,
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=23

Computer_éimuléted second derivative trace wifh'
parameters adjusted to fit experimental conditions

_under which SiCl, (ref. 19) was generated, .



bt &,
4
S
) & reported evaluation -
% m=0-ns  (25).

Observed énvelope_shape of the =Q1 :35(;1‘ i
quadrupole resonance of SiCl 4 at TTK for _ .

a staticfmagnefic field of 0:8.mT - from ref, 25,
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23 ~q 2%

Computer simulated second deriv'ative»trace with
parameters adjusted to obtain qualitative agreement

with the trace of Fig., 6. Note required ?2 value,



Com;are Fig. 6 with Fig., 3 (Figz. 3b - spectrum as recorded;
Fig., 3a - the same inverted). The mamnetic fields are both
arproximately 0.8 mT and an aosnroximate fit of lineshapes is
found. The proposal that Zeeman spectra were inverted by

Graybeal and Green was further investigated by measurement of

8' as illustrated in Fig., 3a. The corresvonding plot in ¥ig. 4

follows the characteri tic shape for such "Korino and Toyama"
nlots and yields a value for } of between 0.4 and 0.6, It
is believed that this relntes to the value of 0.45 + 0.10

renorted b; Graybeal and Green.

The voriztion in é*- about the "inner peaks" (show. in Iig. 3b)
seen in the majority of Zeeman lineshapes is plotted in Fig. 4.
The points are distinguished as é . As is shown below, these
inner singularities do not lie centred on \)Q i\)H as do those
normally monitored by the lorino and Toyamz method. (They are
inclided on account of the compatibility of the results i.e.

Y

0?, 2 0.45, with that vielded by the simulation method). The

resulis zre therefore acsign-ted 23 of "corrupt orinc arnd Tovama

[}
H
l—l
]
=3
o}
o
bt
o
]
4
jal
@

ral, spectra simile> tc that in Fig, 30 -ieided

-

the plots of Fig. 4, Irom which we determine tii.at 'i = (o4 =

¥ ol
X

te betweer tnose of Pirs

O]

0.6. An idezlised lineshzne intermedi:

[$8)

®
(71‘ = 0.45) and 7 ( Y = 0.80) mry ve expected {rom the Brooier
and Creel simul~tion, Ium-rous simulations revezl thot ac 12

aprroaches a vilue of one, the inner sinmul~rities, rreviously

centred on \)Q My start tco epproach one znothery; until at

31 = 1 they coalesce =1t the n.q.r. freo_uency,ﬁQ . Inner peaks
are identified in Fi_. 3b. That soms movement of these has
occurred (indicsting 12 approachins 0,8) is surported by the

5 %

generally high values of

]

The values of é SNG é are more susceptible to the posiiion

2 3

of ine troush or minirwn beyond QQt QH than is g .
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If ine peaks had shifted closer together, val.es of éz and é?:
would then tend to be raised. The ohserved values of z—f')-H and
:%%;reflect such an increase. On the grounds of this development
from simulation lineshapes (Figs. 5 and 7) and general compatibility

with the results from the lorino and Toyama extrawnolations, a

value of 0.6 is reported for % in Sicl4o
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Germanium Tetrachloride

In an mznner similar to that used for silicon tetrachloride,

35

a determination of the Cl asymmetry parameter has been
made for the lowest freguency quadrupole resonance of

germanium tetrachloride. The results are displayed in Table 2.

arainst the inverse of field strength (H) is

A plot of
W

shown in Fig. 8. This plot was obtained from measurements

made upon spectra similar to those of Figs. 9, 1C¢ and 11 in

which the magnetic fields are zero, 0.693 and 1.039 nT.

(10-3 Tesla) respectively.

The Zceman lineshapes obtained at fields of 0.693 - 2.078 mT

are z2ain at variance with those renorted by Graybeal and Greem
and with the 'b = 0.45 (0.80 mT) simulation of Brooker and
.Creel. Inner peaks are clearly evident which, as in the case of

SiCl are no longer centred on \%Q-i-‘DH but have shifted

49
towards W . Fig. 8 includes plots for 6, taken about these
inner veaks (s.ﬁ'} ena for 6‘ teken cbout the "troushs" on either
side ( éjwh The measurements about the troughs are, the aunthor
sugnects, anzlogous to those measurements made by Graybeal cond

£

Green who, he believes, inverted their specira to furnish

mewsurements about petier cefined feztures. Compzre Fig. 11

(B = 1.039 mT) with Figs.12, taken from the article by Graybeal

=]

and Green. The differences betwveen the slope of the base-line
in the zero-{ield lineshape and those in the lineshapes of C.6
and 1.0 mT should be noted. The auihor surgests that a pair of
inner pecks can be discerned in Pigs. 12c and 124, If inverted,

Fig, 12c compares closely with ¥ig, 11,

IS
I

[gn]

The author believes that the neasuvements recorded in Fig.

the determination of 7z Ty the
A

method o7 jorino snd Tovana, (N snd 7). As beiors, they h-ove



I (Amps.) .3 .375 .45 .5 .6 .7 .75 .8 .9
H (mT.) .693 .866 1.039 1.155 1.385 1.616 1.732

1.847 2.078

¥ .36 .28 ' .29 .257 o 275 295

é' , 32 «248 )

046 - 0465 ' - -

.46 50 45 A3 | .40
.45 .42

é& - - oé31 - -545 - . - o626 0611

S | - - .847 .76 .79 .801 NOTE .72

= inverted

, % = corrupt







¢, : ! 1 | .
: I T Fiz. 16 °°C1 n.q.r.!

GeCl, at T7%, 1 = 0.3 2.

H = 0.693% aT, «

1

o A
t ‘ ATner

fmks

[
/&
254 dMuz. TR
25-430



.ﬂxddb

J
$1007Y -5 . |

Z¥NSSIGT

—~—
~
.
e
- _%
—c
4
A
N

%
2

SR~ oDy
g0 ag Cdweso s I Cw v wen v w1




Fig. 12. °°Cl Zeeman n.q.r. lineshapes GeCl, at T7K
Magnetic fields a) O mT., b) 0.6 mT.,
c) 1.0 mTey d) 1.5 mT.,

Taken from ref._25, P. 2952'




been denoted "corrupt I agd T" measurements. Those
measurements shown as é;‘ would yield an estimate for‘? ‘of
between 0,35 and 0.45 which agrees clos.:ly with those reported
by Graybeal and Green (0.35 + 0.08). This lends weicht to the
surgestion that they are the measurements used by Graybeal and
Green and to the sucgestion that spectra were inverted. The
measurements shown in Fig. 8 as 82 and 53 are taken about the
X

inner peaks and so, with 8’ ysuggest for the "corrupt" lorino

and Toyama method a value for ,2 of between 0.4 and 0,6.

As wis suggested in the case of siliéon tetrachloride, the inner
peaks may be compared with those features observed in the simulated
Zeeman lineshape of Fig. 5, if this figure is inverted., It has
been suggested that a possible error in sign durin~ the development
by Brooker and Creel may have caused a need for inversion,

fAssuming this requirement, comparison of inverted Fig. 5 and the

Zeeman lineshapes obtained for GeCl, leads the author to propose

4
that 72 lies between 0.4 and 0.6.
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Discussion

The results obtained from the investigations an silicon and
germanium tetrachlorides yield vaiues of the asymmetry parameter
(‘?) substantially in agreement with those of Graybeal and Yreen.
It is, however, from comparisons with lineshape simulations and
not with the Morino and Toyama method that the present values
rezult, The 5; measurements used by Graybeal and Green were
illustrated in their article and are shown in Figs, 6 (5iCl 4)
and 12 (GeCl4). It is proposed that they inverted the Zeeman
n.q.r. lineshapes before their analyéis. Mezsurements (é&)

seem to have been made upon features of theblinéshapes which

are apparenti as peaks only because the lineshapes have been
inverted., ©BSuch measurements have been illusirzted in figs. 3a)
and 11 e..nd'are marked &;r « Resulting values of :ﬁ“— are
shown by the zuthor in Figs. 4 (51014) and 8 (GeCl4). It is

the belief of the author that the lineshapes obtained b& Graybeal
and Green did not possess sufficient detail to display clearly
the inner peaks shown to be present in this work. If such
peaks had been observed, it is unlikely thzt such an inversion
would have been made. The failure to observe these peaks, clearly
visible in Figs. 10 and 11, may be dué to Grayoeal and Green
using an s.r.o.-type spectrometer, which probably did not hzve

the lineshape fidelity found in the present Robinson spectrometer.

There is sufficient disparity between the lineshapes reported

in this thesis and the idezlised lineshapes of lNorino and Toyama
to sﬁggest that their method is inappropriate. It is surprising,
therefore, that measu-ements of S:t about the inner peaks do
give the characteristic variation with field strength, yielding

a value of 12 which is in reasonable agreement with that of the
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simulation or, at least, is in agreement if the lineshape
simulations are themselves inverted. The change in lineshape

as 3[ rises above, say, 0.5 strongly suggests that determination
of large values of % should make use of such simulations,
Further investigation of lineshape changes for hizh values of

'} should be made to determine the appropriateness and accuracy

of the Morino and Toyama method in such instances.

Using the Townes Bailey approximation - equation 44, chapter 2 -

an estimate of 20-30% is found for the ¥T-contribution to the
v . s IV

M '=Cl bond in the group IV tetrachlorides, I 014.

and Jaffé (34) attempted to make allowance for the involvement

Whitehead

of py electrons on chlorine in the bonding and from orbital
electronegativities calculated a T —character of apnroximately
30-40% for the hicher members (MIV = 8i, Ge, Sn)., A formula
orizinally developed for the ectimation of Tl =character in

the C-Cl Bond of substituted chlorobenzenes makes use of measured
'& values (35). The difference in occupancy of Py aﬁd py.ofbitals

of chlorine can be calculated thus:

2F‘x
TT;;— TT; - ‘7(9_93 )

2
e“q @

[IAN]

For '5 = 0.45, the value of TTx - TT&_is 0.138 while fpr 1& = 0.6,
the value is 0.144. These values are however gre:ster than those
determined in the more favourable case of benzyl chloride. Although
the difference in contributions (TT; -'TTQ) could be accommodated

in the total estimates of Tl-character for the EIV—Cl bonds, it

does not seem very plausible. In developing the case for such
Tr;cqntributions, Graybeal and Green surgert that the central
silicon or germanium ztom may make use of the empty d5 orbitals

to accept M-backbonding from the chlorine atoms., They argue that
such a set can only supply 1.25 TT-bonds per chlorine thereby

e
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providing the opportunity of unequal contributions of P, and py

orbitals. Some credence for this proposal is furnished by the
low asymmetry p-rameter rencrted by Graybeéal and Green for
carbon tetrachloride where onCtﬁo such vacant d-orbitals are
available. Countering this, however, is the observation that
straicht lines can relate 3501 n.q.r, frequencies to the

number of methyl zroups in the group IV tetrachlorides (Fig. 13).
The replacement of chlorine by methyl groups might have been
expected to reduce the Tl -contributions. This, coupled.withf
the lmown inductive‘effects of methyl groups, should have yielded

a less regular correlation. The measurement of 52 in SnMe2012

as 0.36 may nowever indicate that the consequences unon T in

the ''=C1 bond are minor (21). Nonetheless, the values found

for the asymmetry parameter in silicon- :and germanium- tetrachloride

(viz. gz = 0.4 - 0,6) are incompatible with any asymmetry

expected from intramolecular effects alone,

The structures of solid- and liguid- phase carbon tetrachloride
have recently been reported (50, 36). Granada et al, have
compared the bond lengths MIV - C1 for t:e group IV tetrachlorides
as determined in gas-, liqguid- and sclid-phases. Close agreement
between liquid and gas determinations was found but, with the
exception of carbon tetrachloride, the other tetrachlorides

showed marked increazses in MIV -~ C1 bond length in the solid
phase. The greztest increase was in silicon tetrachloride., This
may partially explain why the 35Cl n.q.r. frequency of SiCl4

is lower than that of GeCl

4 °©

The bond orders of group IV tetrahalides have been determined
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from absolute intensity measurements of Raman and infra-red
absorptions of theif solutions (37)° A comparison of results
obtained from a variety of techniques su-gests that no one method
may be regarded as definitive. It would appear from the solution
measurements.that the MIV - Hal bond orders increase Si = Ge =» Sn
within any tetrahalide. Using solid state n.q.r, results with

the orbital electronegativity procedure (38), calculation suggests

a minimum bond order for silicon tetrahalides.

Taken together the above results point £c a weakening of fhe
MIV - Cl1 bond (especially Si-Cl) in the solid state which may be
the result of significant intermolecular intéractions. These
may lead to changes in orbital occupancy of the chlorine atoms

causing asymmetry in their electric field gradient. A4 possible

source of this interaction is now explored.
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Tin tetrabromide has an n.q.r. spectrum consisting of three lines
grouped together with a fourth line at noticeably lower frequency.

Shimomura has suggested that the group IV tetrachlorides (SiCl49
GeCl, and SnCl
4 and SnC1,)

with SnBr4 (28). Although a considerable amount of double bonding

vhich have similar spectra are isomorphous

was expected for the Sn-Br bond, he has determined the asymmetry
parameter ('?) as less than 0.025. The small value of ? is
ascribed to the 3=fold symmetry character of the SnBr4 molecule

about the Sn-Br bonds., In an earlier paper, Shimomura investigated

1271 n.q.r. of silicon-, germanium- and tin- tetraiodides (39).

the
Values of near zero were also found for the asymmetry parameters
of the tetraiodides but their spectral pattern differed from that
of tin tetrabromide, The doublet of 3:1 intensity ratio and
about 1 MHz separation may be explained in terms of their crystal
structure. In the tetraiodides, the unit cell consists of two
MIVI4 tetrahedra with two planes facing each other, The six

iodine atoms of the planes yield the stronrer lower frequency n.q.r.

line whilst the iodine atoms at the opposing extremes produce the

weaker line,

From the fesults of his single crystal study on tin tetrabromide,
Shimomura deduces the existance of a pair of SnBr4 tetrahedra,
whose interactions with each other are more pronounced than those
vith the other neighbouring molecules., The speciral pattern helps
determine that in this case the two tetrahedra approach one another
through apical bromine atoms. In the absence of any intermolecular
interactions, this arrangement would yield a doublet with the
stronger resonance to higher frequency., However, weak interactions
produce crystal splittings on the higher frequency resonances. The

weaker line appears about 2,5 Mhz to low frequency which may
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indicate that the apical intermolecular interactions are quite

substantial.

In the present polycrystalline Zeeman n.q.r. examination of
silicon tetrachloride and germanium tetrachloride, it is tempting
to draw a comparison with the tin tetrabromide investigation, If
the compounds in the crystalline state are isomorphous, the
presence of intermolecular interactions seems likely. That they
are concentrated on the atoms with the lowest n.q.r., frequencies
is very interesting. These are the lines upon which the.present
studies have been made, - The avthor does not find the values of
0.4 - 0.6 for ‘% acceptable on chemical grdunds, It seems more
likely that some aspect of the Zeeman n.q.r. investigation is at
fault, He proposes, therefore, that intermolecular interaction
takes pléce and that this may disturb the e.f.g. at the chlorine
atoms generating the lowest 35Cl gquadrupole resonance., Various
influences have been cited as the possible cause of thelinconclusive
Zeeman n.q.r. results upon mercury II chloride (40,41). The
author believes that here too interference has yielded perverse

results,

=166=



CHAPYER 7 = MISCELLANEOUS INVESTIGATIONS

1) THE ASYMMETRY PARAMETER IN THE P-C1 BOND

The Tl =character of the P-Cl bonds in tetrachlorophenylphos-
phorane has been estimated. A determination of the e.f.g.
asymmetry parameter at the eguatorial chlorine atoms of this

trigonal bipyramidal molecule is reported.

Introduction

The P-Cl bond has been investigated by 35Cl n.Q.r, in a variety
of compounds including 13(:15 (1,2), (PNClZ)n (n = 3,4) (3),
alkyl-and aryl-chlorophosphoranes and their addition compounds
with Lewis acids (4,5). The quadrupole frequencies have been
found especially useful in establishing the ionic or molecular

nature of the species present and their geometrical configurations

(53

Following the determinations of asymmetry parameters (‘}) in

group IV tetrachlorides, an attempt was made to determine 2&

in the isoelectronic ion (PC14)G). Lucken has shown T =bonding
to be present in this species (6). Although reported as producing
a very sirong single 3501 ouadrupole resonance (7), repeated
pfeparation failed to yield a sample of (PCl4)&%1012f9 giving

a sufficiently strong signal for Zeeman investiration on either
the Decca or "AEI" spectrometers, Other derivatives of (PClA)(B
Weie not considered suitable for Zeeman experiments either because

the multiplicity of lines would cause interference or because

the zero magnetic field signal strength was insufficient,
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Turning to chlorophosphoranes, tetrachlorophenylphosphorane was
recognised as a practical and worthwhile subject for the
determination of its asymmetry parameters. This covalent

molecule exists as a trigonal bipyramid with the structure:

Cl

=

The chlorine atoms in the horizontal plane of the phenyl ring

are termed "equatorial™ and those in the vertical plané
"axial®, That these pairs of chloriiié atoms have differing
P-Cl bond characteristics is confirmed by the n.q.r. spectrum

of the compound, This consists of two pairs of lines widely

separated, viz. 25,51 MHz
24,61 "
33.74 "
33,59 " at 77K (4).

The equatorial and axial chlorine atomsvin the molecule

are known to possess different P-Cl bond lengths, causing

a separation in their n.q.r., frequencies. The small separation
in each pair is probably due to solid-state effects in the
lattice. The higher frequency pair of n.g.r. lines are
assigned to the equatorial chlorine atoms and the lower pair

to the axial chlorines. This reflects the greater length, and

presumed greater ionicity, of the axial chlorines.

The presence of empty d-orbitals on the central phosphorus atom

makes possible p,-d__ bonding (chlorine to phosphorus) of the

w
type discussed in Chapter 6 for group IV tetrahalides. An
irregular decrease in n.q.r. frequency has been observed by
Lynch and Waddington for the series (PthC14_n)<9 which has been

interpreted in terms of conjugation through 7T -bonding (9).

Similar conjugation may be predicted between the chlorines and
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phenyl group in tetrachlorophosphorane, Zeeman investigation

of the n.q.r. lines of the equatorial chlorines was first made
because they were the stronger resonances and should provide

higher conjugation. The Decca spectrometer was used with freguency
modulation and adjustment of thellineshape to first derivative
(Fig. 1). The spectrometer Zeeman modulation coils were used

to provide the static magnetic field, Lineshapes at»varying
field strengths up to approximately 45 x 10—4 Tesla were
characterised by the method of lMorino and Toyama. The parameter
5‘was found to be the best-cﬁaracterised and it is -therefore
measurements of ’E?SH which are plotted against the inverse
of field strength in Fig., 2. Examples of the lineshapes used

are given in Figs, 3a) - c¢) which illustrate 55 measurements
observed at varying field stirengths. Details of the measurements
are given in Table 1. HMeasurements on both n.q.r. lines were
made and are distinguished in Fig. 2 by the symbols & (33074 MHz)
and © (35059 MHZ)° The magnetic field strengths used exceeded
thé minimum value as determined by the Morino and Toyama formuwla
(Chapter 1, equation 43)., This minimum value is marked on Fig. 2
as "M - T min= field", The plot indicates a minimum value for
the asymmetry parameter of approximately 0.17 in both the

equatorial P-Cl bonds,

Upon attempting the similar investigation of the axial chlorines,
it was found that the zero field intensities of the signals

were too low to support any Zeeman lineshapes capable of
characterisation. Use of the computer of average transients
(c.a.t.) failed to enhance the strengths of these lineshapes

 due to a slow drift in freguency at 77K.

169~



ZHW ORS: % ZWWRITL.TE
ZUW OS'CE /. o,.a.mm oL=e \ o8.¢e

[] rl ]

W.ﬂ ~ _,\.W uzx_..a.m_

.Ajd..u SryauBow 2de ALL T J.qua.& u_o vl De _m._u




B T T T U
7

. : |

1

!

._;

oﬂ&. oros %\.,u @.\%Q

& -.L- S
o i i
B
. ! i ) !
I.‘T e - I“
P i
. | i |
. |
—_ I.I:I.M..I - |

t

|

S
' | -
.... ; b
IO
|
|
! |
o 1
-




W.mnm LR IL.ee "ZY Y 'sc¢

L Olx| %= afww uﬂ\w¢ﬁdg .yhﬁud.\:amd\& s?ﬁuuvﬂu .p.ﬁ./r éoé\mvN Oo Mﬁu




U.PJ—.MM OWJ_

— S —

\.F@?@FHE&G dj\wcﬂog

St

ZHW ACE

=9

ﬁMﬂw




=3

ZHW om.mm. |

F—'e—

L, OEL=PrY Opwcmdg

—

ZHWOL-EE !

— 99—




i

TABLE 1. Zeeman n.q.r. analysis for equatorial chlorines PhPCl4
Current | Mag® field 5. y --SJ- J
I (amp) B (mT.) (kHz) KHz 2y |
Y SRS | - . i
1.5 4.76 X 9.39 19.52 10,240 !
®© 9.39 .240
x 10,31 .264
© 9.55 . 245
1.75 5.55 x 10.38 22,76 0.228
® 1.77 0.259 |
| : R
2.0 6.34 x 12,27 25.99 0.236 |
; . © 12,70 0.244
| © 11.37(ave) (avg)0.219
— r . o
L 2,3 | 7.29 x 12,88 29.89 0.215 |
o O 12.88 0.215 |
. o S o
Extrapolation of -él- tox =0 —» % =0 ‘17‘+ 0.02%
2 H =

*Error on 8‘ £ £10%

X g '9:3.758 IfHz line

® = 33.580 MHz line



Discussion

A comparison of the P=Cl bond characteristics in tetrachloro-
phosphorane and phosphorus pentachloride is possible through
the n.q.r. study of: 2 metastable molecular modification of
PCl5 by Chihara et al. (2). Both the molecules exist as
trigonal bipyramids in the solid and yield n.g.r. spectra
reflecting the presence of chlorine in equatorial and axial
positions, The P-Cl bond lengths in gaseous PCl5 have been

. measured as (-201 and 0207 nm. for -the equatorial -and axial bondsg
respectively (8). Although the lengths may be different in
the solid, Chihara et al, estimated the TT;character of the
P-C1 bonds as 0.08 and 0.0 for equatorial and axial chlorines

respectively, in molecular PCl They als6 estimated 77

50
for (PCl4)(9 as 0,18, Although the values for 77 are not very
accurate, they may be compared with a wvalue of 0,07 estimated
from '@.= 0.17 for equatorial chlorines of tetrachlorophosphorane

using equation 2,44, In comparison with that of PCl this

59
value seems reasonable since the pi-d; overlap between each
equatorial chlorine and phosphorus is likely to be reduced by
the substitution of a chlorine atom with a phenyl group in PhPCl4°
The phenyl group is expected to conjugate with phosphorus better

than chlorine (9).

In 22C1 n.q.r. studies of organo-phosphorus (V)(9) and organo-
arsenic (V) compounds (10), the case for the existence of Py —dy
bonding in substututed phosphonium-and arsonium ions has been
persuasively presented. The positive charge on the central atom

is likely to contract the d-orbitals and increase their availability

for W-=bonding. In phenyl-substituted group V cations (PhnMCI4_nf?
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it is arged that conjuration between the chlorine atoms and

the nhenyl group will be diminished in the cases of n= 1 and 3,
This probably promotes the degree of pg4-dsi bonding between

the central atom and chlorine in ithese cases. From a comparison
of 35Cl n.g.r. data on methyl-and phenyl-substituted phosphonium
ions, K.B. Dillon et al. deduce that the 7 -=chsrzcter of the
P-C1 bond probably decreases in the series PCI? > PhPél?)

& ®
Ph,PCLZ  Ph,PCI®,

The 35,‘01 n.q.r., frequencies for PCf? " in (P€l4f3(P016f9 average -
32.43 MHz at 77K (9)0 This may be compared with‘the frequencies
for egquatorial chlorine in Ph2P013 (33.45 ¥Hz)(4), PhPCl4 (33,59,
33,74 MHz)(4) and in molecular PC1, (33.75 MHz)(2), all at T7h.
The bonding in the chloro{phenyl)phosphoranes probably resembies
that in the j; nosphonium ions. It may be expected that, in the
absence of a positive charge, the overlap between 3d-orbitals

of phosphorus and 3p-orbitals on the chlorine atoms is reduced.
However, in the case of tetrachlorophenyl pnosphorane conjugation
between the equatorial chlorine atoms (Cleq) and the phenyl

group should promote W -~bonding in the N—Cleq bonds through a

d-orbital on phosphorus of dXZ symmetry, i.e. to fulfil C v srmmetry,
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2) Tis ?7Co 1..(.R. OF JI=0YOLOFST DAE.Y1-=CO .. LP-DICARS. YL

The 59Co n.0.r. svectrum éf fr-cvclopentzdienyl~cobz1t-

dicrrbonyl hr~s been obtrined znd its temperzture dependence

deter ined, The far-i.,r. (at licuid nitrogen temperzture) and Raman
(2t 1liquid a2ir temperzture) spectrs h=ve been recorded. The

60cm-1 Raman line (presumed to be ring rotsti n) hzs been

identified zs the major czuse of the n.q.r. tempe ature

dependence.

Introduction

Following the observation of 59Co n.g.r. signals from several
cobzlticinium cogpounds, the Decca spectrometer was appiied

to the study of 59Co resonances as yet unreported, Cobalt-
icium hexalluorophosphate yields trijiet guzdrupole resonances
of average frequencies 36.683, 24.422 and 12.254 KHz which
clearly indicate a zero asymmeiry parzmeter. An ave are

value of 170 IFHz (Q:: 0) is ~roduced for the nuclear guadrupole
courling constant of 59Co in & variety of cobalticinium
complé&es. Anticipating similar frequency and coupling
constant values for ff -cyclopentadienyl~-cobalt-dicarbonyl,

the Decca n.q.r.. spectrometer was swept over fhe frequency range

10-40 1z,
Discussion

Cyclopentadienyl-cobalt-dicarbonyl w- s obtained commercially
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(Alpha Gryanics) #nd is a deark-red oily licuid which weccupozes

in air. It was the.efore handled in a nitrogen-filled dry

box before beins sealed in armoules. The liouid freezes at

-22°C and so ampoules were shaken in ligquid nitrogen to ensure
polycrystallinity before use in the n.q.r. spectrometer. The
n.q.r. spectrum observed at 77K was of three lines, corresponding
to transitions between the four energy levels of the 59Co nucleug,
Frequencies observed at 77K, 20. K and the melting point of the
sample, 251K, are reported in.Table 1. From I = 7/2 tables (1),

a value of 0.30 + 0.01 is detérmined for the asymmetry parumeter,
This value appears tc be constant over the range 77K to 251K, ‘'fhis
has been checked by numerous comparisons of the ratios of the n.g.r.
freguencies with those given for 'b = 0,30 in the tables of

G.E. Semin et ai,(1)o

Figs. 1 to 3 illustrate the temperature dependences of the three
guadrupole resonances, There are no discontinuities which
indicates that phaee changes are unlikely between 77K and 251K

(the melting point). These lines were fitted by regression to

quadratics in temperature.

Table 2'contains the vibrational spectra obtained on a

Beckmann Fs 720 far- i.r..spectrometer and a Cary 81 Raman-
spectrometer. 4&n i.r. spectrum obtained to 180 on”] on a
Perkin-Elmer 557 spectrometer agreed with that of Fischer (2).
The low frequency Raman spectrum is comparable with that observed
earlier (3) but has revealed a new peak at 60 cm=1. Rocquet

et al., investigsting ferrocene, have observed an infra-red

line at 44 cm_1 which they attributed to rotation of the rings
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rj‘; ‘.EL” 1 2

L2 "o .a.T. ITcuencies of 7T —-rclorer o
corzlt-dicorbonyl 2t v ricus temunro-wures,

Y +5/2a +7/2

P +3/2 +5/2

200K

14,168

21.318

c.684 32,942

Values of n.q.r. freguencies ~—%

asympetry verrmeter,) = 0.30 x 0.0

Hence, {rom equation =7

2 .
Ie ofy

(Chapter 1)

156.81 & 0.1 sflz at 7K.

156.40_£Q.1 * '

[56.13 *0O.1 v 251K,

200K.
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a: ut the CSn zxis, Tt is possible that the peak at 60 cm_1 is

the result of similar rotation of the cyclopentadienyl ring in

- 053500(00)2.

Although an X-ray crystallograzhic study of T7- cyclopentadienyl-
cobzlt-dicarbonyl is not reported, a complete structural
determination has been made upon its complexes with mercury

(II1) crloride (5). The covalent 1:1 complex | Tr'—CsHC)Co(CO)Z.HgCl2
contains units which probably closely resemble free molecules of
TT‘—cyclopentadienyl—cobalt—dicarbonyl. In the 1:1 comnlex the
distiance between the cobalt atom and the plane through the C_H

55
ring has been determined as0470+9005 n.m.

The e.f.g. at 5900 in cobalticinium complexes is presumed to lie
along the axis joining the centres of the cyclopentadienyl rings
and passing through cobalt, This seems most likely in view of
the zero asymmetry parameters. In 1T - CSHSCO(CO)2 the principal
axis of the e.f.g. probably follows a similar axis joining cobalt
and the centre of the 05H5 ring. This appears plausible from the
similarity of coupling constants in (Cp)2Cé$ comnsounds and in

T -CpCo(CO)2. It has been assumed that the temperature dependences
'of the ?9Co n.q.r. lines of cyclopentadienyl cobalt dicarbonyl
originaée in the averaging of the e.f.g. by motion about the axis
i.e. in two planes at right angles to the axis. Application of
the Bayer theory using equation 56 (Chapter 1) then yields a
librational frequency of13¥-cm—1. The theory makes several
approximations and it is possible to.suggest that this calculated

-1 -
value represents the observed Raman line at 60 cm . A revision of

its assignment to ring rotation may therefore be suggested,
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Introduction

Dinesh and Karasimhan reported values for the asymmetry

parameter ("z) of the C-Cl bonds in several organic chlorides.
(1,2)° They used an s.r.o.—type spectrometer and the method -

of YMorino and Toyama (5) on polycrystalline samples {rozen

in liquid nitrogen. The repoﬁ:ed values for ?Z in chloromethanes
seem high when compared with 72 $0.1O reported for carbon
tetrachloride by Graybeal and Green (4) - Table 1. Althousgh

35

only a slight increase in ““Cl n.q.r. frequencies was observed
upon deuteration of chloroform, a discernible difference in the

values of ‘i is reported (1), Table 1.

In addition to re-measuring the asymmetry parameters renorted
for methylene chloride, methyl chloride and chloroform, an
attempt has been made at a systema tic investigation of the

effects of deuteration upon "‘Z o

o

Methylene chloride

Narasimhan reported a value for 7& of 0.43 (1) in methylene
chloride which appears very high in comparison with 7l g. 0.10
reported for carbon tetrachloride (4). No experimental details
are provided by Narasimhan for such as linewidths, é -

measurements nor magnetic field strengths. Before drawing
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TABLE 1

)501 N.q.r. frenuencics and asymmetry pz2rameters for some simple

chlorozlkanes
Compounds F.o.7, freouincies (175 Asymmetry parameter Z?
ccl, 40,6291 (avg,) £0.10 (4)
CHC1 38,2553 0.29 + 0.01 (1)
’ 38,3085 0,21 % 0,02
€DC1 38,2626 - 0.31 + 0.01 (1)
5 38.3125 | 0.19 3 0.02
CE,CL, 35,9912 | 0.43 + 0.01 (1)
CD,C1, 35,9708 . - (9)
CH,C1 34,029 - (9)
CD301 ‘ 37.20 + 3 (est. = (11)
microwave
H,C-CC1 37,8352 0.29 + 0,01 (1)
o 36.0461 0.19 £ 0.01

C4BsCl 34,6224 ' 0.10 + 0,01 (2)




crnclusions from the laore differerce in values of % s the
csymmetry parameter for methylene chloride was remezsured by
the author. The method of Morino and Toyama was applied to a

polycrystalline samvle, frozen in linuid nitrogzen.

Due to the reduced sensitivity of the Robinson-type spectrometer
above 33 MHz and to ensure sufficiently high sismal strencth,
the s.r.o0. — type Decca spectrometer was used. Adjustmenis to
the C5C and frequency modulation iroduced a closely first -
derivative response (Fige 1),. Magnetic fields of up to 15 mT
were applied through the Zeeman coils of the épectrometer.
Examples of the lineshapes produced are given in Figs. 2a) - c),
where Tields of 9.20, 10.14 and 12,68 mT are applied. From
meazsurements of é , an estimate for } has been made by

H
(Fig, 3). The result is an estimated value of ‘?Z;> 0.45

'
extrapolation of the 4’E£5“ vs 1 plot to infinite field strength

whcih is in close agreement with Narasimhan, who used similar

ecuipment and the same method of evaluation.
The temperature dependence of methylene chlorine between 77K

and its melting point has been recorded (Fig. 4 - graph and

table) and is discussed below,
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Fig. 4 (contd.) Temperature dependence 350y n.q.r. CH,Cl,

Frequency (MHz) Temperature (°K)
25.952 18,7
35,922 81,2
35.848 94.5
35.771 103,.7
35.712 ' 114,0
35.575 124.1
35.486 135.8
35.380 144,0
35.275 149.6
35.158 157.5
35,029 164,3
35,026 166.2
34,979 168,0
34.850 175.8
34.7T75 180,.0
34,750 183,0
34,640 183,9
34,642 185.8

54.400 187.2



Discussion

The existence of threefold (or greater) symmetry about a bond

axis prevents asymmetry in that bond. Although possible in
CH2012, asymmetry can be expected to be slight. The disturbznce
in the axial symmetry of the C-Cl bond in organic chlorides

mzy be caused by intrapolecular and/or intermolecular interactions.
The involvement of such effects can be probed by rulse n.q.r.
techniques measuring such parameters as spin-lattice relaxation
times-(’l‘)° Gutowsky and McCail followed the temperature
dependence of the 35Cl quadrupole resonances of methylene chloride
and chloroform. They observed no discontinuities up to the
melting points of the compounds and concluded that, in addition

to the absence of phase changes, no significant re-orientation
modes (with a frequency » 10t sec_1) are present prior to melting
(5). However, a similar study on methylene chloride reported
that, upon warming a sample from 85K, three phases are indicated
by two discontinuities in the frequency-temperature plot (6). A
further study by Minott and Ragle (7) found only one phase between
T7K and the melting point. The author is in agreement with

the reports of one phase only. Fig. 4 shows the temperature
dependence of CHQCIZ. Minott and Ragle also confirmed the
finding of Woessner and Gﬁtowsky (8) that the 35Cl spin-lattice
relaxation times are highly temperature dependent for the 25K

degrees below melting point.

Differences in behaviour between members of the chlorocmethanes
were noted by Gutowsky and McCall. The 35Cl quadrupole

resonances of CH2C12 and CHCl5 did not fade out at temperatures

below the‘melting point, whereas those of CCl, did. This, they

4
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proposed, was evidence of reorientation motions at the’ transition
or phase changze of CCl4° Minott and leagle, investigating the
deuteron coupling and chlorine relaxation in frozen methylene
cnloride and methylene chloride-=d29 found strong evidence for the
activation of a slow rotationzl motion in the 25K degrees below
their freezing points. CH2012 and CD2012 were found to be
indistinguishable in their Tl behaviour. There is no phase

change associated with tne rotétion which they suggest is about
the molecular twofold axis. The possible cause of this rotation
is tuat greater freedom is alioWed due to either thermal expansion
of the lattice or increasing lattice defects (7). The fact

that the behaviour of CH2Cl2 and CD Cl2 were found to be so

2
similar does suggest that the influence of hydrosen-bonding is
unlikely. The very close similarity of their 3501 N.Q.Tr.

frequencies supports this theory (Table 1).

Extension of the work by Dinesh and Narasimhan to determine EL
in all the chloromethanes and their deuterated analogues has
unfortunatel y not been possible., The method of Morino and Toyama
was tq have been used, Due to the insensitivity of the "AEI"
spectrometer above 33 MHz, only the Decca s.r.o. spectrometer
could be used. As in the cases of thionyl chloride and tetra-
chlorophenylphosphorane, a&justments to tﬁe lineshape output
were.made in order to achieve the best possible zero-field
lineshape, The zero-field lineshape for CH2C12 is given in

Fig. 1. That obtained for CD2012 is given in Fig. 5, The "ringing"
characteristic to low frequency of the n.q.r. line of CD2012

may be due to coupling of the quadruvoles on the chlorine nuclei
with those of the deuterium nuclei. It was, however, observed

for all the chloromethanes and deutero-chloromethanes except
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CHQCIZO KNeither adjustment of the C.5.0. >:md frequency modulation
of the Decca spectrometer nor anneszling of the sample would

remove the unusual distortion of the linsshape, An attempt was
made to apply the Morino and Toyama method to such lineshapes
under the influence of small marmetic fields. However, these
attempts to generate g measurements resulted in plots of /2_-3,4
VS% with negative gradients (with respect to E)., The constantly
rising S values are not related to Z,OH% but probably
originate in line-broadening ‘py the magnetic field. Such a

plot (for CEBCI) is shown in Fig. 6 and sample spectra in Figs.
7a) = c). Any extension of values of 6%’ in CHnC]‘A,—n and their
deuterated analogues was therefore not possible. In the absence
of such information, it is not possibie to identify the causes

of high asymmetry parameters in methylene chloride and

chloroform. It may be suggested that hydrogen-bonding is unlikely
and that intramolécula.r effects are too weak to generate large
agymnetry. The unit cell of methlene chloride appears to

contain four molecules (I0) but no crystallographic determination
appears to have been made, Perhaps close approaches in the
lattice influence the e.f.g. zx render the present polycrystalline

determination of % inappropriate.
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Zeeman n.”.r. dota on CH}Cl 2t TIK,

Fir, 6 (cont,)

current (amp)

Coil

!
"2,.3 |

2.4

205

2.6

2,7

2.8

2,82

3.3

3.5

4.0 !

4.5

l=1
I H

0435
<417

.400

- 385

370

357
0355

+333

0303
° 286
2250

0222

"
29

i
|
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. 140

! 149
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0246
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2230
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