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SUMMARY

The investigations described in this thesis concern the molecular
interactions between polar solute molecules and various aromatic com—
pounds in solution. Three different physical methods were employed.
Nuclear magnetic resonance (n.m.r.) spectroscopy was used to determine
the nature and strength of the interdctions and the geometry of the
transient complexes formed. Cryoscopic studies were used to proviae
information on the stoichiometry of the complexes. Dielectric con-
stant studies were conducted in an attempt to confirm and supplement
the spectroscopic invéstigations. The systems studied were those
between nitromethane, chloroférm, acetonitrile (solutes) and various

methyl substituted benzenes.

In the n.m.r. work the dependence of the solute chemical shift upon
the compositions of the solutions weas determined. From this the
equilibrium quotients (K) for the formation of each complex and the
shift induced in thé solute proton by the aromatic in the complex
were evaluated. The thérmodynamic pérameters for the interactions

were obtained from the determination of K at several temperatures.

The stoichiometries of the complexes obtained from cryoscopic studies
were found to agree with those deauced from spectroscopic investiga-
tions. For most systems it is suggested that only one type of complex,
of 1:1 stiochiometry, predominates except that for the acetonitrile-

benzene system a 1:2 complex is formed.

3

'Two sets of dielectric studies were conducted, the first to show that
the nature of the interaction is dipole-induced dipole and the second

to calculate K. The equilibrium quotients obtained from spectroscopic



ii

and dielectric Studies are compared. Time-averaged geometries of the
complexes are proposed. The orientation of solute,with respect to the
éromatic for the 1:1 complexes, appears to be the one in which the
solute lies symmetrically about the aroﬁatic six-fold axis whereas

fof the 1:2 complex, a sandwich structure is proposed. It is suggested
that the complexes are formed through a dipole-induced dipole interac-

tion and steric factors play some part in the complex formation.
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CHAPTER 1

GENERAL CONSIDERATIONS OF MOLECULAR

COMPLEXES FORMED IN SOLUTION




1.2 INTRODUCTION TO THE STUDY OF MOLECULAR COMPLEXES

Many studies have been made of molecular complexes formed in solutionl.
The majority of methods employed to study these reactions regard the °

complexes as being formed in a fast reaction typified by
A+ B = A..... B (1.1)

In general the concentration of the various solute species (A and B) in
the solvent (S) is assumed to be sufficiently low for the systems to be
treated as dilute solutions, so that the activity coefficients of the
interacting species can be neglected. In most cases the purpose of the
investigations is to determine the position of equilibrium, i.e. the
equilibrium constant (quotient) K, which provides values of the free.
"energies and the corresponding enthalpy and entropy changes for complex
formations. Usually a single experimental technique is employed and the
information that can be obtained from such studies is limited.

The present series of ihvestigations employs the nuclear magnetic reso-
nance (n.m.r.) method to evaluate the K values and thermodynamic para-
meters for several systems of the type (1.1) studied, and also involves
the use of dipole moment and cryoscopic studies to throw light.on the
Sfructures, stoichiometries and nature of the interactions, thereby
achieving more information relating to the complexes. The present
chapter will be devoted to the properties of molecular interactions in
general, but particular reference will be given to the type of reactions

studied later and the methods employed in so doing.

1.3 CLASSIFICATION OF INTERACTIONS

The nature of attractive forces, holding molecules together in solution,



is electronic in origin. In practice intermolecular forces constitute
a series of interactions, which for historical and practical reasons
haé been divided into a spectrum of interaction types as follows.Fopr
polar molecules there are two types of electrostatic interaction :
(neglecting quadrupble and higher interactiops), namely dipole—dgpole
and dipole-induced dipole, whereas for neutral molecules the forces are
dispersive in nature. For some molecular interactions the transfer of
electrons is involved, and complexes are formed which arecalled charge-
transfer complexes. The associationé which depend on the acidic or
basic characteristics of the molecules are termed hydrogen-bonded

interactions. These interactions will now be considered in greater

detail.

1.3.a DIPOLE-DIPOLE INTERACTION

The molecules, taking part in this type of interaction, possess an over-
all electrical dissymmetry, in other words electric dipole moments.Even
though a molecule may be electrically neutral the electrons in it , on

" . average, spend more of their timearound one nucleus than others,
leading to positive and negative characteristics within the molecule,

i.e. electrical dissymmetry.

When molecules possess a permanent dipole moment, the oppositely charged
ends of molecules can be attracted to each other and the portions with
like charge repelled. The resulting force between molecules, either
attractive or repulsive, depends on the mutual orientation of molecules
and if all the arrangements are gqually probable the repulsion will
cancel the attraction and no association will occur. In general,
molecules tend to orientate themselves in such a way that the attraction

between them is favoured. The extent of molecular association due to



this type of interaction is reduced by thermal agitation and therefore
a high degree of association exists only at low temperatures. The .

‘average energy of a dipole-dipole interaction is given2 by

2
E = - — IJ' i
3 — (1.2)
r kT

where p is the dipole moment, r the distance between the centres of

the dipoles, k the Boltzmann's constant and T the absolute temperature.

1.3.b DIPOLE—INDUCED DIPQLE INTERACTION

This interaction may be termed an induction interaction. It is due to
the polarisation of one molecule by theAdipole of a second molecule, or
by the total electric field due to surrounding polar molecules. The
induced polarisation has the effect of increasing the dipole
moment of‘tﬁe subject molecule and so increases the energy of attraction

with other polar molecules. The induction energy is given2 as
E = -2 p20 /r6 (1.3)

where a is the polarisability of the polarised molecule and g the dipole
moment of the polar molecule. In the case of dipolar molecules each
polarises another to give a reciprocal effect. However, this fype of
interaction also occurs when a polar molecule with a permanent dipole
moment approaches another molecule which is nonpolar. The former mole-
cule will induce a temporary dipole in the latter in such a way fhat the
interaction can occur. It is complexes, the formation of which is governed

primarily by this mechanism, which are the subject of the studies reported

in this thesis.

/

1.3.c VAN DER WAALS (DISPERSION) INTERACTION



For a neutral molecule, even one with a spherically-symmetrical charge
distribution, there will be no permanent dipole moment and therefore

no permanent inductive contributions to intermolecular forces. However, -
such a molecule may possess an instantaneous dipole moment, according
to the positions of electrons and nuclei within the molecule3 even
though the average moment, taken over a period of time, is zero. These
dipoles interact with each other in the.same way'as permanent dipoles.
The instantaneous dipoles will set up a field which polarises the
neighbouring molecules or atoms and the induced moments tend to keep in
phase with the oscillation of the original dipoles. These interactions
lead to an attractive energy which is independent of the presence of a
permanent dipole. The dispersionAenergy between two molecules A and B

. 2
can be given as

3 Ialp 229
E = . (I +I ) d 6 (l-’-l»)
2 Lip™p r

where I is the ionisatioﬁ potential‘and a the average polarisability.
It will be seen from (1.3) and (l.&) thét the induction energy is
proportional to the polarisability of the polarised molecule whereas the
dispersion energy varies as the product of the poiarisabilities of the

two interacting molecules.
1.3.d CHARGE-TRANSFER INTERACTION

The interaction of this type involves weak interactions between én elec-
tyon donor and an electron acceptor, including those in which a "covalent"
bond is formed. An electron donor is a molecule which has weakly bound
electrons and a low ionisation potential whereas an electron acceptor

has a low lying vacant orbital and a high electron affinity. The inter-

action occurs when the two molecules come close together in such a way



-
that their electron clouds overlap and this, s . followed by the transfer
of electrons. The enthalpy of formation is usually small, but the rates
of formation and decomposition into the components are so high that
the interaction, in the time period of normal observation technigues,
appears to be instantaneous. Mullikenu has divided the donor and accep-
tor species into various groups, depending on the orbitals from which the
transferred electrons come. In some cases a single species may behave

both as a donor and as an acceptor5 in the formation of complexes.
1.3.e HYDROGEN BOND INTERACTION

The interaction generally occurs for molecules which have hydrogen

attached to electronegative atoms such as fluorine, oxygen or nitrogen,

and originates from the bonding of hydrogen to an electronegative atom.
Thus in general one component acts as an acidic or proton-donating group
and the other behaves as a basic or proton-accepting group. The actual
strength of a hydrogen bond depenas upon the geometry of the molecular
combination, the nature of neighbouring atoms and the acid-base character
of the molecules. Steric effects also play an important part in the
interaction since the active portions of the molecules may not be able to
approach each'other so closely, and the energy of association between the
solute and solvent will be reduced. AHydrogen bonding may depend on whether
the relevant molecule is in solution or not as this affects the position

of the equilibrium govering the bonding. The extent of intermolecular
hydrogen bonding is governed by the éoncentration in solution. This
behaviour is closely related to the solubility of the solute. Any compounds
possessing an intermolecular hydrogen-bonded structure will retaiﬂ the
structure only in aprotic solvents such as carbon tetrachloride and the
solubility may be less than that of similar compounds, lacking the struc-
ture. However, in polar solvents, which can take part in hydrogen bond

formation among themsélves, the bond may be destroyed in favour of a



hydrogen-bonded structure forming between the solute and solvent, re-

sulting in an increase in solubility. In the case of intramolecular

hydrogén bonding the effects of solvents on this are usually extremely

small.

The discussion so far has been devoted to the origin and formation of

molecular complexes. The methods of studying them will now be discussed

in more detail.

1.4 GENERAL METHODS EMPLOYED IN THE STUDIES OF THE INTERACTIONS

1.4.a INTRODUCTION

Several methods are employed in the studies of molecular interactions in
solutions, and the parameter required in most investigations is the equili-
brium constant K. Although the interactions may give rise to more than

one species of complex in solutions, most methods of evaluating K have
been based, at least initially, on the assumption that a single complex
species with a definite stoichiomefry is formed. If a complex species

of 1:1 stoichiometry e#ists in an equilibrium between two molecules of

different species (A and B), which can be represented by

A + B =—= Aiceens .B 4 (1.1)

then the equilibrium constant for the system is given as

5w
(2] [B] Yy VB

where[}g] R [A] s [B] are the equilibrium concentrations of AB, A, B

K = (1.5)

respectively and can be defined in terms of molarities, mole fractions

or molalities; Y refers to the relevant activity coefficients.

When the activity coefficients of all species are neglected (assumed all



equal to unity), (1.5) can be written as

K = [AB] / [A][B] (1.6)

and K is normally referred to as the equilibrium quotient.

The present section is devoted to brief discussions of various methods
which are generally applicable to the studies of molecular interactions

and capable of yielding values for K.

l.4.b OPTICAL METHODS

Electronic spectroscopy has been widely used in the study of molecular
inte?actions, especially those reéulting in charge-transfer complexes.
In general the solutions which cantain both the dpnor (B) and acceptor
(A) species show not only the bands corresponding to the absorptions of
B and A, but also new bands arising from the intermolecular charge-
transfer transitions of the complex as a whole; The intensity of

these bands have been used to measure the concéntrations of complexes

in solutions.

The interacting species (A and B) normally show bands at well defined
frequencies. The determinations of K are then usually based upon inten-
sity measurements of these bands and also.on that due to the compleﬁ AB.
Assumptions have to be made that the concentrations of A and B are
proportional to absorptions at their own frequencies, and that the com=

plex species formed will not produce an absorption band at those fre-

quencies.

1.4.c HEAT OF MIXING STUDIES
This method has been widely applied to the study of hydrogen-bonded

complexes. The existence of complexes in solutlons can be confirmed from



the observation that large heats of mixing are evolved when the solu-
tions are prepared. The heat produced can be related linearly with
'K.(determined from another mehod) for the systems. In general, this
method is employed in conjunction with optical studies to obtain full
understanding of the system under consideration. Moreover, it proves to
be useful in the determination of the stoichiometry of the reaction.
The plots of heats of mixing per mole of solution against solution
compositions provide the reaction stoichiometry, in particular for

the case of complexes with 1:1 stoichiometry, whereby these plots show
a symmetrical structure with a maximum at a point where the ratio be-

. . . . . 7
tween concentrations of interacting species is 1:1

1.4.d4 PARTITION METHODS

The equilibrium properties of interacting species can be determined by
studying the change in partition‘of one component of a complex between

two immiscible liquids when the initially ebsent second component, soluble
in only one of the two phases, is added to the system. Any interaction
between solute and solvent-will bring about an increase in the distrif
bution ratio between the two phases. The method has been applied in

8, in which water

the study of interaction between acetone and benzene
was employed as the first phase and cyclohexane as the second phase.
Although this approach was only developed by other workers in this
laboratory during the period in which the work described herein was
being conductéd, it is interesting to comment on one significant finding
of the partition work. If the concentration of solute (acetone)'was kept
constant, but that of benzene varied, it was found that K decreases as

the concentration of the latter increases, which shows that K depends

upon the initial concentrations of the reacting species.
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One of the advantages of employing the partition method in the study
of molecular interactionsis that it allows a quantitative analysis of
. the reaction in so much that the concentration of transiently formed

complexes can be determined directly.

l1.4.e OTHER METHODS

These include, for example,n.m.r., cryoscopy and dielectric constant
studies. Since these methods are employed in the present work, they

will be discussed in detail in the next chapter.

From previous studies of molecular interactions in solution by the
various methods mentioned above it is possible to summarise the general
characteristics of intermolecular complexes. These characteristics
will prove to be useful in the interpretation of results obtained

from the three techniques used in the current investigations. Tﬁey

will now be discussed in greater detail.

1.5 GENERAL CHARACTERISTICS OF MOLECULAR COMPLEXES

1.5.a INTRODUCTION

Molecular complexes do possess some characteristics of their own which
depend on the nature of the interacting species, the sizes, physical
properties, structures and environment of molecules taking part in the
interactions. In some cases it is possible to predict some character-
istics of the complexes whereaé in others tpis is difficult even in
simple terms. Since the interaction (usually dipole-induced dipole)

resulting in complex formation is weak and occurs in a fast reaction,

i.e. the breakdown and formation of complexes are occuwing rapidly,



the distribution of complexes is averaged and so are their characteristics
so far as the techniques used for their study are concerned. This sec-
'tion will be restricted to a general discussion of interactions between
solutes and aromatic molecules, acting as solvents, since these systems

are of interest in the present work.
1.5.b THE NATURE OF MOLECULAR COMPLEX *

The W - electron system in aromatic molecules represents a relatively
exposed region of electronic charge directed normal to the molecular
plane. When a solute species interacts with an aromatic molecule,the
intgraction will be primarily th£ough the m-electrons, and the inter—
acting molecules in complex tend to have a preferred set of mutual
orientations. The types of complex formed may arise from several types
of interaction. For example a polar solute,having a large dipole.moment,
tends to induce a dipole within an aromatic mélecule and gives rise to

a dipole-induced dipole complex, such as in the case of vinyl compoundsg.
Alternatively, an aromatic molecule may act as an electron donor in the
formation of a charge-tranéfer complex. In this case electrons will be
transferred to the solute molecule possessing an electron-deficient
region, for example p-nitroﬁenzaldehydelo. The site of association is
then governed by the electron distribution in the solute molecule. Polar
substituents on the aromatic molecule will affect the stability of the
complex of this type. The substituents with electron-releasing prop-
erty, such as methyl groups, provide an increasing tendency for the
aromatic molecule to donate electrons,.thereby increasing the stability
of the complex. E;ectron~withdrawing substituents such as the nitro-

groups reduce the donating property of aromatic molecule, leading to a

reduction in complex stability.
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The present investigations involve interactions between polar solutes
with large dipole moments and various non-polar aromatic molecules. It
.is expected that the complexes formed will arise from dipole-induced
dipole interactions as described above, and further evidence in later

chapters will clarify this for the systems under study.

1.5.c STRENGTH OF THE COMPLEX

Generally the strenéth of a complex is measured either in terms of the
standard heat ( AH®) or free energy (.AGO) of formation. When the
activity coefficients of the interacting species are taken to be unity,
or self cancelling, the Gibbs standard free energy change for such a

reaction is related to K at temperature T by

AG = - RT In K (1.8)
where R is the gas constant.
(1.8) assumes negligible pressure dependence in the condensed phase.
If K in (1.8) is expressed in mole fractions,lAGO then represents the

free energy change when one mole of each of the reacting species com-

bine to produce one mole of complex.

The temperature dependence of AG® is given by the Gibbs-Helmholtz

equation in the form of

L ac/T)) - AH (1.9)

[>(1/T) ]

Combination of (1.8) and (1.9) gives
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® 1nk - AH

> (1/T) i R (1.10)

Therefore a plot of 1ln K against 1/T should give a slope of - AH /R
at any temperature. A linear plotll indicates the constancy of AH
with temperature which, in turn, demonstrates the presence of a
single complex. It has been found from experimental results thatlQ’13

o . . -
AH~ for the interactions are of the order of a few KJ mol l, showing -

the weak nature of the complexes.

In the past AH® has been assumed to be a measure of the sfrength of
interaction between solute and aromatic molecules. Jacksonll+ has |
critically examined the possibility that AGO, rather than AHO, should
be used for this -purpose. It was also found from experimental work

chatl5:18

the interaction energies of complexes vary with temperature
(since the interaction distance is temperature dependent), so their

strengths should be compared directly with AG® and not with AH® which

is invariant.
1.5.d STOICHIOMETRY OF THE COMPLEX

It is often assumed initially that the stoichiometry of the cemplex
formed between solutes and aromatic molecules is 1:1 and this is found
to be true in mary cases. However, this is just an assumption and may
be wrong in some cases. Generally the stoichiometry of a complex can
be confirmed cryoscopically whereby solutions of various concent?ations

of a solute 1in an aromatic solvent are cooled down and their freezing

points obtained. Any complex formation will be shown by the presence

of one maximum (or more) on a plot of concentrations against freezing

points, and the position of the maximum will be the same as the
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stoichiometry of the complex. Using this technique the interactions of
acetonitrile and various aromatic molecules have been studied and the
'pfesence ofacomplex of 1:2 stoichiometry was observedl7. Similar
studies have been made on chloroform with various m -donors including
aromatic and olefinic solventslS, and the results have been interpreted
in terms .of 1:1 complex formation through weak hydrogen bonds in most
cases. However, in the latter case, some corrections have to be made

for the self-association of liquid chloroform.

The presence of more than one complex species in a system can sometimes
occur. When this situation arises the calculation of K for each complex
speqies becomes more complicatedig. The system in which small amounts
of : 1:2 complex' are present together with the - 1:1 complex.
has been studiedQO, and K for each complex formation computed. Generally
in this case, each complex will have a different value of AH®. It then
follows that the plot of 1n K, calculated on'fhe basis of 1:1 stoichio-
metry, versus 1/T, as described in section 1.5.3, should not be linear
since temperature will affect the different values of K to different
extents. This appreach prbvides a valuable aid in deciding the stoi-
chiometry of the complexes. The most commonly occunming complexes, in
solutions, arebimokCuhr.Complexes of stoichicmetries higher than 1:2

are rarely found, which may be due to factors such as steric effects,

sizes of interacting molecules and the nature of interactions.

1.5.e. GEOMETRY OF THE COMPLEX

ic molecules, are
Molecular complexes, formed between solutes and aromat 1 s

generally found to do sO with reasonably well defined configurations.

In those complexes involving aromatic compounds the six-fold symmetry

axis of the aromatic can be taken as a reference axis, and the arrangement
E T




of polar solute molecules characterised by the relation of their
dipolar axes relative to this. The geometry of the dipole(aromatic )
induced dipole complexes which are expected to exist in systems under

the present investigations can be classified into two main groups as

follows:

(a) The solute molecule may lie clogfe to the aromatic ring, with its
dipolar axis parallel to the plane of the ring, i.e. at
right angles to the aromatic six-fold axis, giving rise to a planar
configuration of the complele’g. It was suggested that, if the
solute contains electrical dissymmetry within itself, its positively
charged end will be close to tﬁe ring whereas the other end moves

away from the centre of the ring.

(b) Solute molecule may arrange itself such that its dipolar axis is

coincident (or near) with the six-fold symmetry axislg’QQ. However,

Homer and C_ooke16 have shown theoretically that (b) should be favoured

normally.

A method has been employed to study the geometry of some complexes by

making use of the screening induced in nuclei of the solute, by aromatic

. . 23,24
molecules, at various points surrounding the aromatic molecule =

The co-ordinates of any point relative to the aromatic ring are defined
by reference to two axes, one of which is in the plane of the ring and

the other along the six-fold symmetry axis. It is then possible to fix

the positions of the solute relative to the ring and thus the geometry

of complex. The method has been applied to the interactions between

polar solutes and aromatic molecules from which it is found that the

resultant dipole direction of solutes lies along the aromatic six-fold
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axls. In some cases when the solute molecules are symmetrical, they

"wobble'" about the six-fold axis.
1.5.f STERIC EFFECTS ON COMPLEX FORMATION

The effect of steric hindrance can play some part in the formation of
complexes. Solutes containing side-chain branching groups or, for
aromatic solutes, groups in ortho position to active protons, will
prevent aromatic solvent molecules from approaching the influenced
protons of the solutes. The K values of these complexes will be

smaller when compared with similar systems without steric hindrancel.

Alkyl substitutions on benzene can exhibit steric effect upon complex
formations in two wayszs; they can increase K value of a system by trap-
ping as well as reduce it by blocking the approach of solute molecule

towards the aromatic solvent molecule.

The present investigétions involve studies on interactions between
polar solutes, such as acetonitrile and nitromethane, and various
methyl-substituted benzenes by employing measurements of the n.m.r.
chemical shifts, dielectric constants and freezing points. The n.m.r.
and dielectric studies will be focussed on dilute solutions of solutes
in aromatic solvents, from which it is expected that information on
the nature, strength, geometry of complexes will be obtained, whereas
cryoscopic studies will give information on the stoichiometry of com-

plexes. The next chapter will be devoted to the discussion on various

experimental methods employed in the present work .




"CHAPTER 2

GENERAL AND THEORETICAL'ASPECTS OF VARIOUS EXPERIMENTAL

METHODS EMPLOYED IN THE INVESTIGATIONS
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INTRODUCTION

The methods employed in the present investigations are nuclear magnetic
resonance (n.m.r.) spectroscopy, dipole moment and cryoscopic studies.

It is expected that n.m.r. studies will provide information on the nature,
stereochemistry, stoichiometry and strength of the interactions.l It is
also hoped that the other two approaches will selectively elucidate some
of these points for the complexes formed. Taken together these studies
should allow the characteristics of the complexes under investigations to
be elucidated more precisely than possible by using only one technique as .
is done normally. It is necessary, before going any further, to discuss
in detail the general theories and principles of each particular method
employed. The present chapter fulfils this purpose and, for a matter of
convenient discussion, is classified into three separate sections. Section
A deals with the general principles of n.m.r. spectroscopy whereas section

B and C with those of dipole moment and cryoscopic studies respectively.

SECTION A

N.M.R. SPECTROSCCPY _ .

2.A.1 INTRODUCTION

Some atomic nuclei possess magnetic moments in addition to possessing
electric charges. The magnetic characteristics were first inferred from
a study of the hyperfine structure occuwing in atomic spectra detected
using optical spectrographs26. Pauli27 suggested from the presence of
this structure that certain nuclei possess angular momentum and thus a

magnetic moment which interacts with the electrons in the atomic orbitals.
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If an external magnetic field is applied to a system containing nuclei of
th?s type, the nuclear magnets experience torques so that only certain
6rientations, each with different energy, relative to the applied field
direction are allowed. It is then possible, by subjecting the system to
radiation, having a magnetic field component oscillating at a sultable
frequency ‘and appropriate energy, to observe transitions occuming be-
tween the nuclear energy levels associatéd with these orientationms.

The nuclei, absorbing energy from the magnetic field, give rise to what

are called n.m.r. spectra.

The first successful applicatian Qf n.m.r. techniques was performed by
Ramseyzs, developing the method of Stern and Gerlachzg, in connection
with the molecular-beam experiments. In this method a molecular beam
was passed through two oppositely inclined magnetic fields of similar
gradients. The molecules were thus diffused and brought to focus on a
detector by the fields. A uniform magnetic field and a coil energised
by a radiofrequency (r.f.) signal,‘being placed in such a way that the
oscillating magnetic component of the r.f. signal was at right angles
to the main field, was positioned between the first two fields. When-
ever the frequency of the ospillating field was equal to that required
to induce transitions between nuclear energy levels, a reduction in the
density of the molecules reaching the detector was observed. The first

30 .
actual n.m.r. spectra were observed by Bloch et al = in water and by

31 . .
Purcell et al 1 in paraffin wax.

To develop n.m.r. theory, it is convenient first to

consider the properties of an isolated nucleus, then move on to an

assembly of nuclei and finally nuclei in molecules.
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2.A.2 AN TISOLATED NUCLEUS IN A MAGNETIC FIELD

A nucleus may be considered to behave as a spinning spherical (or ellip-
soidal) body so possessing an angular momentum. Nuclear angular momentum
is quantised and a nucleus has (2I + 1) distinct energy states, where

I is the spin quantum number. The corresponding components of angular
momentum, along any particular directioﬁ, have values I, (I - 1),

(-I + 1), -I in terms of h units, where h is the reduced Planck's con-
stant ( = h/2m ). The magnitude of the angular momentum for a sysfem

with spin I is given by

n JIET D

The spinning charged nucleus gives rise to a magnetic field, the axis of
which is coincident with the axis of spin. Thus, the magnetic moment and -
angular momentum behave as parallel vectors (Fig. 2.1) that can be related

by 33.

TF=YTn (2.1)

where p is the magnetic moment and Y is a characteristic property of

a particle, knowﬁ as the magnetogyric ratio .. If 1 = 0, then p = 0, and
no magnetic moments are observed, but if I is non-zero, p will have a
finite value and is parallel to Ih. Since the values of I h are
quentised, this restriction will affect p which thus can possess only
discrete components, each of which has specific orientation relative to

the reference axis. This axis is taken as the direction of the applied

magnetic field B_ (- sdirection). In the case of a particular orientation
: o

of p to the B_ direction, represented by an angle 6 (Fig 2.1), the energy

of the nucleus will be
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E = E -E (2.2)
where Eo is the energy in the absence of a field and
E = HzBo (2.3)

where 'ﬁz is the component of p in the z directionm.

The change in energy due to the imposition of Bo is thus

E

2 - Hcose BO (2.4)

and this is governed by the allowed values of I which are described by

the nuclear magnetic quantum number (m). m can have the values

m = I,I-1,... , -I+1,-1I (2.5)
Therefore c¢os8® = m/I and
b, = ome /I " ‘ (2.8)
Thus
= - ’ 2.7)
EZ mpBo/I (

In the absence of Bo’ the different energy levels are degenerate, but

when B is present they will separate in a similar manner to the Zeeman
o _

splitting of electronic levels. The»energies of the allowed }evels are -

given as

- | (I-1)
- pB_, - Sl_il i Bo,. . e, pB , pB
o I I

In order to obtain the n.m.r. spectra one has to induce transitions of
nuclei between the various energy levels to provide the necessary absorp-

' . 3
tion or emission of energy. However, the selection rule

Am = +1

th iti itd ‘occur between
governs the nuclear transitions, so the transitions can only

successive energy levels.
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Consequently the energy difference between two adjacent levels is
AE = ;xBO/I (2.8)

For the case when I = 1, as for a proton, the splitting can be represented
as
AE = pB /T = 2 pB (2.9)

or illustrated as

m=-3, E = +|JBO

Zero field ~

B field
o

From the Bohr frequency condition AE = hv , the frequency of the radia-

tion required to induce a tramsition is given by

v = AE/h = pB_/Ih (2.10)
Equation (2.10) may be expressed alternatively in terms of Y by

v = YBO/Qn (2.11)

Sinée a particular nuclear species has constant values of pand I,v
depends directly on BO g0, unlike most other spectroscopic techniques,
the magnetic resonance spectrum can occur under a variety of conditlons.

For example, for a proton two typical conditions where resonance occurs

are

1.4092 tesla 4 v 60.004 MHz

[s=}
1

2.3480 tesla 5 v 100.000 MHz

o
1

2.A.3 CLASSICAL TREATMENT OF NUCLEAR RESONANCE CONDITION

If a spinning charged particle or nucleus is placed in a magnetic field
B with its magnetic moment making an angle @ to the direction of this
)

field, it will experienée a torque 7 tending to constrain it parallel to
! > ,
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the field. Newton's law states that the rate of change of angular momen-

tum p with time is equal to the torque, or

dp/dt = L (2.12)
Because magnetic theory requires that35
L= pBO (2.13)
It is evident that
ad = 1 = D
p/dt B YDB (2.14)

Equation (2.14) describes the precession of the nuclear magnet = about

B, with an angular velocity W defined by

dp/dt = 3“’0 (2.15)
Hence
h% = YBo (2.16)

(2.16) is called the Larmor equation which can be written in terms of the

precession frequency v, as
v = YB/2m (2.17)
o o

If a small rotating ﬁagnetic field Bl is applied at right angles to the
main static field BO in order to change the orientation and thus the
magnetic energy of the nucleus (Fig 2.2), B, must rotate in synchronisation

with the precession of pabout B_, i.e. the rotation of B, must be in

resonance with the Larmor precession about Bo' Whenever this condition is

fulfilled, B. will always have the same disposition to p throughout the

1
rotation and the angle ¢ will eventually change. If the frequency of ro-

tation of Bl is swept through the Larmor frequency, the effect will be

greatest at the Larmor frequency and will show up as resonance phenonenon.

In practice the effect can be observed by applying a linearly oscillating

field since such a field can be regarded as a superimposition of two fields
component

rotating in opposite directions. One field'will be rotating in the oppo-~

site sense to the nucleus and will have little effect on it, whereas the

other component is used to perturb the precessional motion and induce




Fig. 2.1 THE RELATIONSHIP BETWEEN THE MAGNETIC MOMENT m AND

THE SPIN ANGULAR MOMENTUM I

Fig. 2.2  VECTORIAL REPRESENTATION OF THE CLASSICAL LARMOR

PRECESSION




23

energy changes when its frequency corresponds to the Larmor frequency.

2.A.4 THE POPULATION OF SPIN STATES

When a nucleus is at the resonance condition, the transition probabili-
ties occuming by absorption or emission of energy are equal, thus the
overall effect will depend on the nucleapr distribution between the two
energy levels.. When there is thermal equilibrium throughout the assem-
bly, nuclei will distribute themselves among the spin states according
to a Boltzmann distribution. For N nuclei at equilibrium at temperature
T, the number of nuclei Ni’ in a particular level with energy Ei, is

given by36
NN = exp (-E;/KT)/ % exp (<E;/KT) | (2.18)

where k is the Boltzmann constant.

Since there are 2I + 1 levels separated by an energy of PBO/I for nuclei
with spin I, the probability of any given nucleﬁs occupying a particular’
level of magnetic quantum nuﬁber m is given by

1 myuB
( —_— )
2T + 1 €xp IKT

(2.19)

Under operating conditions at roem temperature, |1Bo/kT is small and (2.19)
will approximate to
mpB

1 (14— ) . (2.20)
oI + 1 IKT

For a nucleus with I = 3 the probabilities of it being in either the upper
or lower states are’
2
2

(1 - }1Bo/kT) and 3(1 + pB_/kT) (2.21)

respectively.

o
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The above equation shows that normally there is an excess of nuclei in
the lower energy state, so that when n.m.r. signals are observed a nett
éﬁsorption of energy is observed. If the number of nuclei present in the
upper and lower states are represented by NH and NL respectively, and the

probability of an emission or absorption is P, then at the resonance con-

dition the change is37

~N) = PN R (2.22)

P N
( L H '“excess

corresponding to the overall absorption of energy.

Nexcess’ fhe number of'excess nuclei in the lower state, decreases
and tends to zero during resonance, the n.m.r. signals can weaken and
eventually disappear with increasing intensity of tﬁe radiofrequency
field. This phenomenon, known as saturation, is discussed in more detail
in section 2.A.6.

v

2.A.5. RELAXATION PROCESSES

The tendency of the nett absorption of energy at tﬁe resonance condition,
is to reduce the excess population and, in doing so, reduce the extent of
further absorption. At the same time there are processes which tend to
restore the original energy level distribution, following the ébsorption
of radiofrequency energy, by removing excess energy from an excited spin
state. Tﬁese processes are referred to as relaxation processes of which

there are two principal types,namely spin-spin relaxation and spin-lattice

relaxation. These processes occur continually and are competitive with fhi
the latier

absorption process during resonance condition and, after resonance,/}estores

the system to the pre-resonance equilibrium.

2.A.5.a SPIN-LATTICE RELAXATION

The term iattice refers to the molecular system as a whole, which contains

£
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the nuclei being studied. All molecules in this system undergo tran-
slgtional, rotational and vibrational motionj thus any nuclear magnetic
ﬁoment which may be present will expérience a rapidly fluctuating mag-
netic field produced by neighbouring magnetic moments. Whenever the field
has a component at a frequency which is synchronous with the precessional
frequency of a neighbouring nucleus, this field is capable of inducing a
nuclear transition. Both emission and aﬁsorption transitions can then
proceed, but since the probability of the former is greater than the
latter, the nett effect is that energy is transferred from the spin‘system
to the surrounding lattice. The relation between the uﬁward and downward
transition probabilities él and P2 (for interaction of a nucleus with
other molecular degrees of freedom) is immediately obvious from simple

thermodynamics i.e.
P2 (upper —» lower) > P, (lower — upper)

The spin-lattice relaxation is responsible for'the initial distribution

of spin states when a nuclear systém isvplacedin a magnetic field; this
effect can be described as follows. When an assembly of nuclear spins

of I = 3 is placed in a steady magnetic field the instantaneous initial
population of the two spin states is equal and a finite ' time is required
for the populations of these states to reach their new equilibrium value.
If a system is considered in which there are Nl ana N2 as the number of
nuclei per unit volume in the lower and upper states respectively, then

at equilibrium (in the presence of a magnetic field)

- ! . 2.23)
NlPl I\2P2 (
where .
- - ' (2.2”’)
Nl N2 Nexcess

From (2.18)

..
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P1/P2 = 2 = exp (- pBO/IkT)
N
1
= exp (-2 pBo/kT) when I = 3 (2.25)
In other words
N2
W = 1-2 pBO/kT . (2.26)

Since an upward transition decreases and a downward transition increases

by 2, then the rate of change of N

N
excess excess

Cme;«.cess/&t = 2(N2P2 - N]_Pl) (2.27)

If P represents the mean transition probability , then.
P = (Pl + P2)/2 (2.28)
and from (2.25), one obtains

Py

"

P exp(- pB_/kT) , T (2.29)

and

o
H

P exp( pBO/kT) (2.30)

From (2.29) and (2.30), expanding the exponential functions and assuming

pBO/kT << 1 , it is evident that (2.27) reduces to

Jdt = -2P [N SRCAE N2)pBO/kT] (2.31)

excess excess

If Neq’ the equilibrium value of Nexcess’ is given by

excess excess eq

N = — (N +N) (2.32) :

ed KT

one obtains from (2.31)
Jdt = -2P(N -N ) (2.33)
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Integration of (2.33) gives

excess Neq = (N, - Neq) exp (-2Pt) (2.34)

Whére N, is the initial value of N (per unit volume). The spin-

excess

lattice relaxation time T, is given by33

1
_ 1
Ty T3 (2.35)
Therefore, from (2.34)
excess Neq = (No - Neq) exp (’t/Tl) (2.36)

Tl can thus be seen to be a measure of the rate at which the spin system

moves into thermal equilibrium with the other degrees of freedom.

2.A.5.b. SPIN-SPIN RELAXATION

Apart from interacting with the lattice, magnetic nuclei also interact
among themselves. Not only does the steédy magnetic field Bo act upon
each nuclear magnet but also the small local magnetic field, Bloc’ pro-
duced by other surrounding nuclear magnets confributes to give the total
field.. The neighhouring nuclear magnets precess about the direction of

B , and B then can be resolved into the oscillating (B, ) and static
o loc osc

(anti)
(Bstat) components. Bstat will be[parallel to the direction of Bo whereas
B . is at right.angles to;h Hence a nucleus j, producing an oscillating mag-
os _

netic  field with the Larmor frequency,may induce a transition in the other
nucleus k in a manner similar to that induced by an applied oscillating
field. Nucleus j provides the energy for the process and the interchange
of energy proceeds while the total energy of the pair ié conserved. A

time interval will be required for spin exchange since the nuclei, which

are precessing in phase at one instant of time, get out of phase in the

time T2, the spin-spin relaxation time.
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Only identical nuclei undergo spin exchange whereas unlike nuclei will

contribute to B .
o loc

The spin-spin relaxation time, T2, can be defined as the lifetime or phase

memory time of a nuclear spin state. It is also known as the transverse

relaxation time.
2.A.6 SATURATION

If the strength of the oscillating field; Bl’ is too high, the intensity
of the absorption spectrum decreases, owing to the reduction in the excess
population in the lower energy state, 1.e. the number of nuclel capable
of absorbing energy. The absorption will decrease until an equilibrium is
reached and saturation occurs since the rate of absorption is comparable
to, or greater than, the rate of relaxation between the energy states.

5 . ' . ' ) 3 :
Saturation is usually characterised by Zo’ the saturation factor 3, where

_ 2 L 2 -1 )
z, = (1 +Y° B, TT) (2.37)

As Bl incréase; the resonance lines get broader. The magnitudé of the
broadening increases linearly with Bl‘for low valuesof Bl’ but tends to a
constant value at-high values of Bl. Since the values of Tl and T, may
vary for different nuclei within one molecule, differing saturation effects

for different line838 in the same spectrum can be observed.

2.A.7 TFACTORS AFFECTING THE LINE SHAPES

An important characteristic of any resonance line is its width, which is
usually defined as the width at half height and expressed either in terms

of the applied field or freqﬁency. The widths will vary from being rather



29

small in liquids to large in solids., For single lines in: liquids the
] . 338,40 . . .
shape is found to be Lorentzian « The line width is normally governed

by several factors but is chiefly affected by Tl and T2. These factors

will now be considered.

2.A.7.a SPIN-LATTICE RELAXATION

The environment of a particular nucleus produces a fluctuating magnetic
field from which transitions of that nucleus are induced. This phenomenon
places some uncertainty on the lifetime of the nucleus in a particular

energy state which is of the order of 2T Since the uncertainty prin-

1
ciple requires that
AE. At = h/2m (2.38)
and .
AE = hAv (2.39)
It is evident that
Av = S (2.40) h
v 21 At
But
At = 2T (2.41)
1
and so
: )
= 2.42
Av {#"Tl ] (

i.e., small values of Tl will lead to line.broadening, because of the

spread in the values of v at which resonance may occur.

2.A.7.b SPIN-SPIN RELAXATION
This relaxation process produces an uncertainty in the lifetime of any
particular nuclear state in a similar manner to that of spin-lattice relaxa-

tion, i.e. a broadened absorption signal can be observed over a small

range of frequencies.
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2.A.7.c ELECTRIC QUADRUPOLE ETFTECTS

Nuclei with spin I>3 possess electric quadrupde moments due to their
aSyﬁmetric charge distribution. These nuclear quadrupdes will interact
with the electric field gradients produced across the nuclei by the en-
vironment of an atom possessing those nuclei. The interaction provides
another mechanism for spin-lattice relaxation and therefore leads to smaller
values of TlL+l which will increase the resonance line width. Tﬁe distri-
bution of field gradients in solids can also lead to the line broadening

and smaller value of T2.

2.A.7.d MAGNETIC DIPOLAR BROADENING

In some cases the interaction of mégnetic dipoles can produce a greater
broadening than the spin-lattice relaxation. This‘happens in solids and
highly viscous liquids since nuclei stay in fixed positions for a long time
whereas in normal liquids and gases the effect is negligible. The broaden- .

ing is induced by the static component (B ) of the local magnetic field

stat

(Bloc) (see section 2.A.5.b) which is given39 by

I 2, . 2.43
Bstat = r3 (3 cos“p 1) (2.43)

at a point distance r from the dipole and lying on a line inclined to the

dipolar axis at an angle® . In solids B can have any value. in the

loc
range + 2}1/r3 and resonance occurs over a_range of frequencies and the
lines are broadened. In liquids and gases because molecules undergo rapid
random motion 00329 averages to 1/3 and Bstat = 0. and the magnetic fields
average out. The molecular motions necessary to produce such averaging

are of shorter time than that required té observe a nuclear resonance signal,

and the effect of magnetic dipoles on line width is negligible in liquid

and gaseous samples.
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2.A.7.e MAGNETIC FIELD INHOMOGENEITY

The variation of the static magnetic field Bo over the dimensions of the
éaﬁple can cause line broadening due to resonance occuring not at a
particular field Strength, but over a range of field as different portions
of the sample experience the resonance condition at slightly different

: tiﬁes. This contribution to the line width can be partially overcome by

rapid spinning of the sample. :

2.A.8 THE CHEMICAL SHIIT

It has been assumed so far that the resonance frequency of a nucleus is
just a function of the applied r.f. field and the magnetogyric ratio of

42,43 44 that

the nucleus. However, it was discovered at an early stage
the resonance frequency is also, to some extent, dependent upon the

chemical environment of the nucleus. The phenomenon was a general one

for all magnetic nuclei and was called "the chemical shift". It is

observed whenever two or more nuclei of the same isotopic species are in i
different environments énd a separate resonance is observed for each

distinct group with an intensity proportional to the number of nuclel in

the group.

The chemical shift is directly proportional to the applied field strength.
I+ arises from small intramolecular and intermolecular contributions to
the field applied to a particular nucleus. These contribution;have their
origin in the various circulations of electrons in the molecule, together
with effects associated either with individual atoms or with the whole
medium. These effects will alter the strength of the local field produced
at the nucleus by a factoro, the shielding (screening) coefficient or

constant. If B is the applied field, then the actual field experienced
o

by the nucleus is given by
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Bl o By (1-0) (2.1414)

where o is dimensionless and commonly positive. The teduction of B will
o

reduce the Zeeman splittings and for the case of I=2 this can be shown as:

g 1 N
/ ~N

S I _
\ 2pB, _ 2PT°(I o)
\ —
\ 2
~ v P

3

Therefore the energy required for a transition between the energy states is
smaller and resonance occurs at a lower frequency. In other words ,if the
expefiment is performed by varying the field BO until resonance is obtained
at a fixed frequency,the applied field will have fo be of a value highér

than that for an unscreened nucleus.

If two nuclei of the same isotopic species in environments 1 and j have
shielding constants of . and cj respectively at the same value of Bo’ then

the chemical shift difference Bij is given as

5.. =0, -0, (2.45)
iJ 1 ]

Since it is not possible to measure the resonance position of a nucleus
stripped of all its electror§, absolute chemical shifts cannot be determined.
Thus reference compounds giving single sharp lines are generally chosen to
overcome the problem and the chemical shift of the nucleus is measured

relative to the reference compound in terms of a dimensionless number (&),

given for practical reasons by .

(B - B, )
5 = <R y10° p.p.m. (2.46)
Br

where B is the resonance field for the nucleus under observation and BR is
c

is that for the reference compound.

Because B is proportional to the frequency v , & can also be defined in

terms of frequencies as



33

6
-V
(vC R)xlo

6 = ‘ p.p.m. (2.47)
oscillator frequency

wbere Ve and VR are the frequencies corresponding to BC and Br' The most
commonly used reference for proton resonance is tetramethyléilane (T.M.S.)L:5
since its resonance is a clear sharp line occuring to high field of most
resonances of interest. In this situation the " 7-scale", which is defined
in such a Qay that, for infinite dilution in carbon tetrachloride, the
position of the T.M.S. line will be at th; 1 value of 10, is often used.

Thetvalues of other resonance lines are then expressed as

T = §+10 (2.u8)
Since the work reported in this thesis concerns the study of chemical shifts
it is necessary to discuss this parameter in more detail. This will be

done in the following sections.

2.A.9 ORIGINS OF THE CHEMICAL SHIFT

For large molecules, the shielding of nuclei can be divided into several
individual contributions, the sum of which will represent the total
screening of the nuclei. It was first proposedus that the screening of
a nucleus can be divided into three atomic contributions which are

1. The diamagnetic contribution for the atom

2. The paramagnetic contribution for the atom

.

3. The contribution for other atoms

However, this approach does not take into account the possible magnetic

effects of interatomic currents in which electrons move from one atom to

another.

The shielding of any nucleus A can be divided more usefully into two main
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terms, representing the intramolecular and intermolecular screenings, such
that

inter sol)

A A 9% (or o (2.19)

These two terms may be divided further into nine contributions represented
33,47

by
intra di :
A = CAAla + oAiara + X g MeB gy odet (2.50)
B#A AB
and
GSOl = 6 +0,+0 + o_+ O©
' T oW E b a c (2.51)

An effective difference in the magnitude of any of these terms for two
nuclei contributes to the chemical shift between them. However, for the

present work, where the chemical shift of a common sclute in various aro-

. . . . int
matic solvents is required, it may be assumed that o tF% of such a sol-

ute in those solvents are identical, and it is only necessary to consider

CSOI. Each of the terms in (2.50) and(2.51) will now be discussed in more

detail with the emphasis on those of oSOl.

dia

2.A.9.a DIAMAGNETIC TERM OAA

This term is proportional to the applied field and is produced at the
nucleus by the moment induced through rotation of the electroné about the
nucleus. When an atom with a spherically éymmetric electron distribution
is placed in a uniform magnetic field, the field will induce a motion of
the electrons about the nucleus such that a secondary magnetic field,
opposing the primary field at the nucleus, is produced (a diamagnetic
effect). The nucleus then experiences the effect of both the applied

and induced fields and the resultant field is therefore less than the
The magnitude of G, dia depends upon the electron density

applied field. AA

around the nucleus and hence upon the electronegativity of the groups

_attached to the nucleus.
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2.A.9.b PARAMAGNETIC TERM <1Apara

This term arises from the mixing, induced by the applied field Bo’ of ground

and excited electronic states of an atomug’ug. The screening arises

from local fields induced at the resonant nucleus. When these fields are
axially symmetric, with respect to.the applied field, there is no
paramagnetic screening, but if they are not axially symmetric there is a

. hindrance to the precession of electrons about the resonant nucleus, re-

. . ara
sulting in a © P o Para

\A screening.

should vanish for s electrons
since these are spherically symmetrical with no orbital angular momentum.

Evaluation of this term requires detailed knowledge of both ground and

excited state wave functions which are rarely availableso. Both ‘%Apara
and QAAdla will differ for different nuclei of the same type in the same

molecule owing to the uneven distribution of electron density, and also

depend on the orientation of the molecule relative to the magnetic field.

2.A.9.c INTERATOMIC SHIELDING qABmag

This term originates from induced currents in adjacent anisotropic electron
groups and may have diamagnetic or paramagnetic characteristicsus. When

a molecule is placed in a strong magnetic field, different magnetic moments
may be considered to be induced along the principal axes of the bonds, and
these induced dipoles produce secondéry fields at a nucleus (neighbour
anisotropy effect). The magnitude of CkBmag depends on the nature of the

atom: or group in which the secondary field originates and also on the

molecular geometry.

2.A.9.d4 DELOCALISED ELECTRON SHIELDING odel

This arises from electron circulation, induced by the static magnetic
field in fully conjugated m-orbitals such as in benzeneSl. When thé
magnetic field BO is ‘applied perpendicular to%tﬁegplane of the aromatic

ring, the delocalised m electrons give rise to a ring current. This ring
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current induces a secondary field at the centre of the ring which is in
oPposition to Bo’ but will reinforce BO at the positions of the aromatic
protons. The induced field at the aromatic protons is parallel to the
main field and thus these protons are deshielded by the ring current where-
as any, which may be on or near the six-fold axis of the ring, experience

the diamagnetic part of the induced field and will be shielded due to

this effect.

2.A.9.e INTERMOLECULAR SCREENING EFFECTS OSOl

These effects.are also called "Solvent effects" since they are contributed
either directly or indirectly by the solvent molecules. Generally solvent
molecules can affect the resonance positions of a solute nucleus by the

. . . . 52
same type of mechanisms as the previously discussed intramolecular effects

sol . . . .
o} can be resolved into a number of components according to various

types of origins”7 as given by (2.51)

o = o + O + O ¢ o+ o (2.51)

b E

bution produced by intermolecular electric fields created by permanent

where o, arises from the medium bulk susceptibility, ©_. is the contri-

or induced electric moments in the solute and solvent molecules, o, is

that due to van der Waals forces between scolute and solvent, o, arises

from the anisotropy in the molecular magnetic susceptibility of the sol-

vent molecule and o vrepresents the screening arising from specific inter~
c

actions between solute and solvent molecules.

Both the solute and reference molecules will be subjected to these terms

and, if they are affected differently, & correction has to be made to pro-
s >

vide a shift value devoid of these effects. The reference compound, when

being used externally, has to be contained in e smell capillary tube
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inserting inside the main sample tube or, if used internally, is mixed
with the sample directly. In the latter case some of the effects pefer—

red to above may be largely eliminated. These medium effects will now

be discussed more fully.

2.A.8.f VAN DER WAALS OR DISPERSION SCREENING o,

»

This effect stems from van der Waals or dispersion interaction forces
acting whenever any two molecules come together. When two molecules
approach each other the time varying electric dipoles in each produce
electric fields which will polarise one another, resulting in a modification

of the original electron distributionssa’su

and lead to a change in the
nuclear screening constants in these molecules. o, may have contribu-

tions from two effects which are the:

(a) interaction between the solute and solvent, in their equilibrium con-
figurations, causing a distortion of electronip environment of the nuclei
of the solute, leading to a paramagnetic shift. The shift should increase
as the‘charges on the solvent nuclei rise. This effect is expected to be

temperature independent.

(b) departures from the equilibrium solvent configurations which affect
the solute by leading to a time-dependent distortion of the electronic

structure. It also leads to a paramagnetic shift and is temperature

dependent.

Marshall and Pople55 have made a quantum mechanical calculation of the
effect of o on the shielding constant of a hydrogent atom separated

W -
from another neighbouring hydrogen atom, by distances large compared with

ihe equilibrium separation in the hydrogen molecule , and concluded that

van der Waals forces tend to reduce the value of shielding constant.
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For systems of the type studies here o is found to be small, not exceed-
ing 0.002 ppm and can be considered negligibles6 when compared to the
accuracy of the shift measurements. For those systems investigated in

this work the o, contribution will thus be considered negligible.

2.A.8.g REACTION FIELD OR ELECTRIC FIELD SCREENING CE

In the general case of an X-H bond in solute that does not possess
spherical symmetry, if the electric field E is at an angle to the X-H

bond it will destroy the axial symmetry of the bond leading to a low field
shift proportional to E2. If E is along the bond direction it wiil draw
electrons away from the proton, thus decreasing the shielding. The total
magnitude of the electrical effect has been given by33

O-lSEQ

c = 2x10°-2x10%%

E . . (2.52)

-1

where Eizis the component of E along the axis of X-H bond.

A polar molecule, when present in solution, can polarise the surrounding
medium and give rise to an electric field, the reaction field (R) at the
solute nuclei. Using the Onsager model57 Buckingham58 has developed a
theory for the effect of R on the chemical éhifts. In this model the
solute molecule is regarded as a sphere of radius r with a point dipole
B (of the gas phase) at the centre, and the solvent>is considered as a

continuous medium of dielectric constant ¢. R is then given by

R = 2(—‘:—:—-}-)-.1;- (2.53)
(2¢ +1) r
2( e -1)(n41)
= ——. i (2.54)
3(2¢ + n2)°
where m = p+ aE, the total dipole moment of the solute in the medium;
R n2 -1 3
a is the polarisability of the sphere and is equal to —5—:—;-. r,
n
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and n is refractive index of the pure solute. The value obtained for R

may be used in (2.52), vice E, to deduce the reaction field screening

effect.

For non-spherical molecules an equation has been derived59 for R whereby

the polarisable dipole is considered to be at the centre of an ellipsoidal

cavity, which can be represented by

R = 2B . & [lv+ (n2—1)§ o — (52— L) - (2.55)
abc al a - n° g
v T
a

where a,b,c are the axes of the solute ellipsoid and §a is a shape factor
for the solute which can be determinedso. It has been shown that in case
of certain three component systems of the type studied here that the
shieldings of the solute due to aromatic and cyclohexane differ slightly

. . . 22
and no correction for o_ 1s necessary for the observed shifts.

E

2.A.9.h BULK MAGNETIC SUSCEPTIBILITY TERM %y
This arises if the geometry of the sample differs from that of the
hypothetical spherical cavity occupied by a molecule within the sample.
The molecule is considered to be in a diamagnetic medium and is enclosed
within a sphere, small in dimensions compared with the size of the sample,
but large when compared with the molecular dimensions. When the sample is
placed in a uniform magnetic field Bo’ the medium will be polarised amil

the effective field experienced by a nucleus at the centre of the sphere

will depend upon
(a) the external field BO

(b) the field due to induced magnetism in the inner sphere
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(c) the field due to the induced magnetism in the region between the

small sphere and the sample boundary.

The medium outside the sphere can be regarded as continuous with a

volume diamagnetic susceptibility Xv, so that the effective field at the

nucleus can be given by
B =B |1+ (2T-a )x (2.56)
eff o 3 v )
where a 1s a shape factor which is 4w /3 for a sphere and 2w for a
cylinder with length large compared with its own radius. Since cylindri-
cal tubes are usually employed for most high resolution measurements,
the diamagnetic susceptibility of the medium contributes (%F )Xv to the

observed shielding constant when BO is transverse to the tube. Hence

_ - : .
oobs = %ol * 3 XV (2.57)
The observed chemical shift of a sample S relative to a reference R,

5-R

Gb , is related to the corrected chemical shift for the difference
obs , ‘
. ey o s S-R
in susceptibility, 6COPP , by
S-SR . 5 SR L2 (R x5 ~(2.58)
corr obs 3 v v .

° S
where Xs is the volume susceptibility of reference compound and Xv that
of the sample. If an internal reference compound is used all nuclei will
be equally influenced by the bulk susceptibility of the solution. In

such cases, which is employed in the present investigations, oy can be

neglected.

2.A.9.1 GOLVENT ANISOTROPY EFFECTS o

This effect arises from the presence of solvent molecules, exhibiting

anisotropy in their magnetic susceptibility, within the sample. It is
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predominant when a solute molecule adopts a preferential orientation with
respect to the solvent molecule by reason of steric or other specific inter-
_acfions. The effect is used to explain the large difference between sol-
ute chemical shifts observed in aromatic and non-aromatic solvents. These
shifts may be explained qualitatively in terms of the large diamagnetic
anisotropy. of an aromatic molecule, arising from the circulation of the
aromatic w-electrons (ring current effethl). The distribution of sol-
vent molecules surrounding a solute molecule may be non-random at small
distances because of the latter's presence wﬁich may result in a time-
averaged non-zero suscepfibility tensor, leading to screening at the

nucleus of the solute moleculesz’sz.

Abraham63 has deducedthe total anisotropic effect of one anisotropic mole-

cule upon a proton in its vicinity as

o = -1000 Zax . —— c-h) (2.59)

(r + 2h)( r2 + h2 3/2

where the anisotropic molecule is considered to be a cylinder of radius

o o :
r (A) and height 2h (A ), and AX is the difference in magnetic suscpeti-
bilities parallel and perpendicular to the cylinder axis of the anisotropic

molecule. An extension of (2.61) has been made by Homersu et al and good

results are obtained.

2.A.9.3 SPECIFIC ASSOCIATION TERM °.

Any type of specific interactions between solute and solvent, or between
two different solutes in the same solution, will cause changes in their
chemical shifts. The shifts due to ansiotropy effects associated with
specific interactions are sometimes included in this term. W¥hilst all
bonding interactions can contribute to this effect there are interactions

between solute and solvent, giving rise to S.> which are generally
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referred to as forming "collision complex." This term is meant to imply
a short-lived Specific orientation of the solute and solvent molecules
bfought about by weak (any type of) interactions. The term o is the
main interest in the present investigation and will be discussed in

greater detail at a later stage.

The discussion so far in this section (section A) has been restricted only
to various theoretical . aspects of n.m.r. spectroscopy, which will be
employed in chapter five. The next section (section B) is devoted to

>

the theory of dipole moments.

P
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SECTION B

THEORETICAL ASPECTS OF THE DETERMIMNATIONS OF DIPOLE MOMENTS

2.B.1 INTRODUCTION

The molecules of a dipolar substance will normally, depending on their
relative orientations, exert forces of attraction and repulsion upon one
another. Generally the configuration in which attraction is greateét will
be favoured. Thus, in the presence of an inert solvent, the polar solute
molecules in thé solution.tend’to~associate rather than existing separately.
The degree of association will be governed largely by the shape of the
molecular species under consideration and the magnitude of its dipole mo-
ment (section 1-3). Moreover, when an "active'" solvent is present, the
interaction between solute and solvent molecule has to be taken into
account. If the focus is only on the latter interaction, which is the pur-
pose of the present investigation, then the effect of solute self-assoc-
jations can be largely reduced by employing dilute solutions of solute in

the active solvent.

The present section will be devoted to the discussion of the general prin-

ciples involved in the determination of dipole moments which will be

employed later cn in chapter 6. It has to be pointed out here that currently

SI units are generally accepted, thus all the calculations being made later
on in this thesis will be carried out in accordance with this system.
However, for simplicity the equations ;eferred to in this section are
expressed such that their original classical well known forms and meanings

are still maintained (c.g.s unit), To rationalise the matter, table 2.1

shows the relation between both units for the relevant parameters and how
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to convert a required quantity from one into another unit.

2.B.2 DEFINITION OF DIELECTRIC CONSTANT

If one considers a parallel-plate condenser, with plates of large area
separated by a small gap, placed in a vacuum and a potential difference
V is applied across the plates, so that the charge distributions between

the two plates are +Q and -Q respectively, the capacitance is given a567

Co = Q/V . (2.60)

If the space between the plates is now filled with some isotropic non-
polar material, of which the charge distribution in molecules is normally
symmetrical, the charges on the plates will polarise the molecules, attrac-
ting the positive charges to one end and the negative éharges to the
other, with the result that charges -R, #R appear on the surfaces of the
material. The condenser now holds a charge (Q + R) at an applied‘poten-

tial difference V, and the capacitance is increased to

C = (Q+ R)/V (2.61)
The dielectric constant of the material can be defined as
e = c/c, = Q+R) " (2,62)

Q

and it is evidently dimensionless.

2.B.3 THE CLAUSIUS-MOSOTTI EQUATION AND MOLAR POLARISATION

The majority of methods employed in the determination of dipole moments
are based originally upon a relation first proposed by Clausius and Mosotti,
which is generally referred to as the Clausius-Mosotti equation. Since

the methods described later on in this section also adopt the relation
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mentioned above, it is of importance to describe the equation in more

detail.

Considering the same condenser as described in the previous section, with
electric charges +Q and -Q on the plates respectively, and let the corres-
ponding surface charge densities be represented by +oand -o . 1In the

presence of vacuum between the plates, the strength of a uniform electric

field produced by two charged plates is given by 68

Eo = Y4mo ‘ (2.63)

When the space between the plates is filled with a nonpolar medium of di-
electric constant € , this field induces dipoles within molecules of the
medium such that there exists a secondary field, produced by the dipoles
acting in opposite direction to Eo, and the resultant field strength is

reduced to 68

4 ’
E = —2 , (2.64)
€
The decrease in field strength is thus

E -E = 4ymog (1-2) = ane ("2 (2.65)
o € €

which is considered to be the same as reducing the surface charge den-
sity by ‘the amount of 6(5520. This quantity is referred to as the
electric polarisation (P) of the dielectric medium and is produced by the

shift of charges throughout the medium.

The displacement of charges, if the surface area of the medium is A, re-
sults in the pfesence of charges +PA on one surface of the medium and -PA
on the other surface and thus gives rise to an electric moment of PAr in
the medium, where r is the éistancé between theé plates-of the condenser.

Since Ar = V, the volume of the medium, it follows that

total -electric moment = PV (2.66)
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i.e. P is the electric dipole moment per unit volume of the medium.

From (2.65) it is evident that

Bo -E = y4nup (2.67)

or, from (2.63) and (2.64)

(e- 1)E

LPp (2.68)

The above discussion applies for the whole medium. If, for a single mole-
cule in the medium, the actual field acting upon it is F and m is the

electric moment of the induced dipole produced by the field, then

m= aF | (2.69)
where a 1s the molecular polarisability and is a measure of the ability
of which the molecule can be polarised. It is a constant, characteristic
of the substance and may have different values in different directions
in a geometrically anisotropic substance; in such case a represents the

mean value. The field F is conveniently considered by assuming a unit

charge enclosed by a small sphere which is large when compared to mole-

cular dimensions, but small compared to the distance between the plates.

69
In this case F consists of several components as follows:

(a) the field due to the charges on the plates, i.e. E_ = 4mé
(b) the field arising from the charges induced on the surfaces of the
medium acting in opposite direction to Bo which is -4 mP

(c) the field due to the charge induced on the surface of the sphere and

mp

wl+

is
(d) the field caused by molecules within the sphere. TFor a liquid ( as

an approximation) or gas, in which molecules are oriented at random in

the absence of an external field, this contribution is zero.

it is thus evident that
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n
F = 4né + 37 P -4npP (2,70)

and, from (2.67), this leads to

) Y
F = E+gmp (2.71)

If n is the number of molecules Per unit volume, then from the definition

of P
P = nmm=naF = nal(g +-l3inP) . (2.72)

Combination of (2.68) and (2.72) leads to

(e-1) _ U4mng

: = (2.73)
(e+ 2) 3

For a pure substance
n = NP/M (2.74)

where NA is the Avo gadro constant, p and M are the density and molecular
weight of the substance respectively. Substitution of (2.74) into (2.73)

leads finally to

(g£-1) L M :.% "Na = p (2.75)
(e+2) P

where Pm is the molar polarisation of the substance and (2.75) is called

the Clausius-Mosotti equation.

It is found in many cases that Pm obtained from (2.75) is independent of
. : 70 .
temperature, provided the substance is nonpolar. Maxwell'~ has derived a

relation for such substance in the form of

e = n2 (2.76)

where n_ is the refractive index of the substance for light-of long wave-
» :

length (infrared). Thus from (2.75), the Lorentz-Lorenz expression

2

3 A m
(qf + 2)
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can be derived, with R as the molar refraction.

“ When the molecules are polarised by the fields discussed above , the
whole molecular structure will be distorted and for a nonpolar molecule

the distortion arises from two effects which are

(a) displacement of the electrons relative to the nucleus in each atom
and is represented by the electronic polarisability ar

(b) displacement of the atomic nuclei relative to one another or atomic

polarisability a,
The total molecular polarisability can then be written as

a =da_ + a = a (2.78)

where a_ is called the distortion polarisability. Therefore it can be

D
seen from (2.75) that

P = P = P_+P = —mN,a (2.79)

where PD, PE and PA are the distortion, electronic and atomic polarisa-

tion respectively.

If a polar substance is placed in the condenser, there will be a third
contribution to the polarisability, provided the pefmanent dipales of the
substance are free to orientate. In the absence of an electric field,
the dipoles in the molecules are distributed randomly in all dirgctions.
Whenever an electric field is applied, the dipoles tend to align them-
selves parallel to it, but the departure from the random arrangement

is small in fields of intensity normally employed in the measurement.
This orientation polarisability, a s contributes to a so that a polar

substance usually has higher a , and hence & , than a nonpolar compound.
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In other words for polar molecules

and P = P +P_+P = Pp+P_ =3 TN, a4 P (2.80)

where Po is the orientation polarisation.

2.B.4 THE GENERAL METHODS FOR THE DETERMINATION OF DIPOLE MOMENTS

According to the Clausius-Mosotti equation, Pm is found to be temperature
independent. However, when molecules possess permenent dipole moments,
the orientation of dipoles in the field gives rise to PO which is a fun-

ction ;of temperature and Pm becomes temperature dependent. It is found

that 71
2
£ ' (2.81)
3kT
and thus from (2.75)
: 2
N
4 ym A H
= = S v 2.82
L 3Ny % 9 KT ( )

where k is the Boltzmann's constant and T the absolute temperature.

Substitution of (2.82) into (2.80) leads to

2
(e- 1) M - b it ook _r 2.83)
(e+ 2) P o= gmN oyt g, = gl (ot gy ) (
€+

. 7 . .
which is called the Debye equation l. It is based upon a supposition that
the only restriction upon the rotation of polar molecules in an electric
field is caused by that field. The equation can be applied to both polar

and nonpolar molecules, whereby in the latter case p is zero and (2.83)

reduces to (2.75).
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The discussion so far has dealt with systems of gases and vapours. In the
case of solutions, upon which the work in the present investigation is
focussed, the general methods of determining p of a polar substance in
solutions will be those in which the solutions are made up from small
concentrations of the substance (solute) in a solvent. In this situa-
tion the dissolved solute molecules are so far apart from each other
that the only interaction of importance within solutions is that be-
tween the solute and the surrounding éolvent molecules. There are a

few procedures commonly employed for processing the data to obtain p and

these will now be discussed in turn.

If a5, and a, represent the molecular polarisabilities of the solvent

and solute respectively and n, and n, are the corresponding number of

1
68
molecules present, then from (2.75)
_C_;LX E .= _L_I-_TI (nl ul +.h2 02) ] (2.8‘-!—)
£+ 2 P 3 )
The corresponding mole fractions are
x, = "1 x, = __2 (2.85)
n, + 0, n, +n,
and the molar polarisations are given by
P = -LirrN a P = B-TTN a (2.86)
1~ 3 A 1 T2 3 A 2

Substitution of (2.85) and (2.86) into (2.84) leads to

( ... - 1) Mox, + M x.»
12 171 222 _ - 2.82
) X > = Plxl + P2x2 = P12 ( )
(&, *2 12

where M. and M2 are the molecular weights of the solvent and solute
1 :

respectively, Pl2 the molar polarisation of the mixture and Pl2 and €12

are the corresponding density and dielectric constant. The first -
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procedure employed is to deduce Pl and Pl2 values'72 from measurements of

the dielectric constants and densities of the pure solvent and dilute
solutions respectively, and these values are then used in (2.87) to
obtain P2 for each solution. These P2 values depend upon the concentra-
tions of the solutions and are found to increase as x, decreases. By

2

employing this behaviour of P2, a plot of P

against x, can be made for

2 2

a series of solutions and the resultant curve is extrapolated to infinite
dilution of solute to obtain the solute polarisation, P, , at which the
effect arising from the interaction between solute permanent dipoles is
approximately eliminated. F, is thefefore fﬁe molar polarisation of a

single solute molecule completely surrounded by solvent molecules and

. “72
is, according to (2.83), equal to
. 2
P = P _+P = P +2 gy K (2.88)
= - 2D 20 2D 9 A kT ‘
in which
(ng - 1) M, '
P p = > X — = molar refraction (2.89)
2 n . )
(2+2) 2

where n, and p, are the refractive index and density of the solute re-
spectively and P2D and P20 are the corresponding distortion and orienta-
tion polarisation. Since P2D and P, are determined from the above re-

lations, P, . and thus p of the solutemolecule can be calculated. However,

20

the procedure is approximate because it dages not take into account the
fact that Pl,previously assumed to be constant over a range of concen-
tration, is also dependent upon the concentration of solution owing to

the solvent effect (section 2.B.5).

It is found in some cases that p of the solute obtained from the ebove
procedure is subjected to some experimental errors arising from the

uncertainty in the extrapolation of the curve (between P2 and x2), which
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is generally not a straight line, to obtain F, . As a direct consequence

of this uncertainty, an alternative procedure for the determination of p
' : i .7
by employing direct extrapolations 3 of dielectric constants

and densities has been applied, since it is found in most cases that €1

73,74 ,75

and the specific volumes v =1/ p12 are linear functions of

12

the weighf fractions of the solute (w2). In other words they can be

»

written as

€ = € = :
12 78 + oW, V1o v, t Bw? (2.90)

where € and v, are the dielectric constant and specific volume of the
solvent and «xand B are the slopes.of the straight lines obtained by
plotting €15 and Vio against W, respectively. The values of « and

. ' . . 73
obtained from the plots are then used in the equation

po= Vil + My (v +p) (¢ + 1) (2.91)
(Cl + 2)2 B (£l+ 2)

to obtain P, which is then employed in the calculation of p in the same
way as the above procedure. One certain condition has to be adopted in

this procedure, that is, whenever the plots of €, and v., against w

12 12 2

do not show linearity throughout the range of concentration studied, the

procedure will be abandoned or applied only to the range which conforms to

a linear relation.

The above two procedures lead to similar results and also depend on the
accurate measurements of solution densities, according to (2.87) and (2.91),
which is found to be difficult normally. It is this difficulty that leads

to a third procedure proposed by Guggenheim and can be described as

follows.

Guggenheim's procedure76, although including the density of pure solvent
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(Pl) in the calculation, only requires an accuracy of 0.1% in the

measurement of Py- The procedure is based upon the Debye equation and

employs a relation given as

2
3M ¢ v(n.)
4 2 2 .
PooE sy B s—F wtin F - P e
9 A kT _l(€l+2) Wy O 2 k3% 5

By plotting €0 against W, one would obtain a curve which fits the ex-

pression
3 { 2
= €
12 taw, f aw2‘ (2.93)
with a limiting slope of the curve at.w2,= o of
. D€ ,
2 - a (2.94)
dw 5

Similarly a plot of (nD)JQ_2 versus v, givés a curve to fit the expression

2

2
(nD) = (nl )2 + v, + vw (2.95)
12 D 2
o 1 2
and the slope at W, =0 is -
2
d(np) . (2.96)
12 = v _ )
bV’Q

where (nD)l2 and (nD)l are the refractive indices of the solution and pure

solvent respectively. Substitution of (2.9%) and (2.96) into (2.92)

gives
36
p2 = 0 X 27kTM2 x (a-v ) (2.97)
N 2
A yw Pl( et 2)

from which p of the solute can be calculated. The method also employs
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an alternative procedure which is based upon an equation

2 2
_ (n.) (n)- -1
12 "1 D, 571 D71 Povo-P
D= T, > 2 = - 5 t (2.38)
10 F ny + 2, £l+2 (nD) + 2 2

S = (2.99)

which, from (2.92), it is evident that

36 “gkTM

2 10°°s

Boo= N X T p2 (2.100)
A R

It is these two procedures, due to Guggenheim, which are employed in the
present investigation to determine the dipole moments of Fo&ahjo(ubes vn

dilute seiutbions wibh various non-polar solvents.

2.B.5 THE SOLVENT EFFECTS

It was found77 that electric moments of solutes obtained from measurements
in solutions aré liable to vary with the nature of solvents used and can
deviate from the true moments found in the. gasous state. The behaviour
wés explained in terms of

(a) the forces which the solute exert upon one another, i.e. the associa-
tion. This effect is large for solutes with large dipole moments and will
depend on the chemical structure and th; "position" of dipoles in the

molecules. .

(b) The effects of the non-polar solvent on the molecules of the polar

solute.
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The values of solution moments in such caseswere calculated from the
polarisation values E , obtained from extrapolation, to infinite dilu-
fién (whereby effect (a) can be neglected) of the solute polarisations
in the same way as described in the previous section. Any difference
observed between the apparent moment, or solution moment, and the
moment of solute molecule in the vapcur state is then referred to as the

solvent effect. '

Attempts have been made to explain and calculate the size and magnitude
of the solvent effect. When the anisotropy of a molecule was taken into
account78 in order to calculate the inductive effects of polar solute
molecules upon the non-polar solvent molecules, it was found that the
effects obtained are of the same magnitude as the observed solvent
effects. Higasi79 treated the solvent as a medium of polarisability a ,
containing n molecules per unit volume, and located the dipole at the
centre of the system. The induced moments obtéined are in good agreement
with the observed values. Frankso has successfully explained the effect
in terms of another structure. A spherical solute molecule with a dipole
at the centre is assumed to.be surrounded symmetrically by six spherical
solvent molecules of polarisability a , so that the solute molecule is at
the centre of a regular octaﬁedron. These solvent molecules are consid-
ered to be at distance r from the solute and making an angle § with the
dipole axis of the solute molecule. Therefore, the field produced by the

solute at the solvent molecules in the direction of the solute dipole

axis will be

—"3 (3 cos?g - 1) (2.101)
r

E =

where p is the solute permanent moment. For two solvent molecules locating
at both ends of the symmetry axis containing the dipole, 9 is o andw radians

respectively and the induced moment, m, in each molecule is
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_ I 2 2a
m = Ea = ;3 (3cos“p - 1)a = ——3-‘—‘ (2.102)
r

In the case of four other solvent molecules in the plane perpendicular

to the dipole axis,8=T/2radiens and m in each case is

ap
mo= - = (2.103)

r
i.e. m in this case will be acting in the direction opposite to the solute
permanent moment. It can be seen from (2.102) and (2.103) that the total
sum of induced moments is zero, in other words, the solvent effect for a
spherical solute molecule with a dipole at the centre should be zero. If
the solute molecule is elongated so that the two solvent molecules in the
line.of the dipole axis are farther from the dipole, r is increased and
the induced moments of these two solvent moleculeé are decreased and
become smaller than the sum of the opposing moments produced in the other
four molecules, therefore the resultant m is negative, giving a négative
solvent effect. If the dipolar axis is shortened, r will be decreased
and the induced solvent moments in the direction of the solute dipole
axis is increased, giving a positive solvent effect. In most cases the
dipoles tend to lie more nearly in the direction of the longest molecular
axis than perpendicular to it, therefore the solution moments in most

cases are usually lower than the gas moments.

It is also found81 that the shape of the solvent molecule, apartvfrom
that of the solute molecule, also plays some part in the megnitude and

size of solvent effects.

9.B.6 THE EFFECTS OF MOLECULAR INTELRACTIONS ON DIPOLE MOMENTS

. : 1 : - and an
Evidence of a weak interaction between solute and solvent molecules c
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sometimes be obtained from the studies of dipole moments in solutions.
The presence of molecular complexes results in changes of the apparent
moﬁents of a solute measured in solutions, either by an increase or a
decrease when compared with the solute moments in the vapour state.

The increase in solution moments when, compared with gas moments, of some
solutes has been described in terms of82 association between solute and
solvent giving rise to a polar complex, or that the interaction causes
the atomic polarisation of the dissolved solute to be greater than that
in the gaseous state, producing an iﬁcrease in p . However, studies on
dilute solutions provide an effective way of studying the interactions

since the effect of solute self-association can be discounted.

One of the most useful methods of determining p induced from molécular
interactions ( K, d) is to study p of a solute in an inert solvent, and
in

then in an interacting solvent. The difference

= - . 2.104
piﬁd p'sol Plnert ( )
where ., and p aretof the solute in the inert and interacting
inert sol

solvents respectively, can be used in the interpretation of the results.
The method has been employed to study the interactions between various
amines and carbon tetrachloride89 in which the result was discussed in
terms éf charge-transfer interactions whereby the latter compound acts
as an electron acceptor, and that the interaction increases the total
polarisation of the system, partly by increasing the atomic polarisation

of the interacting molecules and partly by a change in dipole moment.

Frankgo has derived an equation to calculate-the distance of the solute

the
dipole centre from solvent molecule in the formation of a molecular

complex, employing K na obtained from experimental studies. The method
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. 2
was applied successfully by Huck 2 for the interactions between polar

solutes and various aromatics.

The present investigation on dipole moments involves studies of polar
solutes in cyclohexane and various methyl substituted benzenes, acting

as inert and interacting solvents respectively, to determine King for
each system. These are then used to study the nature of the interac-
tions. It is expected that the results obtained, together with those
from n.m.r. studies, Qill provide a better understanding of the molecular

complexes formed in the systems studied. The experimental results on-:

dipole moment studies will be discussed later on in chapter 6.
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SECTION C
CRYOSCOPY

2.C.1 DEFINITION OF THE PHASE RULE

The phase rule first stated by Gibbs relates the number of phases, the
number of components, and the number of degrees of freedom, or the
variance, of a system in heterogeneous.equilibrium, in which it is
assumed fhat the only determinable variables are temperature, pressure
and composition. It deals with heterogeneous equilibria involved in
processes classified either as physical or as chemical, so long as they
are reversible in nature. The rule may be stated as follows:83
A system, consisting of C. -companents, canrexigt in C + 2 phases only when
the temperature, total pressure of the system, and concentration of

each phase have fixed and definité values, If tﬁere are C components in
C + 1 phases, only one_of the factors may be artitrarily fixed, and if

there are only C phases, two of the varying factors may be arbitrarily

fixed. The rule can be described in terms of the equation.

F = C-P+2 (2.105)

where F is the variance or number of degrees of freedom of the system,
C is the number of components and P is the number of phases. It can be

seen from the equation that when P increases, the system condition be-

comes more defined, or less variable.

It is of importance to discuss briefly each term in (2,105) in order to

clarify their limitations.

2.C.2 THE PHASES
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A heterogeneous system is made up of different portions, each of which

is homogeneous but marked off in space and separated from the other
poftions by bounding surfaces. These portions are called phases. A

phase may also be defined as one of the uniform, homogeneous, mechanically

separable portions of a system in dynamic, heterogeneous equilibrium.

The number of phases which can exist together will vary in different
systems, but with an exception that there can only be one gas or vapour
phase since gases are miscible with one another in all proportions. The
number of phases formed by any given substance or group of substances

generally increases with the number of participating substances.

2.C.3 THE ORDER OR THE NUMBER OF COMPONENTS

The number of components of a system at equilibrium is generally repre-
sented by the smallest number of constituents required to define either
directly, or in the form of a chemical equation, the composition of
each phase taking part in the equilibrium. The components have to be
chosen from among the consfitﬁents which are present vhen the system is
in a state of true equilibrium and also taking part in the equilibrium
themselves. Each component itself may consist of a number of differ-
ent species, for example in the case of a.liquid— gas equilibrium of

a system

2 H,0 = 2H,, % O (2.106)

where the system contains a single component. The constituents of
water are not regarded as components since they are not present in the
system in a state of real equilibrium, and also they are combined in

definite proportions to form water, therefore their amounts cannot be
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varied independently. For any given system the number of components will
be definite, but it may alter when the conditions imposed upon the sy-

stem are changed.

2.C.4 THE VARIANCE OR NUMBER OF DEGREES OF FREEDOM

The number of degrees of freedom of a system is the number of variable
factors such as temperature, pressure and composition, which must be
arbitrarily fixed in order that the condition of the system at a partic-
ular equilibrium may be completely defined. In a one-component system
the_dnly‘vafiables governing the system are temperature and pressure,
since the single component can only exist as pure substance, no composi-
tion variable is required. For a two-component (binary) system all
three variables are operative and if one of the variables, for example.
pressure, is kept constant, the condition of which is employed in the

present investigation, then the temperature will vary according to the

compositon of the system at equilibrium.

The discussion so far can be applied genérally. Because of the nature
of systems of interest in the present study, the focus from the next
section on will.be upon the Behaviour of binary systems. The maiﬂ con-
cern will be the cooling at ccnstant pressure of solutions in which
equilibrium exists only between solid and liquid phases, and the compon-

ents of which are completely miscible in the liquid state, no matter

what their compositions.

2.C.5 CLASSIFICATION OF A BINARY SYSTEM

When a binary system is subjected to a constant pressure, the only var-

iables left to describe the behaviour of the system are temperature and
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composition. It is then possible, under such circumstances, to vary the
composition of each component within the system and at the same time
sfﬁdy the temperatures at which the components, existing in various
phases, are in equilibrium with one another. The most convenient time
to detect these temperatures is when there are changes of phases and
thus in this case the temperatures will depend on the types of phases
being in equilibrium. For the present investigation in which the main
interest is on equilibrium between solid and liquid phases, the tem-
peratures are represented by the melting points (or freezing points)

of the solutions. If a diagram is constructed from a plot of freezing
points for a range of combositibns, this will represent the equilibrium
between varioué phases and therefore the behaviour of the system over
the whole composition range. Such a diagram is called the phase dia-
gram. A binary system can be classified according to its behaviour

upon cooling as follows:

(a) A .system in which the only solid phases are the pure components,
i.e. no compound formation arising from the interactions between both
components.

(b) A system in which a compound with a congruent freezing point is
formed. The cohgruent freezing point represents the point at which the
compound (solid phase) is in equilibrium and has the same composition as
the two-component liquid phase (solution).

(c) A system in which a compound is formed with an incongruent freezing
point. The incongruent freezing point, which is also called the peritectic
(or meritectic) point, represents the témperature at which the solid form
of the compound is in equilibrium with the solution and also with one of

solid components and is below the true freezing point of the compound.

(d) A system in which solid solutions or mixed-crystals are formed.
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Each particular system will now be discussed in more detail.

Q.C.S.a SYSTEM WITHOUT COMPOUND FORMATION

The diagram representing the behaviour of this system is shown in fig.
2.3 If A and B represent the two components and L the liquid substance
and the pure components occur as solid (crystalline) phases, the only
systems existing in equilibrium are solid A-L, solid B-L and solid A-

solid B-L.

The points A and B, on the diagram, represent the freezing points of the
pure components. When a small amount of B is dissolved in liquid A, the
freezing point of the solution will be below that of the pure A, and the

lowering of the freezing point can be calculated from84

_ 2
dT/dxA = RT /LAX

A (2,107)

where X, is the mole fraction of A, T is the freezing point of A on
absolute scale, R is the gas constant and LA is the latent heat of A.

However, the expression only holds strictly in the case of ideal solu-

tions.

When a liquid solutién at the point E (with more A than B) is cooled
down, as soon as the temperature of the solution reaches the point G,
solid A will crystalise out. The crystallisation of A continues as long
as the temperature is still falling, but at the same time the coﬁposi-
tion of the liquid will change towards the point C. At the point C,
solid B starts to crystallise out, i.e. both solid A and B separate out
together while the temperature remalns constént. Since at this point

the composition must remain constant, solid A and B will crystallise out

in constant proportions from the solution. However, the solid, coming out

B mEm ok i o et e M o eem——
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of the solution, will not be a compound but a mixture of two solid

phases.

The curves AC and BC represent the compositions of the solution which,
at various temperatures, are in equilibrium with solid A and B respec-
tively. Both curves intersect at the point C, where both solid A and

B can exist in equilibrium with a liquid solution of definite composi-
tion under constant pressure. The point C is called a eutectic point.

According to the Clapeyron-Clausius equa’cionsr4

dT _
— = T.AV/L; (2.108)

dp
where LT is the heat absorbed in the transition of one phase to another,
AV is the volume change accompanying the transition, it follows that
the eutectic temperature varies with the pressure. An equation relating
the eutectic temperature, eutectic composition and pressure has been

{
deduced by McKay and Higman85 for ideal solutions.

At any temperature zbove thé curves AC and BC, the system exists only as

a homogeneous; liquid solution. In the same way, all temperatures below
the line DD' will restrict the system to exist only as pure or mixtures

of solid components. The areas ACD and BCD' represent equilibria in which

solid A and B coexist with the solution respectively.

2.C.5.b SYSTEM WITH A CONGRUENT FREEZING-POINT COMPOUND
A congruent freezing-point compound is a stable compound, capable of
existing as a solid compound in equilibrium with a liquid of the same

composition. The freezing point of the compound will be represented by

a maximum point on the equilibrium curve. The diagram showing the

L Rt i vt

-4
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behaviour of this system is represented by Fig. 2.4. The points A,B and

D are at the freezing points of the component A, component B and compound

AXBy respectively. The curves AC and BE represent the equilibria at
different temperatures between the liquid solution and solid A, solid
B respectively. The curve CDE shows the equilibrium between the solu-
tion and solid compound. The eutectic points C and E corresponds to
the temperatures at which the solid mixtyres of A + AxBy and B + AxBy

coexist with solutions of definite composition. The behaviour upon

cooling of the system will be similar to that in section 2.C.5.a.

‘The position of the point D will usually depend on the system, the
nature and stoichiometry of the interaction between the tﬁo components
presént, which will be different for various systems. Therefore, it
may lie higher, lower than or at an intermediate éosition comparing to
those of the pure components. If more than one congruent freezing-
point compound is formed, a series of curves similar to the curve.CDE
will be obtainedgs. The maximum point on each curve shows the composi-

tion and freezing point of each compound.

The shape of CDE can also show the stebility of the compound formed. If

CDE is a pronounced curve, the degree of dissociation of compound will be

small, i.e. it will be more stable and if the curve is flat, the degree

-

will be large.

5.C.5.c  SYSTEM WITH AN INCONGRUENT FREEZING-POINT COXMPOUND
In this system one, or more compounds i's formed, which undergoes disso-
ciation leading to the formation of ancther solid phase at a temperature

below the congruent freezing point of the compound. The diagram for the

system is shown in Fig. 2.5. In the diagram the continuation of
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behaviour of the phase curve for the compound is represented by the
doﬁted line, of which the maximum will correspond to the congruent
freezing point of the compound, i.e. if the compound did not disso-
ciate previously at a temperature (point E). This maximum can be
referred to as the concealed maximum. However, the solid compound in
this case will dissociate into another solid phase at the point E
before the congruent freezing point is reached. The solid phase obtained
from the dissociation may be another compound, or a pure component, the
latter case is represented in Fig. 2.5. Since the composition of the
compound at this point is not the same as that being formed originally
the point E is called an incongrugnt freezing point or peritectic point.
If several incongruent freezing point compounds are formed in a system,
tﬁen a series of curves will be obtained without any maximum and there

will be only one eutectic point.

When a solution at point P which has the amouﬁt_of B higher than that of
the compound, is cooled down, its concentration at the beginning will
not change until the temperature reaches curve BE, where solid B starts
to separate and the temperature end composition moves along BE towards

E. Whenever the condition at E is reached, the separated solid B will
peact with A in the original solution to form the compound. Since there
is not enough A in the original solution to react with al11 the B present,
the solidification results in the formation of a solid mixture of B and
A B . The mixture at Q will behave similarly until it reaches point E,
X

where now there is enough A in the original mixture to change all the
separated B into the compound and the whole solid phase after solidifi-
cation is that of AkBy' However, some liquid will still be left at E,
therefore the solidification continues alcng curve E¢, after a halt with
constant temperature at E, with the further separation of the compound

from solution. When the cutectic point C is reached, the separation of
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solid A begins, leading to the complete solidification of the solution.

If the mixture at R is cooled down, the peritectic temperature will
not be observed since the curve BE is not met. When the temperature
reaches curve EC, the compound AxBy will be the first to solidify and

the behaviour to the finish will follow the same pattern as previously

described.

2.C.5.d SYSTEM WITH SOLID SOLUTIONé OR MIX-CRYSTALS

A solid solution is formed whenia dissolved substance crystallises out
together, in a miscible form, with the solvent. It may behave in some
ways similar to a liquid mixture, i.e. if the components are completely
miscible in the solid state an unbroken series of solid solutions is
Aformed upon cooling, and if they are partially miscible a broken series
will be observed. 1In the latter case the crystallised solids are that

of solid solution and the individual components. Since both liquid and
solid solutions are present in the system and the compositions in the

two phases are not the éame, the system thus possesses two curves, one
relating to the liquid and fhe other to the solid phase. Systems possess-
ing a behaviour of this kind, in general, will be those of inorganic |
salts and metals. These systems are not of interest in the present investi-

gation and will not be discussed any further.

2.C.6 THE GENERAL METHOD FOR DETERMINING THE PHASE DIAGRAMS OF BINARY

MIXTURES

There are several methods available which can be employed to determine
the behaviour of any solution when the temperature is varied. The method

that proves to be most useful and is employed in the present work will be
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that of thermal analysis, which will now be discussed in detail.

In the thermal analysis method the sample is allowed to cool down (or
warm up) usually with a constant surrounding temperature for the trans-
fer of heat and a constant rate of temperature change or a constant rate
of heat transfer. The freezing, or melting, point of the sample is then
plotted against time, e.g. Fig 2.6, and if a series of samples with com-
position ranging from pure component A to B is conducted, then the phase
diagram of the system can be constructed from the corresponding breaks
and halts in the cooling or heating curve. No matter what the diagram
is, each change in the equilibrium states will generally be accompanied
by a break or a sudden change in the rate of cooling or heating. The
iﬁvariant (eutectic and peritectic) state is represented by a halt or

a period of constant temperature. For an ideal or a reference curve, it
is assumed that complete equilibrium is retained at every point so that
tha actual behaviour of the samplé can be followed. However, in prac-
tice the equilibrium cannot be retained throughout the experiment, there-
fore supercooling at phése transitions may be observed. The degree of
supercooling will be large if the rate of cooling or heating is increased,
thus a slow réte is usually employed so that interpretation of the cool-

ing (or heating) curve can be done more accurately..

If a binary liquid mixture of a simple system yielding pure solids only
is cooled down, the rate of cooling will suddently change when a freezing
point is reachéd because of the exothermal crystallisation of a solid.
Fig. 2.6 represents the cooling curve for the system where the solid cry-
stallises at the point b. The temperature at this break varies with the
composition of the sample. Generally when there is no supercooling, the
rate will proceed as the curve bec until it reaches the eutectic tempera-

ture at point c. When supercooling is present, no break will be observed
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at c but the cooling will proceed to point f, where the solid starts to
appear and the temperature of solution moves up along the dotted line to
g. The rate of cooling then follows the curve gc. The temperature at c
will be constant, and the duration of the halt, for a constant amount of
sample, will depend upon the quantity of eutectic liquid present and

is maximum if the sample contains the eutectic composition. At point d,
where there is no more liquid, the temperature proceeds along de and

the cooling is said to be complete.

If the system contains a compound with a congruent freezing point as in

Fig. 2.4, the cooling curve will be the same as in Fig 2.6.

For a system with an incongruent freezing-point compound, as in Fig. 2.7,
there will be two constant temperature halts on the cooling curve. The
first halt (peritectic halt), represented by cd, corresponds to the
point E in Fig 2.5, and the duration of the halt will be maximum when

the composition of the solution is the same as that of the compound. The
second halt, as before, corresponds to the eutectic halt. The dotted

curve bhi represents the behaviour on cooling of the solution when there

is supercooling.

When there is no supercooling, the freezing point .of a solution can be
determined directly as the temperature &t the break of the cooling curve.
In the presence of supercooling, it no longer can be done since the
break is not at the real freezing point. A method of finding out the
real freezing point in this case, which.is also employed in this work, is
to extrapolate the curves gC and ic, in Fig. 2.6 and 2.7 respectively, to
+heip intersectiocns with the line ab32. The point of intersection repre-
sents the real freezing point of the soluticn. In general the curves gc

and ic will be concave downward, except for icdeally pure substances, 1o
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Fig. 2.7 - COOLING CURVE FOR A SYSTEM WITH A PERITECTIC POINT
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show that equilibrium does exist over these ranges.

Since the duration of both the peritectic and eutectic halts depends

on the composition of the solution, i.e. it is maximum when the solution
contains the same composition as those of the compound and the eutectic.
It follows that the Tammann's method88 can be employed in finding out

the eutectic and compound compositions. In this method, the duration of
the halt is plotted against the composition of the solution. The inter-
section of the two curves (one obtained from samples with compositions
"less" than and one '"greater" than the complex) gives the maximum halt
time and thus the composition. The method will be employed in the present

work.

The discussion so far in this section has been devoted mainly to the
behaviour of solutions, in which compounds may be formed upon coo;ing.

The reason for this is that cryoscopic studies may provide some informa-
tion on the stoichiometry of the mdlecular complexes formed in solution.
The technique, when used in conjunection with n.m.r. and dipole moment
studies, should help to elucidate the general characteristics of molecular
interactions in solution which are the subject of the present investiga-

tions. The next chapter will be devoted to the general description of

the instruments employed in the present study.




CHAPTER 3

EXPERIMENTAL PRINCIPLES OF THE VARIOUS PHYSICAL
. TECHNIQUES EMPLOYED IN THE STUDIES OF

MOLBCULAR INTERACTIONS
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INTRODUCTION

- The three experimental methods employed in the present investigations
are based upon the principles discussed previously in Chapter 2. The
experimental aspects of these methods are, for the same purpose as
stated earlier in the previous chapter, classified into three
separate sections A,B and C, corresponding to those of n.m.r.
spectroscopy, dielecfric constant and cryoscopy respectively, which

will now be discussed in turn.
SECTION A

N.M.R. SPECTROSCOPY

3.A.1 INTRODUCTION

In order to produce high resolution n.m.r, spectra, the apparatus

employed should possess the following basic features:

(a) a magnet capable of producing a very strong homogeneous field with
high stability.

(b) a sweep unit to allow the main magnetic field and/or frequency

to be varied under control over a émall range

(¢) anr.f. oscillator of high stability

(d) a sample holder or probe which contains the r.f. transmitter/
receiver coil (s) and has provision for sample spinning

(e) anr.f. receiver and amplifier with high gain and low noise

(f) an oscilloscope and/or a pen recorder for presentation of the

spectrum.

The basic requirements for the individual components will now be
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discussed, and followed by a consideration of the HA 100D Varian NMR

spectrometer used in the investigations.

3.A.2 THE MAGNET o .

Both permanent and electromagnets are employed to provide the main
magnetic field Bo for spectrometers. When either type of magnet is
used, the resolution corresponding‘to a field homogeneity of 3 parts
in.lO9 can be achieved under optimum conditions. The advantage of
the electromagnet is that it énables the field strength to'be set
anywhere within the range of 0.1-2.5 tesla, so permitting magnetic
nuclei to be studied at more than one frequency (section 2.A.2).
However, the magnet has a relatively short life-time. The permanent
magnet on the other hand lacks this flexibility of operation and
additionally its upper limit of field strength is about 2.5 tesla,

but it can produce high field résolution stability over a long period
of time. Super-conducting magnets are also employed in n.m.r. spectro-
meters and they can produce a field of the required homogeneity at
strengths ub to 5 tesla. The latter type of magnets requires elaborate
control systems to maintain the temperature of the conducting wire

within the region of 10K, which is usually achieved by the use of

liquid helium.

The upper limits of the field strengths for conventional magnets quoted
above (2.5 tesla) arise from the need for field homogeneity over a

volume of 1 x 10_7m3. This requires the pole faces to be parallel,

. 90
free from machining marks and almost optically flat™ . The pole cap

material must be uniform (metallurgically) and chromium plated to

reduce corrosion effects. Improvement to field homogeneity can be

nade byAemploying pairs of shim coils, located on or near the pole
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faces, such that whenever there are gradients existing in the main field,
d.c. currents passed through these coils may be adjusted to produce

' field grad;ents that cancel out the natural gradientsgl. As stated
earlier in section 2.A.8, the inhomogeneity of the magnetic field
experienced by nuclei within the sample results in the broadening of

the spectrum lines; the effect can be‘reduced significantly by employ-
ing a cylindrical sample tube and spinning it fapidly about its long-

itudinal axis, using a small air turbinegz.

In order to obtain accurate measurements of chemical shifts; the field
should possess high stability. To achieve this, permanent magnets  are
often preferred since they are capable of ﬁaintaining sufficiently con-
stant fiel&s, provided they are carefully thermostattedg3 and placed
well away from variable magnetic influences such as large moving
ferrous objects. Field disturbances in the vicinity of permanent
magnets can be minimised by mu-metal screening or by devices sensing
flux changes. To achieve basic field stability with an electromagnet,
a feedback system is fequired to stabilise the current passing through
the magnet's coils. In this system the magnet current is passed
through a small resistance and the resultant voltage obtained is then
compared with a reference voltage.: The difference between these vol-

tages is amplified and used as error voltage for correction purposes.

High resolution n.m.r. spectrometers incorporating either type of
magnet employ "flux-stabilising" coilsng to detect any change in the
total flux across the pole gap. The voltage induced in these coils
is applied to a galvanometer and which provides an integrated correc-
tion signal that is passed through a pair of compensating coils. - The

field produced by these cancels the original flux change, restores
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the galvanometer deflection to zero and hence the field to its

original value.

3.A.3 THE MAGNETIC FIELD SWEEP

Theoretically either the strength of the main field, BO, (field sweep
me&thod) or the frequency of the r.f. oscillator (frequency sweep
method) may be varied whilst the other remains constant to bring the
precessing magnetic nuclei into resonance with the rotating magnetic
field Bl' In the early days of n.m.r. technology it was usually found
more convenient to employ field sweeps due to the difficulties in pro-
viqing a suitably stable and liﬁear frequency sweep. However, modern

spectrometefs usually possess both sweep modes.

The sweéping or scanning of BO can be accomplished in two ways, namely

a recurrent sweep and a "non-recurrent" slow:sweep. In the recurrent

sweep the output of a sawtooth generator is aﬁplified and the current

fed to a pair of Helmholtz coils. Each of these coils has the same

number of turns and the séparation between them is equal to their

radius, and is usually mounted on the outside of the probe body withits axis
parallel to the direction of the main magnetic field. By varying the

time base and the output of the generato? it is possible to control

both the rate of the sweep and the spectrum (field) amplitude. This

sweep is employed when searching for the resonant field of a particu-

lar nucleus and when spectrometer adjustments, such as probe tuning for

a line shape, are made.

The slow sweep unit is employed to record the signal, using a pen re-

corder. under slow passage conditions so that line distortion is
H

minimised Slow sweep. can be achieved when a small dc voltage,

acting as error signal, is applied to the flux stabiliser. This results




76

in a linearly varying false correction to the applied field. Therefore
the change in Bo is brought about by a steady increase in current

" through the correction coils. The rate at which the small applied
field is varied is controlled by the magnitude of the dc voltage.

Alternatively, a slow sweep can be derived from a motor driven poten-

tiometer linked to a recorder to produce a permanent record of the

spectrum.

3.A.4 THE R.F. OSCILLATOR

In section 2.A.3 it has been shown that a nuclear transition is induced
when one applies a rotating electromagnetic field, Bl’ in a plane per-
pendicular.to the direction of Bo' Usually a linearly oscillating
field is employed for this purpose. Mr.f. transmitter (r.f. oscil-
lator) capable of generating a signal of constant frequency, the
power of which can be varied if necessary, is used as a source of
r.f. power. The signal is fed to a coil mounted in the pole gap of
the magnet and wound Qith its axis perpendicular to the direction of
the magnetic field, so as to produce a magﬁetic component of the
electromagnetic field rotating in a}plane at right angles to the main
field direction. Hence a sample placed inside the coil is subjected

to a rotating field suitably orientated for the induction of nuclear

magnetic transitions.

The r.f. soufce usually has an automatic gain control amplifier as the

final stage of the circuit and the output from this is fed to the probe

via - an attenuator system to achieve different r.f. levels.

3.A.5 THE DETECTION SYSTEM

The passage of r.f. radiation through the magnetised sample is
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associated with two phenomena, namely absorption and dispersion. The
line shapes associated with the absorption and dispersion modes are

“shown in Fig. 3.1 and 3.2. The resonance frequency can be determined

from the observation of either of the two modes, but in practice it .
is easier to observe and interpret the absorption mode signals. The
functions of the detector are to separate the absorption from the dis-
persion signal and also from that supplied by the r.f. oscillator. The
latter function is necessary because, although the amplitude of the
applied r.f. signal remains constaﬁt, only a small effect on it is

produced by the absorption signal.

The sample holder, or probe, is the assembly containing the air tur-
bine for sample spinning, the transmitter/receiver coil(s), the linear
sweep coils (and a pre-amplifier). Its position may be varied to
enable the best position in the field to be found. It can be divided
into two principal types, corresponding to the methods of detectiongs’?6
which are the single coil and the double (crossed) coil probe. Only

the latter type (and its corresponding method of detection) will be

discussed in more detail later since one is used in the spectrometer

employed for the present n.m.r. work.

3.A.6 THE VARIAN HA 100D SPECTROMETER

3.A.6.a THE ELECTROMAGNET
The magnetic field for the spectrometer is provided by an electromagnet,

designed for optimum £ield homogeneity at a fleld intensity of 2.348

tesla. The magnet is equipped with a manually operated field trimmer to

compensate for gradual changes in the field homogeneity along the y-axis.

The magnet current can be adjusted from zero to a maximum value for

various magnetic field requirements. The magnet has two water—-cooled,

; ; .d in series and mounted in a trunnion-
low-impedance coills connected 1n se




SIGNAL STRENGTH

Fig. 3.1  ABSORPTION LINE SHAPE FOR N.M.R. RESONANCE

SIGNAL STRENGTH

Fig. 3.2 DISPERSION LINE SHAPE FOR N.M.R RESONANCE
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supported yoke. The pole cap covers, containing the homogeneity coils
(Golay shims), and the yoke insulating jacket, insulate the pole pieces
" and yoke from the effects of ambient air temperature changes thus
helping to maintain the magnetic field stability and homogeneity. The-
magnet temperature is controlled automatically by passing de-ionised
water throughthe magnet cooling system via a heat exchanger. This

helps in maintaining the stability and high resolution of the magnetic

field.

3.A.6.b BASIC FIELD STABILISATION

A flux stabiliser unit provides a means for correcting magnetic field
drifts and for producing slow sweep rates. Pairs of coils (pickup and
buckout coils) are mounted over the pole pieces of the magnet to con-
trol the field. When a flux change occurs one coil detects this and
the output from the flux stabiliser to the other colil corrects for

the original change.

When a sweep is requifed; a dc voltage is supplied to one side of a
galvanameter input coil at a point A. The change in current in the
buckout coil induces a current in the pickup coil, and the resultant
voltage appears at another point B. After this happens the field con-

trol system will adjust to a rate of current change in the buckout coil
which equalises the voltages at the points A and B. This action pro-

vides a changing field or sweep.

Homogeneity of the magnetic field is controlled by the homogereity con-

trol unit. This consists of Colay (shim) coils, mounted in pairs on

the faces of the magnet. A rectified power supply in the control unit

furnishes current to these coils. Adjustment of the dc current passing

through the coils produces & field gradient in specific directions,
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which can be used to counteract any inhomogeneity in the magnetic field.

"3.A.6.c THE R.F. UNIT

The unit contains a highly stable fixed—fréquency oscillator and a
high-gain superheterodyne receiver. The transmitter section supplies
a 100 MHz carrier to the probe, where the carrier is modulated. The
resultant n.m.r. signal is then fed to the receiver section for ampli-
fication. A more dgtailed discussion of the function of the r.f.

unit will be given later when considering the HR mode of operation.

3.A.6.d THE PROBE

The probe gontains sweep coils for sweeping the magnetic field BO, a
transmitter coil for producing the rotating field Bl,>a receiver coil
for detecting the n.m. r. signal and twé sets of paddles for adjusting
any leakage bétween the transmitter and receiver coils. The receiver
coil is wound on an inset so that its magnetic axis is parallel to the
longitudinal axis of the sample. The transmitter coil is wound in
two sections surrounding the receiver coil such that their axes are
perpendicular. A Faraday.shield is placed between the two coils to
reduce the electrostatic coupling to a minimum. The sweep coils,
located in the annular slots on the sides of the probe, are placed

at a distance from the transmitter and receiver coils with their

magnetic axes parallel to the transverse axis of the probe. The

probe itself is milled from a single aluminium forging.

3.A.6.e THE DETECTION SYSTEM

The spectrometer employs the double coil or crossed coil method of

. . 96
detection, in what is sometimes called the nuclear induction method™ ~.
- >

In this method, a separate pecéiver coil is wound around the sample
: , :

with its axis perpendicular to both the axis of the transmitter coil
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and the direction of B, With this arrangement the receiver will pick
?P the signal arising from the nuclear magnetisation vector correspon-
ding to the absorption of energy by nuclei within the sample. Since
the axes of the two coils are at right angles to one another, both
coils should not be coupled and the transmitter signal is separated
from the absorption and dispersion signals. Any departure from
orthogonality between the coils results in a coupling between them,
thus leading to the.induction of a leakage voltage in the receiver
coil. In fact, a small amount of leqkage from the transmitter coil,
being in-phase with the absorption signal, is needed to suppress the
dispersion signal. Semi-circular metal sheets, or paddles, are
mounted at the end_of the transmitter coil to control the amount of
leakage, since they can modify the lines of force due to the fiéld

and thus provide the variable degree of inductive coupling between

the two coils.

The HA 100 D spectrometer can be operated in two modes, which are the
HR and HA (field/frequency stabilised) mode. These two modes of
operation will be discussed after: describing the principles.of the

field/frequéncy control.

3.A.6.f THE FIELD-FREQUENCY LOCK SYSTEM

The spectrometer employs & £ield-frequency lock system which can be
described as follows. Field-frequency control is a system in wﬁich
the r.f. soufce and the magnetic field strength at the sample are

held in constant proportion. To facilitate this, in an internal lock

system, a reference compound is added to the sample to be studied so
) s

that n.m.r. experiments are performed on both the analytical and

reference samples and the signai derived from the latter used to main-

tain the field/frequency POTPOPtionality'
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All r.f. signals used are derived by magnetib‘fiéld modulation, at
audiofrequencies, of the carrier so that the latter and its upper and
’ iower sidebands are transmitted to the sample. These signals can be
separated from one another in synchfonous (or phase-sensitive)
detectors referenced to the relevant modulation frequency. The signal
mode, absorption or dispersion, can be set by the audiofrequency ref-
erence phase applied to the synchronous detector. Nuclear magnetic
responses are observed whenever one of the instrumental frequencies
coincides with the nuclear precession frequency. One modulation side-
band (control channel) is adjusted to be on resonance for the inter-
nal reference compound with the modulation index set to avoid satura-
tion. The reference phase of tﬁe control channel synchronous detector
is set to produce a dispersion mode signal which, because of its shape,
is suitable for use to precduce an error signal to pull the magnetic

field back into resonance if thefield or the frequehcy tend to drift.

In the frequency sweep mode, the control chanﬁel operates at fixed

BO and constant modulation frequency whereas the analytical channel
frequency is swept lineariy through the spectrum (the frequency contrcl
is linked mechanically to the horizontal motion of the recorder arm).
The movement of the recordér arm from left to right coresponds to a
decrease in modulation frequency; thus,tpe high frequency set of
modulation sidebands is used to excite the resonance in order to obtain

the spectra, so that the lines in the spectrum appear in the correct

order of nuclear screening as ;f the field were swept from low to

.

high field at fixed frequency.

In the field sweep mode, the analytical channel is kept at a constant

modulation frequency obtained from a nominally fixed but manually

variable oscillator and the control channel modulation frequency is
Cl

swépt linearly. In this case the low frequency set of modulation side-
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bands 1s used and the modilation index of the analytical channel is
kept constant throughout the sweep. When the recorder arm (governing

- the control channel) is stationary, the n.m.r. signal from the refer-

ence dispersion mode line is zero volts. As soon as the control frer

quency is changed, the r.f. field used to excite the internal refer-
ence line is swept and the reference line tends to move off resonance,
thus generating a finite dc error signal which drives the main mag-

netic field in ailinear fashion in order to hold the reference signal

at resonance.

When a transfer from field sweep to frequency sweep mode is carried out,

the functions of the two r.f. modulation controlk are interchanged and
their settings have to be modified to avoid saturation of the lock

signal.

When the recorder arm reaches the indicator mark on the right hand side
of the chart, the sweep oscillator is at 2500 Hz. If the manual

oscillator is also at 2500 Hz, then the lock signal is at the same

» . . to _examin .
point on the chart. However, it may often be requlred/,on one oF five

expansion scales, a portion of the spectrum far removed from the lock
signal. This may be accomplished by off-setting the manual oscillator

above or below 2500 Hz, thus displacing the lock signal to the left or

right of the indicator mark.

3.A.6.g THE HR MODE OF OPERATION

In the HR mode. , the r.f. unit (Fig. 3.3) is employed and the r.f. level

at the probe, from the tpransmitter section, is controlled by a push-

button switch attenuator and isolated by a buffer amplifier to elimi-

nate frequency shift with load variations. A 2.5 KHz oscillator in

the integrator/ decoupler unit energises the probe ac sweep colls to

mnod ulate the 100 MHz carrier. This accessory stabilises the base line
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of the spectrum output by means of field modul-ation and phase sensitive
detection. The n.m.r signal at 99.975, 100 or 100.025 MHz is taken

from the probe assembly via a low noise preamplifier to the first of

two stages of r.f. amplification. The r.f. signal is then mixed with

a local oscillator frequency (95 MHz) in the mixer D, resulting in

5+ 0.025 MHz signals which are then passed to the first of two stages

of IF amplification ¢IF amplifier A). Receiver gain is accomplished

by varying the bias in the two stages with the receiver gain controi.

A 5MHz reference signal, derived from mixing the transmitter frequency
from the 100 MHz oscillator and the iocal oscillator frequency in

mixer B, is fed to the IF amplifier C. The IF amplifier output is
applied to a diode detectiné circuit, which includes the detector

level meter, and to a phase detectof circuit. The latter circuit

mixes the 5 MHz reference output from the IF amplifiér C and the n.m.r. g
signal from the IF amplifier A to produce a 2.5KHz signal which is
phase sensitive detected relative to the reference 2.5KHz in the

integrator/decoupler. The output signal is amplified and rectified for ﬂ

spectral or integral display on a recorder or oscilloscope.

3.A.6.h THE HA MODE OF OPERATION

In this mode of operation, the staﬁility of the magnetic fie%d is
enhanced by the use of a field-frequency lock unit in the Internal
"Reference Proton Stabilisation Unit. This unit provides n.m.r.
stabilisation by furnishing audio gain and phase detection in both
signal and control channels between the r.f. unit, the recorder and
the magnet stabilising circuits. The unit consists of a transmitter

section and a receiver section contained on printed circuit cards

(Fig. 3.4).

The transmitter section contains two audiofrequency oscillators, namely




(IAOR VH) ¥ILAN0YLOTAIS YWN d O0T-VH NYINYVA IHL JO WYYOVIQ OILVWIHOS Hh'€ *Old
STI0D WIHS-A OL |

it e e E L e TRy e e e e e m ey
; ! ! .
} 1
L — " “ |
1]
JorvagIa| | .. d0L ) ) '
! ~T110n | T03L3d dSVHd YATITTARY X ! 40IOdLdd ISYHJ !
! - ZH T ‘0 ! ! JITA-AONINOTII !
! zZH T ! " !
1. ! ! "
] ] 1 1
1 1 ! 1
1 1
1 " 1 ddId “
" AITITTINY v 4010313d . L -TTdRy| PELTIE| | ¥ITITTAHY e )
! > ASYHJ \ * " !
1 1 \ 1
1 ' 1 t
B e e e e o e e e e et e = = o = - - o=~ = o o -] L et e e
104100 YASITIAYL
d1LN0 ¥ISTIIAVLS Ol YAINNOO ANV TJ0OSOTTIIOSO 0L
f aludadedadadeted shedieitndentdedi i indatatadeshail thatht e | B sadadindiain ikl di ittt S |
] ? 1 1
1 “ | 1
! YIMO0TTIOL . "
) AU . YOLOTLAA |t el JOLYTIIOSO bl 1
“ HELLING ASVHA TOYLNOD | ! | 3LAITIdRY J3INS .
: JTVH " 1yt 1
1y !
i 1 1
“ mmHmmmmm< wm<wmmwwm ——— 0103130 STI00 JAMS <+ UIXIN [* nas 1
_ I 1IN ROYd *0'® JE0¥d 0L "“ﬂ ”
o | : t
t T \
! YIMOTIOL ¥010313A| ik _
" YALLIRE ISYHJ et Ly AITITTIRY] ¥OLYT11050 H— !
“ ITVH TVOILATYNY| | ! TYANVH '
] t ] 1
b e e e e et e e e m e c o —————— e e e e ] | U = J
NOILOAS dAAIIOIE _ NOTLOIS WALLIIWSNWVAL

SIXV-A ¥3IAJ003Id OL



8y

the sweep frequency and manual frequency oscillators. The sweep osci-
llator can be tuned for 50, 100, 250, 500 and 1000 Hz ranges whereas

the manual oscillator has two frequency ranges, 1500 - 2500 Hz and

2500 - 3500 Hz.

The output frequencies from the sweep and manual oscillators are
added and amplified and filtered, before being applied to the ac
sweep coils of the probe. The audiosignals obtained modulate the
100 MHz carrier through the ac sweep coils and the resultant sig-
nals, which are the nuclear sideband resonances, are processed in
the receiver section in'a similar manner to that described in

section 3.A.6.g.

The input signals to the receiver are applied to a 60 dB amplifier
and high pass filter circuit which provides respectively signal‘
amplification and high pass.filtering to reduce spinner noise.

The signals are then separated into two channéls: (1) the control
channel . for providing audiogain, phase detection and filtering
for the control resonance, and (2) the analytical channel which
provides audiogain and phase detection for the analytical sample
resonance. Impedance matchiﬁg of the control and aqalytical signals
to their respective amplifiers and phase detectors is provided by

-

two separate emitter follower circuits.

The control signal is applied to the control amplifier and phase
detector through the Field-Frequency switch. The reference fre-
quency for phase detection is supplied by either the manud or sweep
oscillator. The detected coherent sideband resonance is coupled
through the Lock On switch to the stabilisation filter circuit card.

The stabilisation filter provides low pass filtering for the dc

control signal which is then applied to the flux stabiliser to complete
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the control loop.

The analytical channel output from the emitter follower is applied to
the audio-amplifier and phase detector. The reference frequency fon
.phase detection is obtained either from the sweep or manual oscilla-
“tor. The detected coherent sideband resonance is coupled to the
integrator/decoupler unit where it is amplified and/ or integrated

and then applied to the recorder circuits.

Both of the oscillator outputs may be switched to the frequency differ-
ence phgse detector to enable the‘frequency difference between them to
be determinedﬂ Depending upon the mode of operation, either one of
these oscillator outputs is applied as reference voltage to this unit.
The reference voltage is amplified and shaped into a square wave., then
applied to the switching circuit. This circuit compares the phase of
the reference and analytical signals to produce a differential fre—
quency, which is coupled through a low-pass filter for application

to a frequency counter or to an oscilloscope.

3.A.6.1i THE AUTOSHIM HOMOGENEITY CONTROL

The main sources of transient inhomogeneity in the magnetic field are
the gradients along the y-axis. The autoshim control maintains opti-
mum homogeneity of the field by automatic adjustment of the y-axis

shim coil current in response to an amplitude change in the control

signal.

A 1 Hz square wave, generated in the autoshim control circuits, modu-
lates the y-axis shim coil current and the shim coil field, in turn,

modulates the n.m.r. signal. If the shim current is not at optimum
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value, the modulation of the n.m.r. signal can be detected when the
square wave sweeps the current beyond the optimum value. The signal
modulation is phase detected to obtain a dc voltage which is then

fed back to the shim coils so that the current of the latter is kept

at optimum value.

3.A.6.] SPECTRAL CALIBRATION

A graphic record of the spectra is made at any one of the five selected
sweep rates on a calibrated chart employing a flatbed recorder. Fre-
quencies of the observed and lock Vsignéls can be obtained using a
Varian 4315A fréquency counter by putting the signal monitor switch

to "Sweep" or "Manual oscillator frequency" and counting the two audio-
modulatioﬁ frequencies. Chemical shifts can then be determined by
measuring and taking the difference between the sweep frequencies of the
two absorptions involved. The accuracy of the shift measurements is

normally ca. + 0.1 Hz but with care + 0.05 Hz can be achieved.

3.A.6.k THE XL 100 VARIABLB TEMPERATURE ACCESSORY

This accessory is used for controlling the sample temperature for
analytical studies within the temperature range of 173.0 - 473.0K. The
sample is placed in a temperature controlled nitrogen gas stream which
then maintains the selected operating temperature of the sample. For
operations below ambient temperature, the nitrogen gas is cooled at
first by liquid nitrogen and then heated to the selected temperature
by a heater in the probe. If experiments are made above ambient
temperature, the gas flows directly into the probe and is heated to
the required temperature. Once a temperature is selected, it is con-
trolled through a bridge circuit containing a controller and sensor.
As the heated gas flows past the sensor, the tempqrature sensitive

element: in the sensor changes a resistance in the bridge which is then
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automatically balanced. Any change in the temperature control settings
or in the sensor resistance alters the bridge balance, resulting in

a change in the heater current. The nitrogen gas temperature is then
increased or decreased correspondingly which effects.a change in the
sensor resistance. The bridge balance is regained and the heater
current .again resuﬁes a steady value and the temperature is stabilised.
The controller circuit maintains the dialied temperature within + 1K

for 5mm tubes at the sensor and + 2K at the sample.

SECTION B

DIELECTRIC CONSTANT DETERMINATIONS

3.B.1 INTRODUCTION

Generally dielectric constants of liquids or solutions (which are of
prime interest in the present work) are deterﬁined through direct
measurements of capacitances. The approach adopted here for this
purpose is the so-called heterodyne beat method. However, because no
detailed description of the electronics of the particular apparatus
employed in the present studies is available, only a general and brief

discussion of the method will be offered.

.

69,129
5.B.o THE HETERODYNE BEAT NETHOD °°°17

This method, which has been widely uséd, is suitable for liquids of

negligible conductivity and especially for gases. It depends upon the
control of the frequency of a vacuum tube (thermicnic valve) oscilla-
tor by an adjustment of capacitances in a circuit, with the resistance
and inductance kept censtant. "Beats' can then be chbtained hetween two

such oscillators, the frequency of which represents the difference of
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the two frequencies. A.formation of beats is induced when two circuits
are placed so close together as to contain a mutual inductance, i.e.
the two circuits are coupled. The oscillations in one circuit (primary
circuit) induce oscillations in the other (secondary) circuit. The.
secondary oscillations then react upon the primary oscillations, giving
rise to a resultant oscillation having an amplitude which rises and
falls periodically. Whenever oscillations in one circuit contain maxi-
mum amplitude, mihimum or zero amplitude oscillations are obtained in

the other circuit.

A heterodyne beat apparatus (Fig. 3.5) may contain two OSCiliatOPS, one

of which (generated by a quartz crystal) is usually heid at constant

frequency, while the other obtained similarly, is adjusted by varying

a capacitance to give a controlled frequency, variable relative. to

that of the fixed oscillator. Alternatively a single oscillator could

be used and the output split to provide reference and analyticai fre-

quency. When both oscillators are nefrly in tune their frequencies pro-
space

duce beat frequencies equally ‘about .the null point, at which the fre-

quencies are equal.

Two separate condensers, each connected in parallel to one aqother, are
connected to the oscillator circuit A through screen leads. One con-
denser, containing the substance the dielectric constant of which is to
be measured, acts as a measuring cell whereas the other is a variable
standard condenser. In this respect the frequency of the analytical
signal coming from oscillator A can be adjusted over a range, COrres-
ponding to capacitance changes in the measuring cell induced by the
dielectric properties of pure liquids or dilute solutions present in
this, by using the standard condenser. The analytical signal is fed

to a mixer, where it is combined with a reference signal from the fixed

oscillator B. The resulting signal is then passed on to an oscilloscope
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through a detector-amplifier circuit, for display.

3.B.3 THE APPARATUS EMPLOYED IN THE PRESENT WORK

The apparatus contains similar main components to that shown in Fig. 3.5
except that it has three condensers instead of two. The third (Sullivan)
condenser, also connected in parallel with the other two, provides a
coarse adjustment of the capacitance so as to bring the beats into the
region detectable én the oscilloscope. The analytical frequency can
then be tuned by the standard condenéer to achieve the zero beat point
on the oscilloscope. The reading on the standard condenser at this
point, which corresponds to the capacitance of the measuring cell, can
be taken through ah eye-pilece. The.standard condenser has two reading
scales fixed on it. The main scale is related to a range of capacitance
from 300 - 720 pF and a vernier divided into 20 divisions, all of which

corresponds to one division on the main scale.

The capacitance of the cell (thermostated at 308.2K) essentially con-
sists of two parts. The first is due to the cell itself and the leads
and connections joining the various condensers and the oscillator unit,
and the sécond part corresponds to. the dielectric material ppesent in
the cell. The capacitance of the first part can be determined from the
difference between the capacitances of the cell when filled with air and
when filled with a liquid of known dielectric constant using equation
(3.1). Having done this, the capacitance (Cx), and therefore the
dielectric constant ( £x), of the dielectric material in the cell can

also be calculated from

C .
€ - X o 4 (3.1)

where Cé is the capacitance due to the first part and Cair that when
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the measuring cell is filled with air.

SECTION C

CRYOSCOPIC STUDIES

3.C.1 INTRODUCTION

The present cryoscopic studies involve the construction of phase dia-
grams for various binary systems from plots of témperature (freezing
point) against composition of the mixture. Freezing points and

other properties, such as eutectic and peritectic points, of mix-

tures can be obtained from their cooling curves, which are essentially
plots of temperature against time. The commonl& used apparatus for

this purpose in most cases is based upon that originally devised by
Beckmannl3o, of which the main components are a cooling cell, a stirrer,

a thermomemter and a cooling bath containing a freezing mixture.

It is generally found rather difficult to achieve accurate and repro-
ducible results from cryoscopic studies. However, for the apparatus
employed here, containing similar components to the Beckmann_apparatus,
reproducible results could be obtained within an accuracy of + 0.5K

-

for test samples.

3.C.2 THE CRYOSCOPIC APPARATUS

The various basic components of the apparatus used are listed below as
(a) A cooling cell, containing the sample under investigation
(b) A system for controlling +he cooling rate of the sample

(¢) A means of making accurate temperature measurements

(d) A component to record continuously the behaviour of the sample
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under cooling.

These components will now be described briefly in turn.

3.C.2.a THE COOLING CELL

The cooling cell was constructed as a double-walled glass tube,-in which
the space between the two walls was connected directly to a vacuum sy-—
stem such that the rate of chénge in temperature of a sample could be
adjusted by varying the pressure in the space (Fig. 3.6). The inner
glass cell contained the sample being studied. A motor driven stain-
less steel rod having small paddles attached in different directions
at one end was dipped into the sample and used to stir the latter.

By using a variable speed motor the stirring rate could be_kept con-
stant or altered. The cell also contained a copper-constantan thermo-
couple. This thermocouple, with one junction in the sample and the
other (reference junction) thermostatted at 29§.2 + 0.1K outside‘the

cell, was connected to a recorder with a high input impedance.

Apart from the inlets for the stirrer and thermocouple, the upper
part of the cooling cell was isolated from the atmosphere by a glass

stopper.

3.C.2.b TEMPERATURE CONTROL

The rate of cooling of a sample during an experiment was achieved by
the combined effect of changing the stirring rate (although this was
normally kept constant) and the pressure inside the space between the
two walls of the cooling cell. The cell was immersed in liquid nitro-
gen acting as the coolant for the present work. Normally the: rate of
stirring was constant, throughout the cooling process, and sufficiently

fast to produce rapid equilibration within the sample. This was shown

by a concave shape of the cooling curve after supercooling when the
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freezing point of the sample had been reached.

The vacuum in the space between the walls of the cell was produced by
a Genevac vacuum pump, with the maximum pressure inside the space
being not more than 5.0 x lo_emHg. The coeling rate was kept around

0.2 - 0.3 K per minute by changing (as necessary) the pressure inside

the space.

3.C.2.c TEMPERATURE MEASUREMENT AND CALIBRATION

This was achieved by employing a precalibrated scalamp galvanometer in
connection with the thermocouple. The calibration of temperature with
respect to the voltage reading on the galvanometef was conducted . in

the following manner.

Several organic liquids (analar grade) of differing freezing points
were employed as references. Theywere cyclohexane (266.7K), cyclo-
hexanong(256.8K), carbon tetrachloride (250.2K), m-xylene (225.3K) and

toluene (178.2K).

For each substance the temperature at the start of the cooling experi-
ment was read directly from a thermometer while the galvanometer vol-
tage reading was set at zero. During the cooling process a graph was
plotted between the galvanometer voltége readings and time. When the
cooling was over, the cooling curve obtained was analysed for the
freezing point. Taking the freezing point of each substance (from
the curve) to be exactly at the same temperature as quoted above, the
voltage change for 1K was calculated in each case. Each substance
was cooled down three times and the average value recorded. It was

found that a change of 1K corresponds to_ca. 3.57 WMV. Similar

temperature calibration was also made on the recorder to check the
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reliability of this value, and the result obtained was found to agree with-
in + 0.03 RV of the above value. The value so obtained was then used

when a conversion from a galvanometer reading (or‘recorder pen deflec-

tion) to temperature was required.

3.C.2.d4d THE RECORDING FACILITY

A servoscribe recording potentiometer provided an automatic, continuous
recording of the voltage change derived from the thermocouple for a
sample upon cooliné. The thermocouple was connected either to the
galvanometer or the recorder (y-axiss by means of a two-way switch.
Before cooling each sample, the voltage output from the thermocouple
(as the voltage difference between that of the sample and that of
the reference junction) was read on the galvanomter with the recor-
der pen set at a certain point. Using the conversion factor (section
3.C.2.c.), the temperature before cooling the sample was calculgted
for the chosen recorder pen position. When the cooling process was
over, the cooling curve obtained via the recorder for the sample was
analysed for the freezing, eutectic and/or peritectic points accord-

ing to section 2.C.6.
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CRYOSCOPIC STUDIES OF SOME MOLECULAR INTERACTIONS

TO ELUCIDATE THE STOICHIOMETRY OF THE COMPLEXES
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4.1 INTRODUCTION

It has been stated in section 1.5 that the information obtained from
studies of molecular interactions should be capable of elucidating the
nature, strength, stoichiometry and geometry of the complexes formed.

Furthermore, these studies have to be made in a manner such that each

particular feature is elucidated properly and accurately. To achieve

this any feature which, after its details are revealed, can facilitate

the elucidation of the others should be considered first. Generally it
is expected that once the stoichiometry of complexes has been deduced,
the other features can be investigated more meaningfully. It is thus

necessary to focus attention on complex stoichiometry at an early stage.

.The presence of one or more complex species in a binary system can be

9-103

k!
[

studied and confirmed through cryoscopy9 ., the theory and method

of which has been previously discusséd in section C, chapter 2. The \
technique involves the derivation of a phase diagram from a plot of the
freezing points of solutions against the corresponding compositions.

The presence of a complex species may then be deduced from any maximum
existing on the diagram; the composition of the mixture at that maximum
corresponds  to the complex stoichiometry. It is intended to4employ

this technique to study at this stage the stoichioﬁetry of complexes formed

within various systems of interest in the present work.

4.2 EXPERIMENTAL

The chemicals employed in the studies were benzene (spectrosol), p-xylene

(BDH), mesitylene (BDH), nitromethane (BDH), acetonitrile (spectrosol)

and chloroform (analar), which were used without further purification.

Examination of these chemicals by GLC revealed no impurities.
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The various binary §ystems studied were chloroform-p-xylene, chloro-
forﬁ—mesitylene, nitromethane-benzene, nitromethane-p-xylene, acetoni-
'tfile—p~xylene,-acetonitrile—benzene, nitromethane-mesitylene and
acetonitrile-mesitylene.

For each system a series of solutions was prepared in such a way that
the whole concentration range, from one pure component to the other,
was covered. The cooling curve for each solution was obtained employ-

ing a servoscribe recorder connected to the cooling apparatus as

described in section C chapter 3. The analysis of the cooling curves
to obtain the freezing point, eutectic point and meritectic point was
made according to the methods discussed in section 2.C.3. The aromatic
concentrations (on the mole fraction scale) of the samples together with
the corresponding freezing points (and eutectic or meritectic point) for S

"each system are recorded in tables 4.1 - 4.8. The temperature measure-

ments for the samples were accurate within + 0.5K. The cooling experi-

ments were conducted on each sample twice and the average value recorded. =;m
The reproducibility and accuracy of the technique employed was checked i
by measurements on the chloroform-mesitylene system (Fig. 4.1) which has

" . . » 18 .

been studied earlier by the other workers™ . It is found that the pre-

sence of 1:1 complexes is clearly shown on the diagram, the result of

which agrees with that obtained from the previous cryoscopic studies

referred to. The comparison of the results obtained from both studies

is recorded in table 4.9.
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TABLE 4.1

THE AROMATIC CONCENTRATION (REAL MOLE FRACTION) AND CORRESPONDING

FREEZING POINT VALUES FOR THE CHLOROFORM-MESITYLENE SYSTEM

Sample Mole fraction Freezing point/K Eutectic point/K
(mesitylene)

A 1.0000 218.9

B 0.34384 216.7

C 0.8000 T 214.7

D 0.7985 210.3 209.2
E 0.699% 214.0 i

F 0.5979 ©219.3

G 0.5061 224.1

H 0. 4002 217.9

I O.Slig 211.6

J 0.2005 202.8 200.5
K 0.1080 204.2

L 0. 0448 207.4

M 0.0000 208.6
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TABLE 4.2
THE AROMATIC CONCENTRATION (REAL MCLE FRACTION) AND THE CORRESPONDING

FREEZING PCINT VALUES FOR THE CHLOROFORM-P-XYLENE SYSTEM

Mole fraction Freezing Eutectic
Sample | (p-xylene) point/K point/K
A 1.0000 285.5
B 0.9001 280.3
o . 0.7999 | 274.7
D 0.7001 ' : 268.2
£ 0.6501 " o6u.6
F 0.6197 262.14
e 0.6003 261.3
H 0.5787 253.14
I 0.5501 257.5
g | 0.4999 253.0 ]
K 0.3997 ' 240.9 201.2
L 0. 3002 ' 224.6
M 0.2002 205.4
N 0.1001 | 204.9
0 0.0501 207.6
P 0.0000 209.6
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TABLE 4.3
THE AROMATIC CONCENTRATION (REAL MOLE FRACTION) AND CORRESPONDING

FREBZING POINT VALUES FOR THE ACETONITRILE-BENZENE SYSTEM

Sample Mole fraction Freezing Eutectic
(benzene) point/K point/K

A 1. 0000 278.8
B 0.9517 275.8
C 0.8929 272.3
D 0.8543 270.3
E 0. 8035 267.5

F 0.7599 ~ 265.3
G 0.6963 262.1
H  0.6596 260. 0
I 0.6450 259.6
J 0.6061 257.5 E
K - . 0.5535 255.4 ;
L 0. 5005 252.6 ' ﬁ
M 0. 41432 250.0 | 3
N 0.3991 248.0 248.8 (meritectic

. point)

0 0.3567 247.0
P 0. 3024 24k, 2
Q 0.2531 241.9
R 0.2031 238.0
S 0.1480 233.3
T 0.0987 225.2 2344
U | 0.0465 226.8
v 0.0186 228.2
W 0.0000 229.7
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TABLE 4.4
THE AROMATIC CONCENTRATION (REAL MOLE FRACTION) AND CORRESPONDING

* FREEZING POINT VALUES FOR THE NITROMETHANE-BENZENE SYSTEM

Sample Mole fraction Freezing Eutectic
(benzene) point/K point/K
A 1.0000 278.8
B 0.9102 272.5
¢ 0.8458 268.7
D 0.8067 266.6
E 0.7457 263.9
F 0.7019 261.6
G . 0.6524 260.1
H 0.60u44 258.1
I 0.5480 255.8
J 0.5202 ‘ 25u4.4
K 0.4951 | 253.9 252.14
(meritectic
L 0.4612 © 253.0 point)
M 0.4463 252.7
N 0.3993 : 251.7
0 0. 3500 2ug. 4
P | 0.3036 247.0
Q 0.2514 243.0
R 0.20u0 240.0
S 0.1505 236.6
T 0.1040 237.1 236. 3
U 0.051u 238.7
v 0. 0000 2u0.86
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TABLE 4.5

THE AROMATIC CONCENTRATION (REAL MOLE FRACTION) AND CORRESPONDING

‘FREEZING POINT VALUES FOR THE ACETONITRILE-P-XYLENE SYSTEM

Mole fraction

Freezing point/K

Eutectic point/K'

Sample (p-xylene)
A 1.0000 85.5
B 0.9437 283.6
c 0.8977 282.3
D 0.8539 281.0
E 0. 8014 280.1
F 0.7481 278.3
G 0.7029 277.4
H 0.6562 276.5
I 0.6015 275.2
J 0.5464 274,92
K 0.4976 273.5
L 0.4u89 272.3
M 0.4008 271.1
N 0.3492 269.1
0 0. 3030 268. 4
P 0.2523 266.6
Q 0.2009 264.5
R 0.1u98 260.6
S 0.0955 254, 2
T 0.0550 244,0 .
U 0.0275 227.6 227.3
v 0.0083 228.6
W 0.0000 229.7
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TABLE 4.6

THE AROMATIC CONCENTRATION (REAL MOLE FRACTION) AND CORRESPONDING

- FREEZING POINT VALUES FOR THE NITROMETHANE-P-XYLENE SYSTEM

Sample ?g}iyigiggion Freezing point/K Eutectic point/K
A 1.0000 285.5
B 0.9u98 283.9
C  0.8964 281.5
D 0.8u489 280. 4
E 0.7785 278.2
F 0. 7489 276.9
G 0.6396 276.2
H 0.6u4394 275.1
I 0.6049 274.2
J 0.5439 273.3
K 0.4979 2%2.6
L 0. 14435 271.9
M 6.3995 270. 8
N o.29é6 268.6
0 0.2488 267.7
P 0.1944 265.8
Q 0. 1499 26u4.8
R 0. 1059 261.3
S 0.0502 252.7
T 0.0272 240.5
U 0.0090 240. 4 239.6
v 0.0186 240. 3
W 0.0000 240.6
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TABLE 4.7

THE AROMATIC COMCENTRATION (REAL MOLE FRACTION) AND CORRESPONDING

FREEZING POINT VALUES FOR THE ACETONITRILE-MESITYLENE SYSTEM

Sample %%%%it?ﬁ%%g%on Freezing point/K Eutectic point/K
A 1.0000 218.9
B 0.9447 217.4
C 0.9028 215.7
D 0.8509 214.2 213.3
E 0.8045 214.2
F 0.7534 217.0
G | 0.7016 219.9
H 0.6547 221.0
I 0.6043 221.9
J 0.5460 223.0
K 0.5037 223.7
L 0. 4475 223.8
M\ 0.3992 223.7
N 0.3u39 223.8
0 0.3036 223.7
P 0.1966 224.3
Q 0.1552 224.0
R 0.1016 228.3
S 0.0u81 225.6
T 0.0288 227.5
U 0.0000 228.7
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TABLE 4.8

THE AROMATIC CONCENTRATION (REAL MOLE FRACTION) AND CORRESPONDING

FREEZING POINT VALUES FOR THE NITROMETHANE-MESITYLENE SYSTEM

Sample g%é%l%riggé Fregzing point/K Eutectic point/K
A 1.0000 218.9
B 0. 9561 _ 217.8
C 0.8965 215.9
D 0. 8603 ©214.8 214.6
E 0. 8099 : 218.0
F 0.7598 222.1
G ~ 0.7083 | 225.7
H 0.6501 228.9
I 0.6024 232.2
J 0.5620 234.0
K 0.5016 236. 4
L 0.4541 236.6
M 0.4002 236.5
N 0.3476 236.3
0 0.3062 236.8.
P 0.2521 236.8
Q 0.2003 236.5
R 0.1594 236.9
S 0.1033 237.2
T 0.0uu8 238.6
U 0.0212 239.7
v 0. 0000 240.6
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TABLE 4.9 - COMPARISON OF THE RESULTS AS OBTAINED BY OTHER WORKERS AND

FROM THE PRESENT STUDY FOR THE CHLOROFORM-MESITYLENE SYSTEM (CONT.)

Eu?ectic Eutectic composition | Freezing point
point/K of mesitylene (mole of complex/K
fraction)
Other workl8
' 200.2 0.175 224.2

(+ 0.5K) 208.7 0.775

Present Work 200.0 0.173 223.2

(+ 0.5K) ©208.5 0. 775

4.3 RESULTS AND DISCUSSION

The freezing point-composition diagrams for all systems studied are

shown in Fig 4.1 - 4.8. All 6f the eight binary systems considered in-
volve three different solutes in various aromatic solvents ( It has

to be pointed out here that since the whole concentration range is
employed in cryoscopic studies, either of the two components in a system
can be considered as solute or solvent depending on the concentration of
solution. In order not to cause confusion later on when the.n.m.r. studies
are discussed the aromatics are referred to as solvents and the others

as solutes). To simplify the discussion, the behaviour of chléroform

in various aromatics is considered first, followed by the other systems

of interest.

4.3.a THE SYSTEMS OF CHLOROFORM WITH VARIOUS AROMATICS

The interactions between chloroform and various aromatics have been

104 . 1 s
studied in detail by n.m.r. spectroscopy and the stoichiometry of the

complexes formed are indicated to be 1:l. This is also confirmed from

the present cryoscopic studies in the case of chloroform-mesitylene
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system. One would expect similar confirmation to be obtainable for the
systems of chloroform with other aromatics, for example p-xylene. When
the chloroform-p-xylene system was investigated to examine this point

in the present work, it was found that no complex formation of any part-
icular stoichiometry could be observed from Fig. 4.2. Superficially
this is rather unexpected. However, Reeves and Schneider have investi-
gated the systems of chloroform with benzene and mesitylene cryosco-
pically, and found that the presence of 1:1 complexes could be confirmed
only in the chlorofofm—mesitylene system whereas in the other (chloro-
form-benzene) system no complex formaéion was observed. The absence

of characteristics of 1:1 complexes in the latter case was explained in
terms of two effects. The first is that owing to the high freezing point
of benzene (278.8K)7compared to that of chloroform (209.6K), large
changes in freezing point with composition when more chloroform was
added to the solution may obscure the curve showing characteristics of
complex  formation (obscuring effect) which should be seen on the dia-
gram. The second is due to the weakness of the interactions between
both components (weakness effect) such that they cannot be detected by
cryoscopy. It would then appear that if these are the reasons, they may

also be applicable to the chloroform-p-xylene system.

Considering the first effect, it is seen that mesitylene has a low freez-
ing point of about 218.9K which is quite close to that for chloroform
whereas p-xylene has even a higher freezing point (285.5K)than benzene.
Therefore on fhe basis of the "obscuring effect', one would also‘not
expect to observe the presenc; of 1:1 complexes in the chloroform-p-
xylene system in the same way as in the case of chloroform with benzene.
In the case of the second effect, referring to the weakness of complexes

formed. this also appears to be justified. It has been found from pre-
R s

vious n.m.r investigationslou that the strength of interactions between
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chloroform and all three aromatics are of the order

mesitylene > p-xylene > benzene
in other words, mesitylene forms the strongest molecular complex with
chloroform when compared with the other two aromatics. If is therefore
possible that the existence of 1:1 complexes, which is normally detec-
table in the system of chloroform with mesitylene by cryscopy, cannot

be detected in the chloroform-p-xylene (or benzene) system.

Having considered the two effects, it becomes apparent that both are
operative in the chloroform-p-xylene system. If is therefore Jjustified
to conclude that the reason for not observing characteristics of com-
plexeé in this system is due to a combined influence of the effects dis-

“cussed.

4.3.b THE ACETON ITRILE/NITROMETHANE-BENZENE SYSTEMS
These two systems are discussed together since both exhibit a meritectic
point upon cooling which indicates the presence of an unstable complex

species within each system.

The diagram for the acetonitrile-benzene system (Fig. u4.3) represents one
in which there is a formation of complexes with an incongruent-freezing
point. The cooling curves for this system, for which the concentration
of benzene in the samples is from 0.50 upwards (table 4.10), confirm

the presence of a meritectic halt at 2u8.8K on cooling in every sample.

The longer the halt the closer is the composition of the sample to that

corresponding to the complex. Using Tammann's method described pre-

viously in section 2.C.3 (Fig. 4.9), it is found that the meritectic and

complex compositions are at 0.4y and 0.65 mole fractions of benzene re-

spectively. The latter is approximately equal to an acetonitrile/

benzene concentration ratio of 1/2. It is therefore evident that there
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is a complex formed in this system which possesses a 1:2 stoichiometry,
which»agrees with the study made previously by Goates et all7. Since
this 1:2 complex appearé to be unstable and can dissociate either into
other complexes of lower order (in this case the 1:1 complex is the
only possibility) or into the pure components, it is of interest to
compare both possibilities to find out which is the more likely. If
the first possibility is correct, one should at least observe some
evidence of 1:1 complex formation on the diagram (Fig. 4.3). In fact
such an ohservation is not apparent. In the case of the second possi-
bility, this is even less likely to héfpen than the first, since it is
unlikely for a 1:2 complex to dissociate into its pure components with-
out producing a 1:1 complex in the dissociation process. It would thus
appear that if there is a 1:1 comﬁlexAbeing formed, it is likely to be

unstable and present in a small, negligible amount. Therefore it may

be concluded that in this system only 1:2 complexes are formed.

The diagram obtained for the nitromethane-benzene system (Fig. 4.4) has
a similar shape to that of the above system (Fig. 4.3). The system
exhibits a meritectic point at 252.4K. When Tammann's method is applied
to the results obtained, it is found that (table 4.1l and Fig 4,10) the
meritectic and complex compositions are at approximétely 0.43 and 0.50
mole fractions of benzene respectively, which indicates in the latter
case that the unstable Eomplex possesses 1:1 stoichiometry. Even though
this complex is not stable, the only products obtained from its decom~

position are the pure components and so it can be concluded that there

is only 1:1 complex species present in the system.

4.3.C THE ACETONITRILE/NITROMETHANE"P—XYLENE SYSTEMS

The diagrams for both systems arc shown in Fig. 4.5 and 4.6 respec-

tively. The shape of the diagrams for both cases, apart from being

similar to each other, are also similar to those of the systems

s A R ALy 1 SRR




108

TABLE 4.10

THE AROMATIC CONCENTRATION AND CORRESPONDING MERITECTIC HALT LENGTHS

FOR THE ACETONITRILE-BENZENE SYSTEM

Sample Mole fraction (benzene) halt length/lOQm
A 1.0000 ‘ -
B 0.9517 -
¢ 0.8929 2.?
D ~0.8543 4.1
E ‘ 1} 0.8035 5.2
F 0.7593 6.5
G 0.6963 8.2
H 0.6596 ) ' 9.3
I 0.6450 9.3
J 0.6061 _ 7.3
K 0.5535 , 5.0
L‘ : 0.5005 2.3
M 0.4u32 -
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TABLE 4.11

THE AROMATIC CONCENTRATION AND CORRESPONDING MERITECTIC HALT LENGTHS

'FOR THE NITROMETHANE-BENZENE SYSTEM

Sample mole fraction (benzene) halt length/lOQm
A ' 1.0000 -
B 0.9102 | -
¢ 0.8458 , ' 1.7
D 0.8067 2.2
E ’ 0.7u57 ’ 2.8
F 0.7019 3.3
G 1 0.6521 3.8
H 0.60u4L 4.2
I 0.5480 4.9
J 0.5202 ' ' 5.2
K 0.4951 5.0
L . 0.4612 2.2
M | 0.4463 1.0
N 0.3993 ' | -




HALT LENGTH

6.0

2.0

0.0

1.00

Fig.

| |
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discussed previously in section 4.3.b. The only difference is that no
meritectic point could be observed when the analysis of the cooling

‘curves was made. This observation also agrees with the previous study

on the acetonitrile-p-xylene system made by Goates et all7. This
makes it impossible for one to say whether there is any complex forma-
tion in both systems. However, judging from the appearance of discon-

tinuity on the curves representing the variations of the freezing points

with concentrations, it is likely that complexes are being formed. An
attempt has been madé to try to explain their absence from the diagrams
in terms of the obscuring and weaknes; effects as discussed previously
in section u4.3.a. It is found that thefreezing point of solutions in
both cases varies slowly with the composition, and so the obscuring
effects (due to rapid change of freezing points) should be inoperative.

In the case of weakness (of complex formation) effects, this also can be i

discounted since n.m.r. studies discussed in later chapters show that

p-xylene forms a stronger complex with nitromethane or acetonitrile

than benzene. Hence no explanation can be proposed for the time being o
for the absence of evidence for complexes and it has to be concluded

that for these systems, the complex stoichiometry cannot be deduced from

cryoscopic studies.

4,3.d. THE ACETONITRILE/NITROMETHANE-MESITYLENE SYSTEMS
The diagrams for these systems are shown in Fig. 4.7 and 4.8 respectively.

In both cases it was observed during the cooling experiments that, for

samples with a mole fraction range of mesitylene between 0.15 - 0.45, a

heterogeneous mixture of two liquids was formed when the temperature of

the solution was below 273.2K. This indicates that partial miscibility

of the two components of these systems exists below the above stated

temperature. Since the liquid phases were formed while the temperature of

the mixture was decreasing and no halt or break could be observed on the

cooling curve, it was impossible to find out the exact temperature at
: s



111

this point for each sample. As soon as solid started to crystallise out

from each liquid phase, the temperature remained constant which was found
to be of the same value for every sample within the above specified con-
centration range of mesitylene. These temperatures were at 223.7K and

236.6K for the systems of mesitylene with acetonitrile and nitromethane

respectively.

Judging from the discontinuity of the curves present on both diagrams

(Fig. 4.7 and 4.8), it is evident that if the partial immiscibility

did not occur it may be possible to observe a second eutectic point on
each curve and therefore the characteristic behéviours‘of complex forﬁa—
tion in these systems. So, like the other systems discussed in section
4.3.c, it is concluded that there are complexes formed in both systems,
but the elucidation of the stoichiometry of these compiexes is hindered by

the immiscibility properties of the components.

The results from cryoscopic studies for various binary systems discussed
so far in this chapter indicate a weak nature for complexes formed within
these systems. This is confirmed by the evidence that their character-
istic behaviours can only be observed.in séme systems, in which the
complexes undergo dissociation. Hence it is justified to conciude that
the cryoscopic studies have a limited scope when aéplied to weak molec-

ular interactions in solutions.




CHAPTER 5

 N.M.R. STUDIES OF COMPLEX FORMATION

TEMPERATURES AND FURTHER CONSIDERATIONS ON CO

AT VARIOUS
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5.1 INTRODUCTION

When a solute is dissolved in an inert solvent such as cyclohexane the

chemical shift of a nucleus in a simple solute such as CHC1

3 has a

certain value which may be represented by 8froe If the solute were

dissolved and fully complexed in an active solvent it would be found

that the shift would be changed to another value, 5. However, it is
not possible to determine G experimentally because usually there is a
rapid exchange of the solute between the free and fully complexed
states, and the only shift that can bé measured, 60bs’ corresponds to
an intermediate or time-averaged screening of the solute nucleus.
Because of this the measured chemical shift is given as the time-avera-

ged functionl

6obs = ZPi 6i (5.1)

. . . .th
where Pi is the fractional time the solute spends in the 1~ state and

. . . . .th
6i is the chemical shift in the 1 state.

For an interaction, between a polar solute (A) and an aromatic solvent (B)

in the presence of an inert solvent (s), of the type

A = A ....... B (5.2)

+ B =—=——
equation (5.1), in terms of 6free and &> becomes

- P (5.3)
6ob:s - PA 6free T 'aB 8¢

or, in the form of the fractional populations of the solute in both

105
states -
(n, = Ppp) Pfree - |
e AB Yc (5.4)
) = n +
obs A nA

he number of moles
vwhere n, is the initial number of moles of A and Nap t ‘

of the complex formed at equilibrium.
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Equation (5.4) may be rewritten as

5 = "B
obs 5 -
n, ( c 6free) + afree (5.5)
or defining
A = -
obs 6ObS 6 free ( 5. 6)
and
AC = Sc - szsee . (5-7)

obs ~ n -A (5.8)

It can be seen that A, the total shift induced by B in A, can be

evaluated once n,g has been found. In principle the value of nAA/nA can

B

be obtained from the value of the equilibrium constant, K, for the reac-

tion which, if it is of the type specified by (5.2), is given by

y }
_ CAB] ) AB
o= CAJCB] ) YA YB (5.9)

where [AB1 , [AJ and [BJ are the concentrations at equilibrium of the
complex, free solute and free aromatic solvent respectively and YAB’

YA and YB are the corresponding activity coefficients.

From (5.9) if the activity coefficients of all the interacting species

in the system are considered SE(F~CGnC€UZﬂj ., then
[AB] ~ (5.10)
CAJCB]

whepe K in this case is referred to as the equilibrium quotlent. . In

practice the concentration of AB cannot be measured directly and neither

can the value of K, even in the form of (5.10). However, by combining

equations (5.8) and (5.9) in a suitable form the evaluation of both X

and A _is possible; the details of the procedures employed will be dis-
c :

cussed latep.
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5.2 GENERAL CONSIDERATIONS OF THE EXPERIMENTAL CONDITIONS

The present n.m.r. studies have been focussed on interactions of the
type, represented by (5.2), occurring in the presence of a third inert
compound and the discussion henceforth will be confined to these. The
presence of an inert third compound, such as cyclohexane (employed in
the present work) in the system, in principle benefits the investiga-
tion in several ways. These are:
(a) the étudies can be carried out on solid dipolar and solid aromatic
materials
(b) cyclohexane is a suitable internal reference compound for shift
measprements since it possesses é single and sharp resonance line which
remains narrow down to its freezing point.
(c) the concentration of the solute can be maintained at a low value
such that the effect of solute self-association is minimised.
(d) it is normally found thatl, as the ratio of the aromatic solvent
to solute concentration in a series of‘samplesvof different compositions
increases, the observed shift of a solute proton ( sobs) tends to shift
upfield due to an increase in the amount of complex being formed and
the effectiveness of the aromatic anisotropic screening upon the solute.
Thus different proportions of A and the aromatic (B) have to be used,

and in view of (c) abovée cyclohexane (8) ?s used to facilitate this

and hence the measurements of aromatic-induced shifts of the solute protons.

5.3 THE EVALUATION OF DATA

Because the variation of & ;. is related to the proportion of solute

. . . - > \ :\'es
complexed, through (5.5), it is possible to measure the shifts of a seri

n he interaction.
of samples and use them to deduce values for K and A, for t
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In general this is achieved by employing two basic procedures, both of
s O

which are based on equation (5.5) or (5.8). The first is an iterati
ve

"pfocedure suggested by Creswell and Allrele6 and the second is an

extrapolation method modified from that originally proposed by Benesi and

. 107
Hildebrand™ . Both procedures will now be discussed briefly.

The method developed by Creswell and Allred makes use of equations

(5.5) and (5.9) with K defined on a suitable concentration scale.

Normally the activity coefficients of all the interacting species
are neglected, and (5.9) is reduced to (5.10), so that an equilibrium

quotient is used. For example, in terms of mole fractions, the

equilibrium quotient is defined by

nAB(nS tn, tng - nAB)
)

(5.11)

% (n, - nup) (ng = Myp

where ng and ng are the initial numbers of moles of the inert and aro-

matic solvent respectively. This method assumes that only 1:1 molecu-

lar complexes are formed. It is obvious from (5.5) that a plot of Sobs
versus nAB/nA’ for a series of samples with a range of concentrations '
of solvent mixtures (B and S), should be linear with a gradient of A
and an intercept of & . Since n,, cannot be determined directly, an
free AB A :
iterative procedure must be employed in which different values of K
are chosen and nAB/nA evaluated for each sample. When a value for KX
is found for which the dependent values of nAB/nA plotted against the

corresponding 8 obs values give a straight line, then K 18 con81dered to

be corpect. In this way K_and A can be evaluated. Because the
X

whole process depends on a tedious search for the right value of Kx’ it

is normally achieved by the use of a computer.

The Benesi-Hildebrand metholeB—llO is usually applied to data relating ‘
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to the formation of a 1:1 complex. As in the previous case the activity

coefficients of the interacting species in the equilibrium expression
‘are neglected. Another condition which is necessary for this method

is that (B3 O>>>' CAd o where CB] ° and [A3] o are the initial con-

centration of B and A respectively, defined on any concentration scale
b
so that the amount of B used in forming a complex can be neglected. By

applying these conditions, the originzl form of the Benesi-Hildebrand

equation is obtained as

1 » 1 1 .
A K [B] A LN (5.12)
O C C

obs

Thus a plot of 1/ A s against l/EBJO should give a straight line,
from which K and [xc values are obtainezble from the slope and intercept

of the line.

It has been a matter of considerable concern that, when evaluating data

for any reaction employing the above procedures, apparent anomalies con-

110-112 .
cerning the values of Ac:and K have been found l. The most sig-

nificant of these are

(a) when a particular set of experimental data is processed, the value

of A obtained is found to‘depend on the concentration scale employed
c A

in the processing method and

(b) when a particular reaction is studied in different inert solvents,

different values of A  are cbtained.

Homer et alll3 have critically studied the validity of both procedures

and concluded that these anonalies arise from the facts that

j i i i and i + interpreted
(i) equation (5.5) is not strictly correct and 1is no p

correctly and

: s ) - . 7 +shich the ex erimental data have
(ii) the cencentration ranges over whi P
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been obtained are such that the methods by which they are processed
are

unsound.

In addition to this, the authors have suggested a procedure to be adopted
in processing the data in order to obtain reliable K and A values In
. C .

doing so -certain conditions have to be fulfilled which are as follows:

v

a) Meaningful values of K and Ac:can be obtained in terms of either

mole fractions, molarities or molalities only when Xg approaches unity

and K (and [xc) becomes independent of the concentration of B and
activity coefficients of all species. This is found to be fulfilled
when the concentration range of B varies approximately from 0.80 - 1.0C

mole fraction and Xy - 0

b) In order to obtain K and A as in a), the Benesi-Hildebrand equa-
tion (5.12) must be used for data processing and the required paremeters
obtained from the tangent to the relevant curve at Xg = 0. Moreover,

the equation should be modified to accqunt for the variation of the
chemiéal shifts of the "free" species with the composition of the mix-
ture. However, because Jacksonlu has found for reactions similar to these
studied here that making an allowance for this variation has little effect

on the values of K and AC:obtained, it will be neglected in the present

study;

c¢) When the mole fraction or molal concentration scale is employed, the

size or volume of the inert solvent has to be taken into consideraticn

in equation (5.5) and hence, in the equilibrium expression. This is rade

to account statistically for the chance the solute has of interacting with

. L4 1
either an active or inert solvent molepule. To achieve this, the actual

number of moles of the inert solvent, nS, has to be converted into the

s ‘hi een re-
appropriate number of moles of the aromatic solvent which have b

Pléced Since one molecule of the inert solvent, to an approximation,

' i -~ B hould be replaced by n.V./V,
behaves as V /VB molecules of inert " B, nS sho Vs’
s




118

where VS and VB are'the molar volumes of S and B respectively;
d? When the molar scale is employed, the correction for ng is unneces-
"sary since it.is implicit in the scale;

e) The Creswell and Allred méthod is found to be unreliable for ob-
taining K and‘ZSC when applied over the whole concentration range but

o . )
values of AH  obtained by this method are still considered to be mean-

ingful.

Jackson14 has suggested that only é small portion, around 0.005 mole
fraction of thé total reaction mixture, can be considered as the actual
solute and the rest as diluent solvent and thus converted into equiva-
lent moles of the aromatic by multiplying it by the ratio VA/VB. Since
the present work employs only about 0.005 mole fraction of the solute

" in each sample, this correction need not be considered further.
The present n.m.r. investigations have been designed to satisfy the
 experimental conditions described above including the conditions for

processing the data on the mole fraction scale.

5.4 STUDIES AT VARIOUS TEMPERATURES

If the presence of any specific complex can be detected from a study of

Sdlvent—iﬁduced shifts as indicated in the previous sections, the shifts

should be temperature dependent. This is expected because the equili-

brium quotients which initially govern’ the shifts should also be tem=

und to be true in the past when

perature dependent. This has been fo
15,25

emperatures have been made It

n.m.r. investigations at various t

3 that by performing n.m.r. measurements

thus follows from section 1.5

A - S 1 Vo K ’
at different temperatures, and obtaining the corresponding values of K,
© © © for interactions
the thermodynamic parameters AHT, AG and AS~ for the
o investigating the strength

.y e M.omea marameters are useful 1
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of the complex and factors affecting its formation. AHE® is of special
interest because its constancywith temperature provides helpful evidence
in establishing the presence of a single complex (or isomeric complexes)
within the system of interest. The evaluafion of AHO, ACC and AS®

in the present work is made according to the relations given previously

in section 1.5.3.

. 5.5 EXPERIMENTAL

The chemicals employed in the present work were benzene (spectrosol),
cyclohexane (spectrosol), acetonitrile (spectrosol), p-xylene (BDH),
mes;tylene (BDH), nitromethane (ﬁDH) and chloroform (analar). Exami-
nation by GLC of these chemicals revealed no impurities and they were

used without further purification.

The various three-component systems studied were chloroform-mesitylene-
cyclohexane, nitromethane—benzene-cyclohexane; nitromethane-p-xylene-
cyclohexane, nitromethane—mesitylene-cycloheene, acetonitrile-benzene-
cyclohexane, acetonitrile-p-xylene-cyclohexane and acetonitrile-

mesitylene-cyclohexane.

For each system a series of samples was prepared such that the mole

fractions of the solutes were kept Jow and constant, i.e. about 0.005

for those involving chloroform and nitromethane and 0.006 for acetoni~”

trile, with the mole fractions of the aromatics varying within the

range 0.8 - 1.00. The sample composiiions for each system are recorded

in table 5.1 - 5.7.

. : - ec-
All the lH spectra were obtained at 100 MHz using @& Varian HA 100D sp

‘4 i the chem~
trometer operating in field sweep mode with the frequencies of

. ith the
. . .. ... an electronic counter coupled wit

i
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3

spectrometer. All systems were studied at five different temperatur
' es

within the range of 280 - 350K, except that of chloroform-mesitylene

"which has been studied similarly elsewhere. The measurements of

temperatures higher and lower than 310K were made in the conventional way
using standard ethylene glycol and methanol samples respectively. Both
of these reference samples, together with the shift-temperature cali-
bration charts, were supplied with the instrument. It was found that,
once the temperature for each measurement was set, the temperature

variation from sample to sample was normally less than + 0.5K.

The data were processed on anICL 1905 computer to obtain Kx and A _values
: c

for each system. The program employed called BHCURVEFIT is based on

the Benesi-Hildebrand equation, which is as discussed previously in

section 5.3, given on mole fraction scale by

L - 1 y = | (5.13)

The gradient and intercept were taken at Xg = 1.0 to yield KX and A(y

The corrected aromatic mole fractions were calculated using the equation

ng
% = T (5.14)
B nA + nB + nS ¢/ Vp

These corrected values, together with the corresponding values of ob-

served solvent-induced shift, required as computer input data, ;are

recorded in tables 5.8 -~ 5.14. - The densities of the various species

needed for the bulk corrections sn (5.18) are recorded in table 5.15 and

the values required at the different temperatures, at which measurements

of samples were made, wepe obtained from linear plots of the data given

114
elsewhere .
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TABLE 5,1

SAMPLE COMPOSITION FOR THE NITROMETHANE-BENZENE-CYCLOHEXANE SYSTEM

: Moles of nitro-

Sample methane /1072 E2i22n2§10" 2§ii2h2£ane/lo—3
A 6.2909 0. 0000 16.5613
B 7.4377 13.3701 3.2L75
c 7.0282 14.2184 2.4506
D 7.5524 14,6921 1.8925
E 8.2405 15.1211 1.5928
F 9.2398 15. 3314 1.2603
G 9.2398 15.7816 1.0166
H 7.3231 15.9808 0.6012
I 8.0767 16.1473 0.4248
J 9.0432 16.3734 0.2489
K 7.4377 16.5049 0.0876

TABLE 5.2

SAMPLE COMPOSITION FOR THE NITROMETHANE-P-XYLENE-CY CLOHEXANE SYSTEM

Moles of Moles of Moles of éyclo-
Sample nitromethane/10 p-xylene/10 hexane /1073
A 6.2909 '~ 0.0000 16.5613 -
B 9.8u460 13.3783 3.2284
¢ 7.8636 14.1567 2.4734
D 8.7319 15.0617 1.6062
E 9.4364 15.3968 1.2705
F 7.4049 15.6767 0.9206
G 10.2391 16.0524 0.6660
H g. 0104 16.3163 0.2395
I 9.4364 16.5583 0.1299
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TABLE 5.3

SAMPLE COMPOSITION FOR THE NITRCMETHANE-MESITYLENE-CYCLOHEXANE SYSTEM

sample :iiizm2£hane/lo—5 ﬁziiiinne/lO*3 S;ti2h2£ane/lo_3
A 6.2909 0.0000 16.5613
B 8.3715 13.3263 3.2398
c _ 7.4377 14.3735 2.2654
D 7.1101 14.5078 2.1163
E 8.6828 14.6688 1.9261
F 10.0u26 15.0479 1.5690
G . 8. 0603 15. 3454 1.2265
H 7.7326 15.6897 0.9251
I 7.8473 ' 16.0056 0.5945
J | 7.3394 16.1413 0.4256 4
K 8.2u405 16.3200 | 0.2419 f
L 7.3558 16.4799 0.0826

TABLE 5.4

SAMPLE COMPOSITION FOR THE CHLOROFORM-MESITYLENE-CYCLOHEXANE SYSTEH

| Moles of
vample igiiioggrm/lO-S ﬁziiiyizne/lo—s cyclohexane/lo_ ‘
A 7.9912 | 0. 0000 16.6179 é
B 6.1735 13.3343 3.2862 :
¢ 6.4918 14.1611 2.47u3
D 6.0060 15.0051 1.6207
E 6.5253 15.3658 1.3u455
F 6.5u421 * 15.6926 0.9936
é 6.1233 15.9885 0.5942
H 6:8688 16.2833 v. 3016
I 8.35598 16.4331 0.13u3
A
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TABLE 5.5

SAMPLE COMPOSITION FOR THE ACETONITRILE-BENZENE—CYCLOHEXANE SYSTEM

. Sample zziizngirile/lohs 52i§2n2510_3 g;iithiane/lo—a . g
A 9.9630 - 0.0000 16.5767
B 11.1079 13.2800 3.2269
C ) 10.6694 14,1612 2.4195
D 14.5425 14,7185 1.8954
E 11.4976 15.0191 1.5600
F 13.3976 15,3174 1.2210
G . 12.4496 15.6977 1.0183
H . 12.0822 16.1029 0.6613
I 12,2284 16.1703 0.42393
J 10.6450 16.3467 0.2968
K 11.1566 16.6054 0.0876

TABLE 5.6

SAMPLE COMPOSITION FOR THE ACETONITRILE-P-XYLENE-CYCLOHEXANE SYSTEM

Moles of Moles of p- Moles of _
Sample acetonitnoile/lO-5 xylene/lO'3 cyclohexane/10
A $.9630 0.0000 16.5767
B 9,8168 13.2989 3.2520
C 10.9617 14,1710 2.4181
D 11.1809 14.7707 1.9153
2 10.7425 15.0285 1.5447
3 13.3002 15.14127 1.1983
G 11.5950 15.6386 0.9229
H 10. 3527 15.9822 0.6032 ,
I * 11.1809 16.1408 0.4045 E
J 13.3732 16.3281 0.258H
K 9.8168 16.518H 0.1321
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TABLE 5.7

SAMPLE COMPOSITION FOR THE ACETONITRILE-MESITYLENE-CYCLOHEXANE SYSTEM

Sample MOlSS of 5 Moles of -3 Moles of . :

acetonitrile/10 mesitylene/10 cyclohexane/10 .

A 9.9630 0.0000 : 16.5767 |

B 9.5245 13.5720 3.5926 ;

c 15.2733 | 14,3611 2.4765 _,E
D 10.8886 | 14,6790 1.9826
E 11.6681 | 14.9912 ) 1.6464
F 10. 4014 15.2934 1.4847
G 12.0335 15.6373 . 0.%117
H : 9.7681 16.0183 0.6332
I 10.5476 16.1788 0.3809
J 11.2053 16. 3427 0.2547
K . 10.8399 16.5382 0.0863
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TABLE 5.8
THE CORRECTED AROMATIC MOLE FRACTI
ON (x E
g)s & AND A VALUES AT

100 MHz AND VARIOUS TEMPERATURES FOR THE NITROMETHANE-BENZENE

CYCLOHEXANE SYSTEM

Temperature/ K Sample Xg 6obs/Hz Aobs/HZ

291.0 B 0.7719 ~161.52 100.53
¢ 0.8266 -159.17 102. 88

“F -] o.8864 -156.85 105.20

F 0.9081 | -156.15 105.90

6 0.9273 -155.66 106. 39

H 0.9562 -154.99 107.06

1 0.9690 | -154.55 107.50

J 0.9818 -154,21 ~107.84

K | 0.9336 -153.89 108.16

306. 4 % 0.7719 -167.20 95.03
¢ 0.5266 -164.91 97.32

| Y 0.8645 -163.70 98.53

E 0. 8864 -162.59 99.64

¥ 0.9081 -162.07 100.16

G 0.9273 -161.48 100.75

" H 0.3562 -160.3% - 101. 84"

1 0.9630 -160.01 102.22

3 | 0.9818 -159. 80 102.43

K 0.9936 -159.22 103.01

318.7 % 0.7719 -173.46 86.72
¢ ‘, 0.86266 -171.21 88.97

D 0. 8545 -169.79 30. 39

E 0. 8854 -169.02 91.16

¥ 0.8031 -168. 14 92. 04

¢ 0.9273 -167.57 92.61

IR oy
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TABLE 5.8 (Cont.)
i
Te.mper*ature/ K  Sample Xg Bobs /Hz Aobs/HZ

W | 0.9562 -166.47 93. 71

I 10.9690 -166.16 9u. 02

J 10.9818 -165.71 9u., 47

K | 0.9936 -165.28 94.90

326.5 & | 0.7719 -175.74 8l 69
¢ }0.8266 -173.16 87.27

P ] 0.8645 ~171.06 89.37

€ | 0.8864 ~170.22 90.21

F | 0.9091 ~169.66 90.77

& 10.9273 -168.68 91.75

H | 0.9562 -168.30 92.13

J 10.9818 -167.95 92.48

¥ 10.9936 -167.56 92.87

354.2 . B }0.7719 -184.58 75.28
¢ |0.8266 -182.36 77.50

P ] 0.86u5 -180.91 78.95

E |0.886u -179.98 79.88

F | 0.9091 ~179.16 80. 70

& |0.9273 -178.61 81.25

H |0.9562 -177.53 82.33

> 10.9818 -176.76 83.10

K | 0.9936 -176.33 83.53
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TABLE 5.9

THE CORRECTED AROMATIC MOLE FRACTIO}
y
(xB), 8 o and Aobs VALUES AT 100MHz

AN.D VARIOUS TEMPERATURES FOR THE NITROMETHANE—P—-XYLENE—CYCLOHEXANE SYSTEM

Temperature/ K Sample Xg sobs/HZ AobS/Hz
295.9 ¢ 0.8671 -168.30 93.65
D 0.914y -166.48 95.47

E 0.9325 -165.87 96.08

v 0.9510 ~165.26 96.69

G 0.9643 | -164.85 97.10

H 0.9873 -164.24 97.71

1 0.9932 -163.95 98.00

304.3 8 0.8250 | -172.87 88.90
¢ 0.8668 -171.28 90.49

D 0.9143 -169.37 92.40

e 0.9323 -168.83 92.94

F 0.9509 -168.15 93.62

¢ | o.96u8 -167.56 94,21

n 0.9873 -166.91 94. 86

321.5 ‘ i 0.8664 -178.57 83.10
Y 0.9140 -176.66 85.01

2 0.9321 -176.08 85.59

¥ 0.9507 -175.36 86.31
R 0.9647 -175.01 86.66

W 0.9872 -174.35 87.22

1 0.9931 ~174. 14 87.53
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TABLE 5.9 (Cont.)

Temperature/ K, Sample Xy 5, /Hz, e o
330.9 ¢ 0.8662 -182.10 78 .95
? 0.9138 -180.41 80.6U
E 0.9320 -179.60 81.45
i 0.9506 —179.io 81.95
& 0.9646 -178.59 82.46
H 0.9872 -177.94 83.11
L 0.9931 -177.78 83.27
341.1 ¢ o.sssé -185.35 75. 74
» 0.9136 ~183.47 77.62
E 0.9318 -182.82 78.27
¥ 0.9505 -182.18 78.91
G 0.9645 -181.85 79.24
H 0.9871 -181.14 79.95
1 0.9931 -180.98 80.11
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TABLE 5.10

THE CORRECTED AROMATIC MOLE FRACTION )
ION(xp), 5.,  ANDA . VALUES AT 100MHz AXD

VARIOUS TEMPERATURES FOR THE NITROMETHANE-MESITYLENE-CYCLOHEXANE SYSTEMS

Temperature/ K Sample Xy BO‘DS/ He Aobs/ e
295.4 12 0.8408 ~170. 32 91.63
¢ 0.8% 07 -168. 42 93.53
E 0.9072 -167.68 94.27
6 0.9uly -166.42 , 95.53
H 0.9561 +165.76 96.19
1 0.9719 -165.24 96.71
J 0.9799 -164.91 97.0u
K 0.9886 -164.57 97.38
L 0.9961 -164.37 97.58
307.8 B 0. 8402 -175.11 A 86. 82
¢ 0.8903 -172. 88 89.05
E 0.9069 -172.46 89.47
o 0.9412 -170.94 90.99
1 0.9718 -169.74 92.19
3 | o0.9798 -169.51 92.42
K 0.9885 -169.26 92.67
L 0.9961 -169.01 92.92
321.1 | 5 | o.ses | -1e2.11 79.11
¢ 0.8300 -18Q.06 81.u6
€ 0.9066 -179.30 82.22

G 0.9u10 -178.25 83.27
Y 0.9558 -177.70 83. 82
1 0.9717 ~177.01 84.51
3 0.9797 -176.76 84.76
K 0.9885 -178.52 85.00
L 0.9961 -176.31 85.21
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TABLE 5.10 (Cont.)

Temperature/ K Sample X5 obs/ Hz Aobs/ g
331.4 B 0.8394 -185.68 75.23
¢ 0.8896 -183.76 77.15

¢ 0.9408 -181.92 78.99

" 0.9556 -181.36 79.55

1 0.9716 -180.73 80.18

3 0.9797 -180.37 '80.54

K 0.9885 -180.14 80.77

L 0.9961 -179.92 80.99

341.3 B 0.8388 -189.05 71.68
¢ 0.8832 -187.04 73.69

F 0.9239 -185.82 74.91

¢ 0.9406 -185.28 75.45

H 0.9555 ~184.73 76.00

1. 0.9715 -184.01 76.72

7 0.9796 -183.72 77.01

K 0.9884 -183.46 77.217

L 0.9960 ~183.19 77.54
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TABLE 5.11

THE CORRECTED AROMATIC MOLE FRACTION (x), &,  AND A . VALUES AT 100Miz
O O.

AND VARIOUS TEMPERATURES FOR THE ACETONITRILE-BENZENE-CYCLOHEXANE SYSTEM

Temperature/ K Sample Xp 6obs/ Hz Aobs/ Hz
281.4 B 0.7718 73.79 103.87
¢ 0.8279 76.48 106.56

y 0.8645 77.70 107.78

E 0.8878 78.99 108.07

F 0.9116 79.23 109.31

¢ 0.9268 80.01 110.09

H 0.9524 80.96 111.04

0.9687 81.27 111.35

el 0.9784 81.59 111.67

K 0.9936 82.19 112.27

305.8 7 0.7718 65. 36 91.78
¢ 0.8279 65,30 on. 72

? 0.8645 69.62 96.0U

E 0.8878 70.99 97.41

F 0.9116 71.56 97.98

& 0.9268 72.15 98.57

1 0.9687 73.73 lQO.lS
7 0.9784 420 100.62

K 0.9936 - 7. 82 101.24

319.7 (7] 0.7718 59.31 86.13
D 0.8645 63.17 89.99

£ 0.8878 6lt. 50 91.32

F O.é116 65.26 92.08

G 0.9268 65. 8L 92.66
H 0.9524 67.15 93.97.
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TABLE 5.11 (Cont.)

Temperature/ K Sample Xp Sobs/ dz Aobs/ Hz
L 0.9687 67.63 9. 45

7 0.978u 68.14 94.96

v 0.9936 68.73 95.55

326.8 ‘ ® 0.7718 57.07 83.35
¢ 0.8279 59.83 86.11

¥y 0. 8645 61.08 87. 36

E 0.8878 62.31 88.59

F 0.9116 63.02 89. 30

c 0.9268 63.68 89.96

H 0.9524 L. 81 91.09
1 0.9687 65.55 91.83"

3 0.9784 65.92 92.20

X 0.9936 66. 49 92.77

341. 3 P 0.7718 _ 52.50 78. 24
¢ 0.8279 55.26 81.00

E 0.8878 57.78 83.52

F | o.0116 58.57 8l 31

& 0.9268 ’ 59.17 © 84.91

H 0.9524 60.38 86.12

1 0.9687 61.04 86.78

bl 0.9784 61.50 87.2u

K 0.9936 61.93 87.67
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TABLE 5.12

THE CORRECTED AROMATIC MOLE FRACTION (XB)’ 5 andvAO VALUES AT 100MHz

obs bs
AND VARIOCUS TEMPERATURES FOR THE ACETONITRILE-P-XYLENE-CYCLOHEXANE SYSTEM

Temperature/ K Sample Xg 6obs/ Hz Aobs/ Hz
290.4 4 0.8235 59.06 87.14
¢ 0.8699 61.05 89.13

Y 0.8980 62.14 90.22

E 0.917u4 62.96 91.0u

F 0.9362 63.47 91.55

& 0.9508 6u.11 92.19

H 0.9680 65.05 93.13

1 0.9785 65.31 93.39

5 | 0.9863 65.53 93.61

305.6 # 0. 8230 55.79 82. 39
¢ 0.8695 57.95 84. 55

» 0.8976 59.03 85.63

F 0.9360 60.69 87.29

& 0.9507 61.28 87.88

W 0.9679 61.94 88.5u

1 | o.9784 62.22 88. 82

B 0.9836 62.51 89.11

318.6 B 0.8227 50.58 77.35
¢ 0.8692 52.59 79.36

v 0. 8974 53.64 80.41

£ 0.9169 54,43 81.20

r 0.9358 55.00 81.77

e 0.9506 55.67 82. 44

. H 0.9678 56.53 83. 30
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TABLE 5.12 (Cont.)

Temperature/ K

Sample Xy aobs/ Az Aobs/ Hz
1 0.978u 56. 81 83.58
P 0.9862 56.93 83.70

326.8 2 0.8224 48,14 74 .46
¢ 0.8690 49,97 76.29

D 0.8972 51.05 77.37

E 0.9168 51.93 78.25

F 0.9357 ' 52.39 78.71

¢ 0.9504 53.16 79.48

R 0.9677 53.89 80.21

1 0.9783 54.21 80.53

I 0.9862 54,36 80.68

341.7 2 0.8218 43.63 69.47
¢ 0.8686 45,60 71.44

v. 0.8969 46.81 72.65

E 0.9165 47.70 73.5u

F 0.9355 ué.ls 73.99

¢ 0.9503 L8.88 74,72

W 0.9676 49.50 75.34

1 0.9783 49.78 75.62

0.9862 49.97 75.81
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TABLE 5.13

THE CORRECTED AROMATIC MOLE FRACTION (xB) AND A b VALUES AT 100 MHz
obs ’

> S4pbs
AND VARIOUS TEMPERATURES FOR THE ACETONITRILE-MESITYLENE-CYCLOHEXANE SYSTEM

Témperature/ K Sample Xp aobs/ Hz Aobs/ Hz
293.3 1 0.8292 56.29 85.36
P 0.90u9 59.70 88.77

€ 0.9213 60.22 89.29

¥ 0.9297 60.75 89. 82

G 0.9566 61.80 90.87

H 0.9702 62.48 91.55

' 0.9820 63.05 92.12

7 0.9880 63.30 92,37

K 0.9959 |  63.56 92.63

304. 7 ¢ 0.8288 51.90 78.54
¢ 0. 8814 54.50 81. 14

» 0.90u6 55.56 82.20

E 0.9211 56.21 82.85

Fo 0.9296 56.60 83.2u

6 - 0.9565 57.u44 84.08

H 0.9701 58.03 84.67

1 0.9819 58. L 85.08

3 0.9880 | 58.70 85.34

K 0.9959 58. 80 85. Ll

319.3 & 0.8282 45.95 72.16
P 0.90u43 49.27 75.u48

E 0.9207 9. 82 76.03

F 0.9293 50. 42 76.63

s 0.9563 51.21 77. 42
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TABLE 5.13 (Cont.)

Temperature/K Sample Xg SobS/Hz obS/Hz
H 0.9699 52.01 78.22

1 0.9819 52. 42 78.63

7 0.9879 52.55 78.76

K 0.9959 52.91 79.12

326.7 & 0.8278 43.39 69.72
P 0.9040 16. 89 73.32

e 0.9205 47.69 74, 02

F e 0.9291 48.13 74,46

3 0.9562 43.06 75.39

H 0.9699 49.69 76.02

1 0.9818 so;ou 76.37

7 0.9879 50.23 76.56

K 0.9959 1 50.55 76.88

337.9 ® 0.8272. 40. 57 66.50
D 0.9037 43,75 69.68

£ 0.9202 Ly, 32 70.25

F 0.9288 44,90 70. 83

5 0.9560 45,54 7147

H 0.9697 46.37 72.30

1 0.9817 16.76 72.69

3 0.9878 46,86 72.7é

% 0.9959 47.21 73. 14
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TABLE 5.14

THE CORRECTED AROMATIC MOLE FRACTION (XB), and A s VALUES AT 100MHz

) 6obS ob
AND 308.1 X FOR THE CHLOROFORM-MESITYLENE-CYCLOHEXANE SYSTEM

Sample Xp 5opstHZ A 11z
& 0.8384 -465.28 | 99.13
¢ 0.8798 -463.38 101.03
D 0.9221 -461.43 ©102.98
E 0.9359 -460. 74 103.67
v 0.9528 | -460.20 104.21
¢ 0.9718 ~459,10 . 105.31
R 0.9857 ~-458.49 105.92
T - 0.9937  -u58.31 106.10

TABLE5.15

DENSITIES OF VARIOUS SUBSTANCES AT DIFFERENT TEMPERATURES

. - -3
Density/10 3 kgm
Substance
293.2K 303.2K 313.2K
Cyclohexane 0.7785 0.76%81 0.7594
Benzene 0.87381 0.8€£85 0.8575
' Mesitylene 0.8653 0.8569 0.8485
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5.6 RESULTS AND DISCUSSION

It is generally accepted that the parameters required for the investi-
gations of complex structures are the additional screening ( AC) of the
solute protons in the complex relative to that in the non-complexed state
and the various thermodynamic parametersls’25 for the reaction. How-
ever, it is not possible to obtain values for these until the solute/sol-
vent ratio in each complex studied, and thus the stoichiometry of this,
has been established. Even though the latter point has already been
investigated through cryoscopy (chaptér 4), there are still some systems

needing further clarification because the results obtained from those

studies are not conclusive.

5.6.a THE STOICHIOMETRY OF THE.COMPLEX

Apart from cryoscopy . n.m.r..studies at various temperatures can also
provide some information on the stoichiometry of a complex. It has
been pointed out earlierll that the constancy of AH with tempefature
indicates the presence of a single complex species. In other words a
plot of 1nKX, calculated on the basis of 1:1 stoichiometry,‘versus 1/T
(section 1.5.3) which gives a straight line (with a slope equal to

- AH /R) indicates the presence of‘é single ( or a series‘of isomeric)
1:1 complex species, since their enthalpies of formétion should be iden-—
tical. For a system in which several complex species are present the
plot should not be linear unless all the enthalpies are identical or

similarly temperature independent, an unlikely possibility.

The other evidence which can be employed in conjunction with the above

22,25,104,106

conclusion comes from the values ofa . It is found for

those systems in which the formation of 1:1 complexes alone is well

established, that there is little change in the values of A obtained
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over a temperature range of 280-350K.

-So far the only information about complex stoichiometries obtainable from
cryscopy for systems of current interest is that both the chloroform-
mesitylene and nitromethane-benzene systems. result in a formation of 1:1
complex whereas a 1:2 acetonitrile:benzene complex is formed. It is
evident that the other systems of interest require further consideration

which may be possible through n.m.r. studies.

It has been shown recently from the latter studiesllS that the interac-
tions between various methyl halides and benzene can be interpreted in
terms of the formation of 1:1 complexes. Since the present investiga-
tions are focussed upon cémplexes formed between various methyl-sub-

~ gtituted benzenes and nitromethane or acetonitrile (as solutes), which
possess to some extent similar molecular structures to those of methyl
halides, one would expect superficially that these complexes might also
to possess 1:1 stoichiometry. Bearing this in mind, all the data in
tables 5.8 - 5.1k were.processed using the program BHCURVEFIT. The
values of K’:and A(:obtainéd are recorded in table 5.16. ‘It has to be
pointed out that owing to the high sensitivity of K, to experimental
errors, the figures after the first decimal placé fpr the values shown
in the table are considered to be insignificant but they are quoted here
as the original computer results obtained. To simplify the discussion,

the results for the acetonitrile-benzene system will be discussed separ-

ately later on.

A perusal of table 5.16 shows that the values of’AC;obtained for all the

systems at various temperatures (within the range of 280-350K) do not

show any regular or significant variation with temperature. On the

contrary, they may be considered as constant for each particular system,
3

with the maximum variation not exceeding + 0.06 ppm. This, apart from
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TABLE 5.16

THE Kx AND A o VALUES FOR VARIOUS SOLUTE-AROMATIC SOLVENT SYSTEMS AT

"DIFFERENT TEMPERATURES

System Temperature/K K, 4 _/ppm
Nitromethane-benzene 291.0 2.8102 1.469
306.4 1.9455 1.563

318.7 1.5769 1.555

326.5 1.5026 1.571

354.2 1.2239 1.522

Nitromethane-p-xylene 2985.9 2.4621 l.udl
304.3 1.38499 1.u41

321.5 1.6993 1.420

330.9 1.6530 1.344

341.1 1.4927 1.376

Nitromethane-mesitylene 295.4 2.6988 1.364
307.8 2.2963 1.335

321.1 1.7482 1.3u2

331.4 1.4331 1.377

341.3 1.2684 1.389

Acetonitrile-benzene 281.4 ©1.9720 1.696
305.8 1.3057 1.792

318.7 1.1115 1.821

326.8 0.939%9 1.927

341.3 0.8537 1.918

Acetonitrile-p-xylene 290.4 1.6982 1.49Y4
305.6 1.5720 1.u466

318.6 1.4190 l.§36

326.8 1.3583 1.410

341.7 1.1574 1.426
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TABLE 5.16 (CONT.)

System Temperature/K Kx Ac/ppm

Acetonitrile-mesitylene 293.3 1.946Y 1.382
30u4.7 1.8583 1.316

v 318.3 1.5921 1.289

326.7 1.4101 1.335

337.9 1.0655 S1.421

Chloroform-mesitylene 308.1 2.1887 1.549
Chloroform-mesitylenelou 277.1 3.522 1.691
288.4 2.807 1.661

304. 8 2.272 1.595

311.7 2.135 1.551

322.1 1.782 1.554
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confirming the cryoscopic result found for the nitromethane-benzene

system, also supports the original assumption that the other systems

. possess 1:1 complex species.

The system chloroform-mesitylene, in which complexes of 1:1 stoichio-

14,104 . .
, was studied only at ambient

metry have been well established
temperature ‘simply to establish the accuracy of the present work by
reference to that of other workers (see table 5.16). The values of

KX and A‘c obtained by Whitneylou at various temperatures for this system
are included in table 5.16 for this purpose. These additionally show the
constancy of A with temperature (the maximum(variation is within +0.07ppm)
for a system with well estalished 1:1 stoichiometry. In view of the fact

that an extensive study and discussion of this system has already been

reported by Whitney, further reference to it will not be made here.

In order to find out if the systems recorded in table 5.16 contain one
or more comlex species, plots of anx against the reciprocal of abso-
lute temperature were made. It is found that all the plots show
linearity (a typical diagram is shown in Fig. 5.1), indicating the
corstancy of aH with temperature and thus the presence of a single 1:1
complex species. This evidence, together with the other deduged from
the constancy of AC:with temperature, enables the circumstantial con-
clusion to be drawn that for all systems studied, excluding that of
acetonitrile-benzene for which the variation in AC is c.a. 0.2 ppm, only

complexes of 1:1 stoichiometry are formed.

THE ACETONITIRLE-BENZENE SYSTEM

The values of & , evaluated on the basis of 1:1 stoichiometry, obtained
Cc

3 he acetonitrile-benzene system appear to be
at various temperatures for t '

anomalous and vary within the temperature range of the investigations by

+ 0.12 ppm (table 5.16). This seems to be too large to be accounted for
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as experimental error so it may concluded that the interaction may re-
sult in the formation of complex species other than oreof 1:1 stoichio-
“metry. Certainly the results already obtained from cryoscopic studies
of this system indicate that only 1:2 complexes are formed in the
system. Further support for this conclusion comes from the plot of
anX ( for 1:1 complex) against 1/T, which is found to be better fitted
by a curve than a straight line (Fig.5.2). Further insight to this
point is forthcoming from values of Kx and t&c calculated on the basis
of 1:2 stoichiometry. Toobtain these, some modifications of egquations

(5.10) and (5.14) have to be made, as follows:

For any system containing a single complex species of the type
A + mB == A .......B (5.15)
i.e. the complex possésses l:n stoichiometfy, (5.105 has to be changed
to |
[AB ]

K = : (5.16)
(A} [s1 "

and on adopting the same conditions as in the basic Benesi-Hildebrand

method, a similar expression to (5.14) can be deduced as

———— =

+ 7%— : (5.17)
Aob C

K xD A

1
s xB Tc¢

It is evident that (5.17) is inapplicable for a system.with a subse-

quent reaction represented by .
B

in other words, when several complex species are present 1n the same

system. However, for a system containing only complexes of 1:2 stoi-

chiometry (n=2), (5.17) can be written as

1 - 1 y 2 (5.19)
: A

C C
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Equation (5.18) therefore was employed in the evaluation of the Kx and

Asc values for this system with the criteria proposed by Homer et al 1
still applicable (c.f. equation (5.13)). Bearing this in mind

all the data in table 5.12 were processed employing the program

BHCURVEFIT (with xé values fed as input data instead of Xy wvalues).

The values of KX and Ac 0 obtained are recorded in table 5.17.

A perusal of table 5.17 shows that the values of A, obtained at differ-

ent temperatures appear to be constant with maximum variation not more

than + 0.04.ppm. It is therefore likely from this evidence that the

experimental observation regarding the constancy of AC with temperature,

previously adopted in systems with 1:1 complexes, can be extended to this

TABLE 5.17

K and A VALUES AT DIFFERENT TEMPERATURES FOR THE ACETONITRILE-BENZENE
X C .

SYSTEM
4
Temperature/K Kx C/ppm
281.4 7.3636 1.276
305.8 ' 5.1064 . 1.211
319.7 3.9215 1.202
326.8 3.5817 1.190
341.3 3.0080 1.221

. . . : A
case to confirm the existence of 1:2 complexes, provided values of o are

evaluated on the latter basis. A plot of anX (table 5.17) against 1/T

for this system is shown in Fig. 5.3, from which it is seen that a straigh-

teop line is obtained than in Fig. 5.2, indicating the independence of &H

of temperature. This evidence further supports the original results



1.9 L
1.6 L
1nK
X
1. 3=
1.0 N ' l
2.8 3'1 3!4
103/T

ONSHIP BETWEEN anx AND RECIPROCAL OF ABSOLUTE

Fig.5.3 RELATI

TEMPERATURE FOR COMPLEXES OF ACETONITRILE-BENZENE

<ySTEM (K_ CALCULATED ON THE BASIS OF 1:2 STOICHIOMETRY)
« |

e e e



145

interpreted from cryoscopic studies that only 1:2 complexes are formed

in the acetonitrile-benzene system.

So far it is evident that by employing both cryoscopic and n.m.r. studies
the stoichiometries of the interactions for all systems of interest in
the present work can be established; these are recorded in table 5.18,
together with the average corresponding ‘Ac values. However, it is
apparent from the above n.m.r. results that, to determine the stoi-
chiometry of any complex without pfevious knowledge of cryoscopic
studies, is in general difficult. Only by assuming the stoichiometry and
interpreting the values of Kx and Ac:evaluated on this basis can an
indication be obtained as to whether or not this assumption is correct.
In an attempt to obviate this speculative approach, a new method was

proposed.

TABLE 5.18
STOICHIOMETRIES OF THE INTERACTIONS AND AVERAGE l&c VALUES FOR VARIOUS

SOLUTE-AROMATIC SOLVENT SYSTEMS

System Stoichiometry Ac/ppm
Nitromefhane—benzene 1:1 . 1.536
Nitromethane-p-xylene 1:1 1.336
Nitromethane-mesitylene 1:1 1.3u;
Acetonitrile-benzene 1:2 1.220
Acetonitrile-p-xylene 1:1 1.446

, : .34
Acetonitrile-mesitylene %-l 1.3u49

5.6.b A PROPOSAL TOR ELUCIDATING DIRECTLY THE STOICHIOMETRY OF A COMPLEX

It is seen from (5 17) that for a single complex species possessing 1l:in
s seen f . ‘
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stoichiometry, one obtained a similar relation to that of the basic

Benesi-Hildebrand equation viz:-

- = s = (5.17)
A - 3 —_— 5.17
obs A .
KxXB A(: c
- If ésmax represents that value of Aobs at Xg = 1, (5.17) reduces to
1 _ 1 1 1 1 + K
& X o ( %)
max x & c be 8¢ K
X
or
K
I X (5.20)
be (L +K)b
x’  max
Combination of (5.17) and (5.20) gives
1 _ 1 Kx
& ' (1L+K)0 (1L +x)b
obs B X max X max
which can be rearranged as
& 1 Kx
—rax = + ——— {5.21)
& obs . X (1 + Kx) (1 + KX)

B
Di fferentiation of (5.21) with respect to Xg leads to

2B By ) o | o (5.22)

o Xp ST+ k)
B X

Hence

log (-z,(Am‘ax/Aobs)/be) = log n - (n-1) long—log(l + KX)
(5.23)

4 (5.23) that by plotting &/ bes versus

It is evident from (5.22) an ox

Xg o the gradients of the curve at various values of xp can be evaluated.

If the log of these values is then plotted against corresponding log X5

the slope of the new curve at Xp = 1 yields n - 1, and hence the stoi-

Th f K n also be deduced from t
chiometry of the complex. The value © K, ca o c rom the
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intercept. However, if a value of KX is obtained in this case from a
log function (equation (5.23)), any slight variation of the intercept

- (which is found to be small) can cause such a large discrepancy in

K, that it is unreli;ble.and so it should be deduced instead from (5.17).

Adopting this new approach, four sets of data (table 5.8 - 5.13) at
different temperatures for each system were processed by a program

MODCURVEFIT to obtain gradients at various Xy values from the plot of

TN

against x
max obs &

B which were theniused finally to evaluate n

in the same way as described above. The results obtained are recorded

in table 5.19.

A perusal of teble 5.19 shows that for each system only two sets of
data out of four processed yield correct values of n (c.f. table 5.18).
The other two either give lower or much higher values of n than expected
(in one case up to n = 8) which indicate that the results still cannot

be considered conclusive.

TABLE 5.19
STOICHIOMETRIES OF THE INTERACTIONS DEDUCED BY THE NEW APPROACH FOR

VARIOUS SOLUTE-AROMATIC SOLVENT SYSTEMS AT DIFFERENT TEMPERATURES

"Stoichiometry (1:n)

System 551-296.0K |308.0-308,0]318.0 ~1326.5-331.5K
321.5K

Nitrométhane—benzene 1:1 1:1 1:6 1:8
Nitromethane-p-xylene 1:4 1:1 1:2 1:1
Nitromethane-mesitylene 1:2 1:1 1:5 1:1
Acetonitrile-benzené 1:1 1:2 1:2 1:3
21 1l:4 1:5

Acetonitrile-p-xylene 1:1 L:
1:4 1:1 1:1 1:6

Acetonitrile-mesitylene
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The approach appears to be highly sensitive to the data processed such

that a wide range of values farn is obtained. Although it is encouraging

in view of the fact that some correct results are obtained, it has to be
concluded under the present circumstances that the approach cannot‘be
adapted for the required purpose.. It thus follows that, to produce
conclusive results, further (and significant) improvements are required
mainly in the accufacy of the experimental measurements. Due to a

paucity of time, no further investigations of this method were made.

According to section 5.4 n.m.r. studies at various temperatures, apart
from giving support to the deduction of complex stoichiometries from
cryoscopic studies, caﬁ also be used in the evaluation of various
thermodynamic parameters ( AHO, as® and AG® ) for the interactions.
These are essential in elucidating the nature and "strength" of "’
complexes. However, it seems more appropriate to consider the strength
after the nature of the interactions has been well established. For
this reason the presentation (including the discussion) of the values

for these thermodynamic parameters is postponed for the time being.



CHAPTER 6

DIELECTRIC STUDIES OF MOLECULAR COMPLEXES
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INTRODUCTION

The studies described so far were directed towards elucidating the
stoichiometries of some molecular complexes. The aim of the work
reported in the present chapter is to establish the nature of the
interactions by studies of the dielectric constants of mixtures cont
taining the active species. Also, at the same time, an attempt is made
to evaluate the equilibrium quotients for various interactions to see

if they are compatible with those obtained from n.m.r. studies.

PART A: THE DETERMINATION OF THE EQUILIBRIUM QUOTIENTS FOR VARIOUS

INTERACTIONS THROUGH DIELECTRIC POLARISATION STUDIES

6.1 INTRODUCTION

Several workers have earlier employed. dielectric studies as a poten-
tial means not only for detecting the formation of weak complexes in
solutions, but also for determining the extent to which such complexes.
are formed. Earp and Glasstone116 have studied an interaction between
two substances A and B which yield a complex AB (of i:l stoichiometry)
by dielectric polarisation calculatioﬂs. They have made the assump-

tion in their method that, when a solute (A) is infinitely dilute in

an active solvent (B), all of the solute is in the form of the complex

and thence calculated the amount of solute taking part in the interac-

tion and also the equilibrium constant for the system. However, their

assumption is obviously misleading and the method was criticised by

Hammick et alll7 who, in turn, have proposéd several alternative methods,

,..118 : .
one of which was applied by Few and Smith™ . The method involved the

determinations of the apparent molecular polarisations at infinite
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dilutions of A in B, in an inert solvent S and in mixtures of B and S,
WhiCh were finally used to calculate the equilibrium constants. It

was later employed by several groups of workersllg,lQO in studies of

interactions between various alcohols  and pyridine.

The purpose of the studies in the present section is to apply, through
polarisation determinations, a new approach to the evaluation of
equilibrium quotients (K) for various molecular interactions studied
previously by n.m.r. By employing the criteria described in section

; 5.3, it is expected that both studies should give compatible results.
An advantage gained in adopting this approach is that no polarisatibns
at infinite_ dilutions of any interacting species are needed, since
they require extrapolations of the curves (plotted between polarisa-
tions and concentrations) which can introduce some uncertainties to the

values obtained.

6.2 THE APPROACH ADOPTED IN THE DETERMINATION OF EQUILIBRIUM QUOTIENTS

According to the discussion in section B, Chapter 2, the molar polarisa-

tion of a substance is given by

p - £-2 B (6.1)
P

where ¢ is the dielectric constant, M the molecular weight and p the

density of the substance.

The polarisation of a binary mixture, i.e. a dilute solution of a polar

solute A in an aromatic solvent B, is then gilven as

- M
EA B 1 (XAMA + XBIB) 6.2
P - x,P, +% Pp = - : p :
AB . A"A B ep,p * 2 A,B
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where x, and xp, PA and PBa and MA and My are, respectively, the mole

fractions, the molar polarisations, and the molecular weights of A

and B, while ¢ and

A,B Py p are the dielectric constant and density

of the solution.

Since

xp T 1o xg | (6.3)

P T ——

A + Py (6.4)
If PB is assumed to be constant and unaffected by the amount of solute
present in the solution (an approximation), the polarisation PA of

the solute for that solution may be calculated from the dielectric

", Equation .
constant and density of the solution througK (6.2). It is found in

most cases that PA increases with decreasing poncentration of A, and
the rate of increase tends to be greater the lower the concentra-
tion. The relation (6.2) also holds for the other dilute (binary)
solutions in general. If the additivity rule for polarisations re-
presented by (6.2) is assumed to hold for a three~componént system
composed of a dilute solution of A in B (of upper mole fraction range

within c.a. 0.90 - 1.00, which is similar to that of n.m.r. work) with

cyclohexane (S) as the third component and molecular interactions be-

tween A and B of the type

A + B = ) VN B ~ (6.5)

exist within the solution, the relation

PA,B,S = PA(XA—X.AB) + PB(XB —XAB) +

PSXS + PABX AB (6.6)
117 o
is expected to hold . TFor (6.6) PS and)(s are the polarisation and

mole fraction of cyclohexane respectively, PA,B,S the polarisation of
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the mixture, PAB that of the complex formed and"AB the mole fraction

of complex at equilibrium. When the conditions that>¢A is low and

constant and xy x, are applied, it follows that

PB (xB - x,) ~ P x (6.7)

P = P P : -
A,B,S Ea t Bt t Bg¥s t %yp(Pyp 7 Fp)
or defining PT as
P.=P - - = : -
v Pam,s  Pee T Pe¥s T Paa t*un(Pas Py) (6.8)
let
XAB = o ﬁ, (6.9)

where ® is the fraction of solute taking part in complex formation.

It is evident from (6.8) and (6.9) that

PT/xA = ec(PAB—PA) + Py (6.10)

Equation (6.10) possesses the same form as (5.5) derived from n.m.T.

studies in previous chapter.

According to equation (5.11), K, for a system can be evaluated from

n, (n, +ng +0g ~ nAB)

y - -a A B (6.11)

(nA - nAB)(nB )

OAB

.th
where n. represents the number of moles of the 1 component. In other
i ,

words

XAB ~ *AB (6.12)
) (%, = %pp)%p

(xA - xAB)(xB XaB

Substitution of (6.9) into (6.12) results in the expression

&£ o (6.13)

K = ——

® (1 -« )xg
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1 1
o . + 1 (6.13)

‘Combination of (6.10) and (6.13) leads to

X
A 1
N _— z + L (6.14)
- 3 X - -
T "AA Kﬁ‘B(PAB- PA) PAB PA
If a quantity PNETT is defined as
P_. - P X
b= T_"AnM
NETT N
A
then, from (6.14)
1 1 1
- : $ © (6.14a)
P X - -
NETT K *5(Pup Fp) Pap ™ Fa

Hence a plot of 1/P against l/xB should be linear with %{ and PAB

NETT
obtainable from its gradient and intercept respectively. Equation
(6.14a) also has the same form as that of the Benesi-Hildebrand equation

(5.14), and so the whole process of evaluating Kk and PAB can still be

carried out in the manner described in Chapter 5.

It can be seen frém the above discussion that by studying various binary
solutions of A with S and B with S, the values of.PA&PB for each solu-
tion can be determined through (6.2) (with PS taken to be of the same
value in every solution). These values were employed in the studies of
various three-component solutions (A + B + S) through (6.8) to obtain
PNETT for eaﬁh solution, which was then used to evaluate K Xand PAB

as described above.

Furthermore, as stated earlier, since it was found that PA and PB‘vary
with the concentrations of A and B in the binary mixtures, the concen=

tration ranges of A and B employed in sample preparations were kept
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the same in both the two- and three-component systems. These were

made to minimise the error that might be introduced when the values

of P, and P

A B were used to calculate P
N

ETT °

6.3 EXPERIMENTAL

The chemicals employed were the same as those in the previous chapter.
The systems studied were benzene-cyclohexane,‘p~xylene—cyclohexane,
mesitylene-cyclohexane, nitromethane-cyclohexane, acetonitrile-cyclo-
hexane, nitromethane—benzene—cyclohexane, nitromethane-p-xylenezcyclo—
hexane, nitromethane-mesitylene-cyclohexane, acetonitriie-benzene-
cyclohexane, acetonitrile-p-xylene-cyclohexane and acetonitrile-

mesitylene-cyclohexane.

For binary systems of ni%romethane or acetonitrile with cyclohexane,
the concentrations of the solute in the samples were kept withiﬁ

0.00 - 0.03 mole fraction. In the case of the various aromatic-
cycl;hexane systems the concentrations of the aromatics in the samples
were kept within the mole fraction range of 0.90 - 1.00. The samples
for three-component systems were prepared in a manner similar to
those for the n.m.r. jnvestigations described in section 5.4. The

sample compositions for the various three-component systems are re-

corded in tables 6.1 - 6.6.

The solution dielectric constants were determined as follows:

By using a heterodyne beat apparatus,@escribed previously in section B

Chapter 3, the capacitances of the solutions were measured. The corres-
bl

[

ponding values of dielectric constant were then calculated from the

relation
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where ¢

(6.15)

y 1s the dielectric constant of a pure substance or solution,

CX the corresponding capacitance, Cair the capacitance when only air

is present in the measurement cell and

the electrical leads joining between various condensers.

CO the capacitance created by

Using

cyclohexane as a standard substance, for which € at 308.2K is equal

to 2.0006,

in determining € for the other samples.

CO was calculated. The value of C. obtained was then used

0

All measurements of solution

capacitancés were made at 308.2 + 0.1K with an accuracy of + 0.01pF.

Due to the paucity of time, the densities of solutions required for

the polarisation calculations (equation
On the contrary, the

described as follows:

From (6.2), to an approximation,

negligible volume changes on mixing for dilute solutions e.g.

1
and acetone

0 —WA+WB
A,B i Va+ B

where wA and wB and vA and vy

and solvent present in the solution res

w/M = nand v/n = V

where V is the molar volume, it follows

p _ A7A
A,B nAVA + nBVB
. i XAMA + XBMB
or A,B N %5 Vg

pectively.

n M
n,M, t BhB

6.2) were not measured directly.

potarisations were calculated from an approximation

it would be justified (on the basis of

chloroform

21) to assume that for a two-component solution

(6.16)

are the real weight‘and volume of solute

Since

(6.17)

from (6.16) and (6.17) that

(6.18)
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Substitution of (6.18) into (6.2) gives

€ o1
A,B .
P ez 2P (XAVA + xBVB)

€ + 2 (6.19)

If the same assumption is applied to a three-component solution (A+B+S)
in which an AB complex species is formed, a similar expression to (6.18)

can be obtained as

M - _
. i A(rp = %)+ Ma(xg = X))+ Moxg + MypX)p
P @ (6.20)
b
v - - v
Ay = xpp) F Vg = %)+ Vexg 4 Vyp¥pg

Furthermore, if (6.2) is also assumed to be applicable in this case,

it would appear that

_ ®AB,S Malxa ~ ﬁm)*'WJXB"%B)+‘%Xs+b%§%8)
A,B,S PA,B,S

(6.21)

Combination of (6.20) and (6.21) results in

€ -1 _ B

U fABLS T T (VG - oxpg) # Vgl = xgp) ¥ V¥ Vap¥ B’
A,B,S € ) |

A,B,8 (6.22)

But
- 4 ‘ (6.23)
VAB VA \{3

Hence it is evident that

£ -1
. _BBLS (%, V, 4 x Vot xVe) -~ (6.24)
"A,B,S T 5, 5o 2 a'at 8’87 Ts's
b b

Equations (6.18) and (6.24) were used in the calculations of the polari-

sations of two- and three~ component solutions respectively. The

values obtained are recorded in table 6.7 - 6.17 together with the

corresponding values of dielectric constants.
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The accuracy of the solution dielectric constants is about + 0.0005.

This consequently results in the accuracy of the values of polarisations

" being around + 0.0l x lO-6 m3mol“l.

The data were processed on the ICL 1305 computer using the program
BHCURVEFIT with K, and PAB obtained from the slope and intercept (at
X, = 1) of the plot i .

B P (see.equatlon (6 luaD'betyeen l/xB and l/PNETT'
The values of Xy and PNETT required as computer input data are re-

corded in table 6.12 - 6.17.

TABLE 6.1
COMPOSITIONS OF VARIOUS SAMPLES FOR THE NITROMETHANE-BENZENE -

CYCLOHEXANE SYSTEM

Sample Moles of solute/_:LO3 Moles of benzene/l0 |Moles of cyclo-

hexane/102
A 1.7246 3.0111 3.0933
B l.6769 3.0646 ©2.4921
C | 1.6933 3.1351 1.8323
D 1.8689 ‘ 3.1984 - 1.1461
E 1.8280 3.2329 0.811S
F 1.7513 3.2682 . 0.4953
G 1.7315 3.2954 0.1453
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TABLE 6.2
COMPOSITIONS OF VARIOUS SAMPLES FOR THE NITROMETHANE7P-XYLENE-

. CYCLOHEXANE SYSTEM

Sample Moles of Moles of Moles of 5
solute/10 p-xylene/10 cyclohexane/10

A 1.1214 2.3515 1.3607

B ‘ 1.0722 2.4008 0.8342

C 1.0894 2.4248 0.5946

D ' 1.1129 2.4458 0.3530

E 1.1908 2.4725 ' 0.1083

TABLE 6.3

COMPOSITIONS OF VARIOUS SAMPLES FOR THE NITROMETHANE-MESITYLENE-

CYCLOHEXANE SYSTEM

Sample Moles of AP:‘oles of Moles of 02
solute/10 mesitylene/10 cyclohexane/1
A 1.0588 1.9989 1.6211
B 1.1456 2.0982 0.6478
€ 1.0785 2.1206 0.4258
D 1.0208 2.1407 0.2134
E 1.0698 2.1530 0.0937
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TABLE 6.4

QOMPOSITIONS OF VARIOUS SAMPLES FOR THE ACETONITRILE-BENZENE-

CYCLOHEXANE SYSTEM

Sample Moles of Moles of Moles of 5
solute/10 benzene/10 cyclohexane/10
A 1.6701 $3.0049 3.1519
B 1.6589 3.0652 2.5137
C 1.4823 3.1349 1.7779
D 1.5088 3.1987 1.1354
E 1.7030 3.2384 0.8151
F 1.5363 A3.266l 0.5229 .
G 1.5317 3.2967 0.1421
TABLE 6.5

COMPOSITIONS OF

VARIOUS SAMPLES FOR THE ACETONITRILE-P-XYLENE-

CYCLOHEXANE SYSTEM

Moles of Moles of Moles of 5
Sample solute/10 p-xylene/10 cyclohexane/10
A 1.2231 2.3549 1.4004
B 1.3417 2.3937 0.7841
C 1.3015 2.4231 0.6238
D 1.3424 2.u4556 0.3462 -
E 1.3273 2.4746 0.1065
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TABLE 6.6

COMPOSITIONS OF VARIOUS SAMPLES FOR THE ACETONITRILE-MESITYLENE-

CYCLOHEXANE SYSTEM

Sample Moles of Mol?s of Moles of 5
. solute/10 mesitylene/10 cyclohexane/10

A 1.1807 2.0525 1.6081

B 1.1778 2.0300 1.1738

C 1.0871 2.1548 0.5210

D ’ 1.0869 2.1838 0.2988

E 1.1030 ' 2.1934 0.1031

TABLE 6.7

THE REAL AROMATIC MOLE FRACTIONS (XB), THE SOLUTION DIELECTRIC CONSTANTS .

(CB S) AND SOLUTION POLARISATIONS (PB S) OF VARIOUS SAMPLES FOR THE
0 ,

3

BENZENE-CYCLOHEXANE SYSTEM AT 308.2K

Sample Xg EB,S PB,,S/lO6rn3rnol’~l
A 1 0.8978 ' 2.2340 26.957
B 0.9269 2.2413 26.903
c 0.3460 2.2u61 26.867
D 0.9656 2.2510 26.828
E 0.9754 2.2536 26.810
13 0.9866 2.2562 26.785
¢ 0.9957 2.2586 26.768
H 1.&000 2.2596 . 26.758
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TABLE 6.8
THE REAL AROMATIC MOLE FRACTIONS (x,), THE SOLUTION DIELECTRIC CONSTANTS

k]

( EB S) AND SOLUTION POLARISATIONS (PB S) OF VARIOUS SAMPLES FOR THE
. >

P-XYLENE-CYCLOHEXANE SYSTEM AT 308.2K

Sample X EB,S PB,S/lOGmBmol—l
A 0.9004 2.2324 36.008
B 0.9240 2.2378 36.223
c 0.9480 2.2415 36. 404
D 0.9605  0.2u28 ~  36.u487
E 0.9757 2. 24142 | 36.583
F ~0.9861 ©2.2449 : 36.642
G | 0.9951 . 2.2u53 f 36.692
H i 1.0000 z 2.2456 ; 36.720
TABLE 6.9

THE REAL AROMATIC MOLE FRACTIONS (XB), TEE SOLUTION DIELECTRIC CONSTANTS

( EB S) AND SOLUTION POLARISATIONS (PB S) OF VARIOUS SAMPLES FOR THE
2

>

MESITYLENE-CYCLOHEXANE SYSTEM AT 308.2K.

Sample Xp EB,S ; PB,S/:LOGm?’mo]_—l
A 0.9253 2.2382 40,514
B 0.9709 2.2499 41.198
C 0.9807 2.2524 1,344
D 0.9911 2.2551 41.502
E 0.9962 2.2564 41.579
F 1.0000 2.2583 L1.636




162

TABLE 6.10
THE REAL MOLE FRACTIONS OF THE SOLUTE (XA), THE SOLUTION DIELECTRIC

* CONSTANTS ( CA,S) AND SOLUTION POLARISATIONS (PA S) OF VARIOUS SAMPLES
b

FOR THE NITROMETHANE-CYCLOHEXANE SYSTEM AT 308.2K

Sample Xy EA,S PA’S/lOGmBmol—l
A 0.0054 2.0429 28.326
B ~0.0070 2.0575 28.597
C ' 0.0088 2.0704 28.828
D 0.0111 . 2.0908 29.198
E 0.0132 2.1024 29.393
F | ~ 0.0150 2.1179 29.667
G 0.0169 2.1359 29.984
H 0.0190 2.1529 30.276
TABLE 6.11

THE REAL MOLE FRACTIONS OF THE SOLUTE (XA), THE SOLUTION DIELECTRIC
CONSTANTS (EA S) AND SOLUTION POLARISATIONS (PA S) OF VARIOUS SAMPLES
b . 2

FOR THE ACETONITRILE-CYCLOHEXANE SYSTEM AT 30872K

Sample Xy , eA,S PA?s/lo6m3mol"}
A 0.00u3 2.0407 28.297
B 0.0086 2.0797 29.013
C 0.0167 2.1510 30.270
D 0.0202 2.1866 30.886
E 0.0241 2.2249 31.530
3 0.0301 2.2780 32.388
G 0.0343 2.3174 33.007
H .0.0389 2.3673 33.784




TABLE 6.

12

THE REAL AROMATIC MOLE FRACTIONS (XB), THE SOLUTION DIELECTRIC CON-

. STANTS ( ¢
A,B,S), THE SOLUTION POLARISATIONS (P

POLARISATIONS (P

NETT

CYCLOHEXANE SYSTEM AT 308.2K

) AND THE NETT

A,B,S

) OF VARIOUS SAMPLES OF THE NITROMETHANE-BENZENE-

Sample %, B PA;B’5/106m3m_ol—l pNE,1,,1,/106m3mol'l
A 0.38022 2.3057 27.96 50.58
B 0.9201 2.3118 27.92 53.68
c . 0.9400 2.3185 27.89 57.24
D 0.9600 2.3252 27.87 60.78
E 0.8701 2.3287 27.86 62.58
F 0.9799 2.3319 27.85 6l4. 24
G 0. 9904 2.3354 27.84 66.04
TABLE 6.13

THE REAL AROMATIC MOLE FRACTIONS (XB),

€
C & B,s

03 ) OF VARIOUS SAMPLES FOR THE

NETT

SYSTEM AT 308.2K

), TEE SOLUTION POLARISATIONS (PA B S) AND T
2+~

THE SOLUTION DIELECTRIC CONSTANTS

HE NETT POLARISATICNE

NITROMETHANE—P~XYLENE;CYCLOHEXANE

Sample %, © B.S PA,B’S/106m3mol-l PNETT/106m3mol—l
A 0.9410 | 2.2872 37.24 51, 7
B 0.9623 | 2.2896 37.38 57. 14
c 0.9718 2.2910 . 37.45 58.904
D 0.9814 2.2921 37.51 60. 34
E 0.9308 | 2.2930 37.58 61. 14
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TABLE 6.14

THE REAL AROMATIC MOLE FRACTIONS (x), THE SOLUTION DIELECTRIC CONSTANTS

( EA,B,S)’ THE SOLUTION POLARISATIONS (P ) AND THE NETT POLARISATIONS

A,B,S

(PNETT) OF VARIOUS SAMPLES FOR THE NITROMETHANE-MESITYLENE- CYCLOHEXANE

SYSTEM AT 308.2K

Sample ® € 6 3 "l 6 3 —l
B A,B,S PA,B,S/lO m mol PNETT/lO m mol
A 0.9205 2.3001 41.80 79.62
B 0.96L49 2.3112 u2.46 91.50
C 0.9754 2.3138 ' u2.62 . 93.86
D 0.9855 2.3162 u2.77 386.56
E 0.93908 2.3175 u2,85 97.56
TABLE 6.15

THE REAL AROMATIC MOLE FRACTIONS (xB), THE SOLUTION DIELECTRIC CONSTANTS

( ¢ ) THE SOLUTION POLARISATIONS(P ) AND THE NETT POLARISATIONS
AB,S A,B,S

(Pyppp) OF VARIOUS SAMPLES FOR THE ACETONITRILE-BENZENE-CYCLOHEXANE
SYSTEM AT 308.2K
Sample Xg € B.S PA’B,&,’/106m3mofl PNETT/lOGmSmol_l

A 0.9005 | 2.3150 28.03 A 10.80

B 0.9196 | 2.3191 27.99 11.10

C 0.9421 | 2.3237 | 27.95 11.80

D 0.9613 | 2.3279 27.92 12.00

E 0.9705 | 2.3297 27.90 12.20

F 0.9797 | 2.3317 27.88 12.56

G 0.9911 | 2.33ul 27.86 12.70
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TABLE 6.16
THE REAL AROMATIC MOLE FRACTIONS (xg), THE SOLUTION DIELECTRIC CONSTANTS

. (€, 5 ) THE SOLUTION POLARISATIONS (P ) AND THE NETT POLARISATIONS
A,B, A,B,S . NS

(P ) OF VARIOUS SAMPLES FOR THE ACETONITRILE-P-XYLENE- CYCLOHEXANE

NETT
SYSTEM AT 308.2K

) 63 -1 63 -1
Sample X € P
D B A,B,S A,B,S:/lo m mol PNETT/lO m mol
A 0.9393.1 2.30u2 37.56 15.96
B 0.9631 | 2.3106 . 37.79 32.36
C 0.9698 | 2.312u4 37.86 38.01
D 0.9808 | 2.3155 37.97 46.0u
E | 0.9904 | -2.3181 38.07 54,20
TABLE 6.17

THE REAL AROMATIC MOLE FRACTIONS (%), THE SOLUTION DIELECTRIC CONSTANTS
( ¢ ), THE SOLUTION POLARISATIONS (P ) AND THE NETT POLARISATIONS
A,B,S’? A,B,S

(PNETT) OF VARIOUS SAMPLES FOR THE ACETONITRILE—MESITYLENE—CYCLOHEXANE

SYSTEM AT 308.2K

Sample X 05, PA,B,S’/106m3mol—l PNETT/106m3mol"l
A 0.9224 | 2.3052 41.82 48. 86
B 0.9418 | 2.3079 42.10 52.52
C 0.9715 | 2.3123 42.53 56.38
D 0.9817 | 2.3138 42.68 57.52
E 0.9904 | 2.3151 42. 80 59. 82
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6.4 RESULTS AND DISCUSSION

The values of KX and PAB obtained for various systems are recorded in

table 6.18 A perusal of the table shows that values of K for these
systems, except that of the acetonitrile-benzene which is evaluated on
the basis of 1:2 stoichiometry (c.f. equation (5.18)), lie within the
range of 0.05 - 0.65 and appear to be rather low. In the case of
nitromethane acting.as a common solute, no regular (or significant)
change can be observed when one aromgtic is replaced by another. A
similar situation for the regular change also arises for the values of
PAB'

Judging from the criteria adopted in sample preparations for the present
study, which are the same as those for n.m.r. study, it would be expected
that the values of KX deduced from both studies should be compatible.
When these are compared (table 6.19) it is apparent that there is a
significant difference between them. The values of K/ from n.m.r. work
are much higher by up.to three or four times in most cases. Considering
the generally recognised feliability of the n.m.r. results, it must be
concluded that the results obtained from the polarisation study are
meaningless. The reasons for not obtaining compatible results with

those from n.m.r. study may be due to the unsoundness of the approach
and/or the data obtained. Since the present approach adopted as a whole
appears to be theoretically justified, it is likely that the present
failure originates from the fact that the required experimental accuracy
of the data was not achieved.

, o s
However, it is a matter of the author's opinion that several factors

may be recognised which affect the calculations 1in the present approach
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TABLE 6.18

THE EQUILIBRIUM QUOTIENTS (K ) AND COMPLEX POLARISATIONS (P AB) FOR

. VARIOUS SOLUTE-AROMATIC SOLVENT SYSTEMS AT 308.2K

System 6.3 -1
y Kx PAB/lO m mol
nitromethane-benzene 0.50 284,75
nitromethane-p-xylene 0.64 251.90
nitromethane-mesitylene 0.40 274.30
acetonitrile-benzene 1.29 216.77
acetonitriie—p-xylene 0.05 = 269.36
acetonitrile-mesitylene _ 0.48 263.88
TABLE 6.19

COMPARISON OF THE EQUILIBRIUM QUOTIENTS OBTAIKED FROM N.M.R. AND
POLARISATION STUDIES

System ' Kx(n.m.r.) Kx(polarisation) Difference
nitromethane-benzene 1.94 0.50 l.44
nitromethane-p-xylene 1.95 0.64 1.31
nitromethane-mesitylene 2.29 0.40 1.89
acetonitrile-benzene 5.11 1.29 3.82
acetonitrile-p-xylene 1.57 0.05 1.52
acetonitrile-mesitylene 1.86 0.u48 1.38
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to such an extent that the results obtained are far from expected. It
may be worthwhile to discuss these factors briefly as a guide for
future investigations employing similar approaches to the present one.
They are: ’
(a) The contribution to the polarisations of solutions from various
species. It can be seen from (6.8) and (6.14a) that,to obtain PNETT?
the contributions to pA,B,S from various species in the solutions
(i.e. the gquantity PBXB + PSXS) have to be subtracted from PA,B,S'
These contributions are originally.evaluated from two-componert solu-
tions and vary from sample to sample depending on the amount of B and
S present in the sample, and may be changed (by a small amount) in the
presence of the third component A. When these are used to calculate
PNETT they may introduce some uncertainties to the calculations.

(b) The polarisations of solutes employed in the calculations,'i.e.PA.

117,120

In previous studies these values were taken as those at infinite

dilution in an inert solvent whereas here they are taken as the values
when the whole amount of the solute (around 0.005 mole fraction )is

present in solution. It still remains to be proved which is the correct

approach .

(¢c) The aromatic concentration range employed. The equations governing
the calculations, (6.10) and (6.14a), are expected to hold only for

dilute solutions and so a narrow aromatic concentration range (0.80 - 1.00)
is employed. It is possible, within this concentration range, that the

change in polarisations for the interactions from one sample to another

is so small that the required experimental accuracy cannot be achieved.
(d) If the errors do arise as described in (c), it is apparent that the

small changes in volume on mixing of two or more substances cannot be

neglected in the calculations of the densities of solutions as in (6.16).

Neglecting these can also provide some error and so the densities of

mixtures must be determined directly in this case.
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On average, each factor separately should not introduce a large error
to the calculations and therefore the discrepancy of the results may

- arise from a combined effect of these factors.

PART B : CONSIDERATIONS OF THE NATURE OF THE INTERACTIONS

6.5 INTRODUCTION .

77 -

It has been observed that ' many polar solute molecules, when dissolved
in various solvents, possess different dipole moments ( ) depending
on the solvents employed. In other words, a solute dipole moment
obtained in the presence of an inert solvent (@, ) is different

: inert
from that obtained when using an active solvent ( “sol)' It follows
that molecular interactions between the solute and solvent must there-
fore contribute to changes in the solute dipole moments. These are
such that generally Kool is found to be }argér than B pert” It is
possible to write a relation for these values as
(6.25)

TN

sol inert ®

ind
where K. . is the induced dipole moment. The size of g, 4 normally
depends on the nature of the interactions (chapter 1). Hence it is

likely, from the studies on solution dipole moments of & solute, that

the nature of various interactions can be elucidated.

6.6 EXPERIMENTAL

The systems studied were chloroform-cyclohexane, chloroform-p-xylene,

chloroform-mesitylene, nitromethane-cyclohexane, nitromethane-benzene,

nitromethane-p-xylene, nitromethene-mesitylene, acetonitrile-p-xylene,

acetonitrile-cyclohexane, acetonitrile-benzene and acetonitrile-mesitylene.



For each system studied a series of solutions, with the weight fractions
of the solute kept within the range 0.00 - 0.03, was prepared. The
refractive indices of solutions were measured employing an Abbe refrac-
tometer with an accuracy of ; 0.0001 The determinations of the di-
electric constants of solutions were made in the same manner as dis-
cussed in section 6.3. All the measurements were made at 308.2+ 0.1K.
The values of dielectric constants and.refractive indices obtained for

various systems are recorded in tables 6.20 - 6.30.

The solution dipole moments of various solutes were calculated by
Guggenheim's method as described in section 2.B.4, employing equation
(2.97) or (2.100). The values of physical constants of properties

required for such calculations are recorded in tables 6.31 - 6.32.

6.7 RESULTS AND DISCUSSION

In Gpggenheim's method, the limiting sloﬁes af W, = 0 of the plots between
the dielectric constants and separately the refractive indices of solu-
tions and the weight fracticns of solute (w2), are employed in the
calculation of a solute dipole moment (equation 2.97). This implies

that the plots could eithef be in te form of curves or straight lines.

When these plots were made in the present study it was found that

almost in every case a straight 1ine was obtained. This observation
agrees with that found earlier for other dilute solutions7u. Two

typical examples for these plots are shown in Fig. 6.1 and 6.2.

.

The solution ( infinite dilution) dipole moments ( gy ) of different

solutes in various solvents obtained from the calculations are record-

ded in table 6.33. Since cyclohexane is employed as an inert solvent in

the present work, the values of FsoL obtained for the various solute-
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TABLE 6.20

THE WEIGHT FRACTIONS OF THE SOLUTE (w2), THE DIELECTRIC CONSTANTS (€ )
AND SQUARES OF REFRACTIVE INDICES O;D) OF VARIOUS SAMPLES FOR THE

CHLOROFORM-CYCLOHEXANE SYSTEM AT 308.2K.

Sample w2 € n%

A 0. 00000 2.0006 2.03149
B 0.00722 2.0070 2.03167
c 0.00997 2.0104 2.03174
D 0.01471 2.0157 2.03185
E 0.01569 | 2.0172 | -

F 0.01929 2.0211 2.03197
G 0. 02096 2.0228 -

H 0.02379 2.0262 2.03207
I 0. 02665 2.0287 2.03215
J 0.03105 2.0336 2.03224
K 0.03263 2.0370 2.03231

TABLE 6. 21

THE WEIGHT FRACTIONS OF THE SOLUTE (WQ), THE DIELECTRIC CONSTANTS (€ )
AND SQUARES OF REFRACTIVE INDICES (55) OF VARIOUS SAMPLES FOR THE

CHLOROFORM=P-XYLENE SYSTEM AT 308.2K.

¢ n2
Sample Yo D
A 0.00000 2.2526 2.23607
B 0.00504 2.2590 2.23543
C 0.00751 2.2622 2.23516
D 0.01084 2.2675 2.23488
E 0.01252 2.2699 2.23u60
F 0.01580 2.2740 2.23413
G . 0.01659 2.2769 - 2.23386
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TABLE 6. 22
THE WEIGHT FRACTIONS OF THE SOLUTE (w,), THE DIELECTRIC CONSTANTS (¢)

AND SQUARES OF REFRACTIVE INDICES (n% ) OF VARIOUS SAMPLES FOR THE

- CHLOROFORM-MESITYLENE SYSTEM AT 308.2K

Sample W, ¢ ng

A 0. 00000 2.2613 2.22045
B 0.00536 2.2683 2.21985
C 0.00667 2.2708 2.21954
D 0.00955 2.2740 2.21923
E 0.01160 2.2776 2.21893
F 0.01412 2.2803 2.21863
G 0.01634 2.2838 2.21835
H 0.01695 2.2852 2.21805
1 0.01893 2.2870 2.21777
J 0.02080 2.2891 2,217
K 0.02312 2.2928 2.21716

TABLE 6.23

THE WEIGHT FRACTIONS OF THE SOLUTE (w2), THE DIELECTRIC CONSTANTS (e )
AND SQUARES OF REFRACTIVE INDICES (ng ) OF VARIOUS SAMPLES FOR THE ACETONI-

TRILE-CYCLOHEXANE SYSTEM AT 308.2K.

Sample _ W, 3 n%
A 0.00000 2.0006 2.04447
B 0.00214 2.0407 ©2.04378

- C 0.00424 2.0797 2.04290
D 0.00823 2.1510 2.04178
E 0.00986 2.1866 2.04127
F 0.01189 2.2248 2.04075
G 0.01u489 2.2780 2.03987
H 0.01705 2.3174 2.03830
I 0.01838 2.3673 2.03867




173

TABLE 6.24
THE WEIGHT FRACTIONS OF THE SOLUTE (WQ)’ TEE DIELECTRIC CONSTANTS (¢ )

2
AND SQUARES .OF REFRACTIVE INDICES (nD) OF VARIOUS SAMPLES FOR THE ACZTONI-

“TRILE -BENZENE SYSTEM AT- 308.2K.

Sample w2 ¢ n%
A 0.00000 2.2553 2.25075
B 0.002u6 2.3257 2.24985
¢ 0.00534 . 2.5058 2.24892
D 0.00812 2.4867 2.24808
E 0.01079 2.5602 2.24718
P 0.01346 f 2.6355 2.2U622
¢ 0.01543 A 2.6899 2.24532
H 0.01899 2.7898 2.2L436
I 0.02221 2.8778 ° 2.24349
TABLE 6.25

THE WEIGHT FRACTIONS CF THE SOLUTE (w2), THEE DIELECTRIC CONSTANTS (¢ )
: 2 :
AND SQUARES OF REFRACTIVE INDICES (np ) OF VARIOUS SAMPLES FOR THE ACETONI-

TRILE-P-XYLENE SYSTEM AT 308.2K.

Sample Vi, € ng
A 0. 00000 2.2481 2.2413Y4
B 0.00205 2.3077 2.24059
C 0.00486 2.3840 2.2398u4
D 0.00582 2.4078 2.23957
E 0.00770 2.4573 2.23897
F 0.00888% 2.5161 2.23834
G 0.01216 . 2.57uk 2.23772
H . 0.01358 2.6103 2.23718
I 0.01601 2.6733 2.235625
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TABLE 6.26
THE WEIGHT FRACTIONS OF THE SOLUTE (w2), TEE DIELECTRIC CONSTANTS (¢ )

2
_ AND SQUARES OF REFRACTIVE INDICES (nD) OF VARIOUS SAMPLES FOR THE ACETONI-

TRILE-MESITYLENE SYSTEM AT 308.2K.

Sample w2 £ ng
A ~0.00000 2.2618 2. 214520
B 0.00171 - 2.3086 2.241466
C 0.00348 2.3550 2.24403
D 0.00506 | 2.3006 2.24343
E 0.00689 2.4451 2.24286
F 0.00872 2.4931 2.24227
G . 0. 01050 2.5384 2.24161
H 0.01236 2.5862 2.24104
I : .0.01620 2.6776 2.23981
TABLE 6.27

THE WEIGHT FRACTIONS OF THE SOLUTE (w2), THE DIELECTRIC CONSTANTS (¢ )

SQUARES CF REFRACTIVE INDICES (ng) OF VARIOUS SAMPLES FOR THE NITROMETHANE

~CYCLOHEXANE SYSTEM AT 308.2K.

Sample » w2 ' 3 n2D
A 0. 00000 2.0006 2.02002
B 0.0039% 2.0429 2.01955
c 0.00513 2.05%5 2.01935
D 0.00642 2.0704 2.01920
E 0.00807 2.0908 2.01905
F 0.00961 2.1024 2.01888
G 0.01095 12,1179 2.01870
H 0.01238 2.1359 2.01856
I 0.01390 2.1529 2.01836
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TABLE 6.28
THE WEIGHT FRACTIONS OF THE SOLUTE (WQ)’ TKE DIELECTRIC CONSTANTS (¢ )

ANDSQUARESOF REFRACTIVE INDICES (n%) OF VARIOUS SAMPLES FOR THE NITRO-

METHANE~-BENZENE SYSTEM AT 308.2K.

Sample w2 £ n12)
A | 0.00000 2.2605  2.26uL7
B 0.00398 2.3272 2.26355
c 0.00547 2.3534 2.26308
D ' 0.00743 23881 2.26270
E 0.00884 2.4124 2.26231
3 0.01047 2.14386 2.26187
G 0.01128 2.4535 2.26156
H | © 0.01542 2.5166 2.26097

TABLE 6.29

THE WEIGHT FRACTIONS OF THE SOLUTE (WQ)’ THE DIELECTRIC CONSTANTS (¢ )
AND SQUARES OF REFRACTIVE INDICES (ng) OF VARIOUS SAMPLES FOR THE NITRO-

METHANE -P-XYLENE SYSTEM AT 308.2K.

. Sample w2 € ng
A : 0.00000 2.2476 2.24776
B 0.00221 2.2875 2.24718
o 0.00585 2.3u61 2.246L6
D 0.00800 2.3798 2.24582
E 0.01071 2.4238 2.2u499
F ' 0.01u461 2.4894 2.24405
G 0.01788 2.5412 | 2.24328
H ’ 0.02029 2.5800 2.24257




THE WEIGHT FRACTIOKNS OF THE SOLUTE (w2), THE DIELECTRIC CONSTANTS (¢ )
2

176

TABLE 6.30

AND SQUARES OF REFRACTIVE INDICES (nD) OF VARIOUS SAMPLES FOR THE
NITROMETHANE-MESITYLENE SYSTEM AT 308.2K.

Sample w2 ¢ ng
A 0.00000 2.2694 2.23207
B 0.00307 2.3163 2.23124
C 0.00393 ‘2.3286 2.23099
D 0.00469 2.3408 2.23075
E 0.00563 2.3551 2.23040
F 0.00708 2.3790 2.23014
G 0.00800 2.3942 2.22982
H 0{00972 2.4218 2.22928
. TABLE 6.31
THE VALUES OF PHYSICAL CONSTANTSUSED IN THE CALCULATIONS
Avogadro constant (NA) = 6.023 x 1023 mol
Boltzmann constant (k) = 1.380 x 10 20 gt

TABLE 6.32 THE MOLECULAR WEIGHTS (}) DENSITIES (p) AT 308.2K AND DIPOLE
MOMENTS IN THE GASEOUS STATES (w ) FOR VARIOUS SUBSTANCES

Cm

Substance M/10°kg p 114 /1073 gn > 2 122/(3.335x10°7)
Cyclohexane 84.162 0. 7643 0.00
Benzene 78.114 0.8632 0.00
p-Xylene 106.168 0.8483 0.00
Mesitylene 120.195 0. 8527 1 0.00
Chloroform 119.378 1.4615 1.01
Nitromethane 61.0u40 1.1178 3.50
Acetonitrile 41.052 0.7661 3.90
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cyclohexane systems are referred to as W Originally no study

_ INERT"®
was made on the chloroform-benzene system but, for comparison with

others, the value of ® oot for this system reported elsewhereg’7 is

also included in the table.

A perusal of the table shows that in the presence of an aromatic

solvent , PSOL of the solutes are higher than the corresponding values

TABLE 6.33

THE SOLUTION DIPOLE MOMENTS FOR DIFFERENT SOLUTES IN VARIOUS SOLVENTS
-30

AT 308.2K (ACCURACY + 0.067 x 10 ~ Cm)
B /(3.335 x 10°%)Cn
Solute SOL :
Cyclohexane | Benzene | p-Xylene Mesitylene
97
Chloroform 1.17 1.22 1.26 1.33
Acetonitrile 3.08 3.37 3.36 3.32
Nitromethane 2.90 3.20 3.17 3.06

of Wryprye  The difference between B and Hyyppr (referred to as Wiy
as in (6.25)) for various solutes, when p-xylene or benzene is a common
solvent, follows the order (table 6.34).

Chloroform € nitromethane == acetonitrile

This to some extent, according to table 6.32, follows the same trend

as the increase in dipole moments in the gaseous state of the solutes.

Since it has already been found that these solutes interact with the
aromatics, this evidence may be related to the nature of the interac-
tions. However, although interactions are taking place within the

systems of present interest, the valuesof nSOL_obtained do not as a

whole represent those of the solutes in the fully complexed state
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(W

COMPLEX)' ‘LSOL can be equal to W only when all the solute

COMPLEX

molecules are complexed whereas in fact only some arezzﬁ In order to

compare these results with those obtained previously from n.m.r.

studies, the determination of K cOMPLEX for each system is required.
TABLE 6.34

VALUES OF INDUCED MOMENTS ( “IND) FOR VARIOUS SOLUTE-AROMATIC
SOLVENT SYSTEMS

System IND/(3.335 X lOsO)Cm :
Chloroform-benzene 0.05 %
Chloroform-p-xylene ' 0.09 ;
Chloroform-mesitylene 0.16 §
Acetonitrile-benzene ' 0.29
Acetonitrile-p-xylene , 0.28
Acetonitrile-mesitylene 0.24
Nitromethane-bezene - 0.30
Nitromethane-p-xylene ' 0.27
Nitromethane-mesitylene 0.16

A METHOD FOR DETERMINING THE DIPOLE MOMENTS OF COMPLEXES

Hﬁck22 has developed a method for determining the dipole moment of any

complex from a knowledge of Kqqp and “'INERT' The method was applied

satisfactorily in the studies of interactions between several polar

solutes and various aromatics and can be described in the following

manner,
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For a binary system (A + B), as employed in the present dipole moment

studies, in which there is an interaction of the type specified by

(6.5), the expression for Kx relevant to the interaction is given

as (c.f. (6.11))
n + -
K _ apPa ¥ Pp T Myp) (6.26)
X - -
(ny = nyg)ng = nyp)
with ng = 0. If the fraction of the solute (A) complexed is repre-
sented by « , i.e.‘nAB =-4nA, then
an,(n, + n_ - «n, )
A A B
K - A (6.27)
X (nA -aan)(nB *eCnA)
At an infinite dilution of A in B, nB$>nA.and (6.27) becomes
- < (6.28)
B T T

Consequently, it would appear reasonable to interpret the infinite dilu-

tion situation such that the solute can be considered to spend part of

its time free, with dipole moment P’INERT’ and the rest complexed,

with dipole momentllINERT + “ARO’ in the proportion of (1l-«):« .

In other words.

Foowprex = ¥ Nerr t

”'ARo | 4(6.29)

o)
where 'LARO is the dig@e moment induced in the aromatic by the solute in

the complex.

The total orientation polarisation of the solute(Po,TOTAL)

can therefore be regarded as arising from two components in the manner

indicated by equation (6.2) as

P = &P
o,TOTAL

o,COMPLEX ©

(1 -e)P (6.30)

0, INERT

Because it has already been shown in section 2.B.4 that

2
_ LbeN, ¥
PO = 3 AT

(6.31)
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combinaticn of (6.30) and (6.31) lezdsto

P SOL - dp'coy_DLEX + (l - ) P»INERT

[ee

or
2

2
- ~o
" _ (‘*SOL (1 =<)¥ 1ypre )3 (6.32)
COMPLEX <

It is thus evident that by assuming thé applicability of the relevant
Kx’ obtained from n.m.r. studies, to two-component systems, the pro-
portion of the solute considered in the complex state at infinite.
dilution can be found from (6.28). The value cbtained is then em-

ployed in (6.32) to calculate ¥ cOMPLEX"

Adopting this method, using the value of KX recorded in table 6.35
and those Of‘LSOL and PIngrT table 6.33, FCOMPLEX for various sy-
stems studied were determined. These are shown in table 6.35 together

with the values of FARO deduced through (6.28).

ni i .3 v !
An examination of table Q 5 shows that the values Of'LCOMPLEX and
’LARO for every system are in fact higher than the corresponding

‘ . It has to be pointed out that since the
values Of,LSOL and PIND _ P |
acetonitrileé-benzene complex possesses a different stoichiometry (1:2)
from other complexes (1:1), one would expect a different orientation
of the solute with respect to the arormatic in this complex. . To compare
for this system with others would therefore seem inappropriate

PCOMPLEX
Hence it is excluded from the present general discussion

at this stage.
and will be referred to again in the next chapter.

/ that
The fact\the induced moments car

Although the aromatic molecules therselves are non-polar, they possess

m-electrons which, in turn, enab.e L2

-n be measured mey be explained as follows.

T
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neighbouring polar solutes. If the interactions are such that the

solutes polarise the aromatics, this results in dipole moments being

induced in the latter. The process is then followed by electrostatic

attractions between both interacting species. At the same time the ,
solutes experience the resultant dipole moments (of their own and
those induced in the aromatics) leading to an increase 1O Koyprpy
It is seen from table 6.35 that )LARO for all the solutes, with p-
xylene as a solvent, still follow the same order of increase as FIND
already discussed and it might be considered generally that the more
polar are the sdutes,the largeristhe expected increase in FhRO' In
this way acetonitrile or nitromethane produces larger PARO with p-
xylene than chloroform. Hence it is possible to conclude initially

that, for all these systems, the interactions are taking place through

dipole-induced dipole mechanism (section 1.3.2).

TABLE 6.35
THE ESTIMATED VALUES OF DIPOLE MOMENTS OF COMPLEXES ( “CDMPLEX) AND OF

THOSE INDUCED IN THE AROMATICS BY THE SOLUTES(PARO) AT 308.2K, TOGETHER
WITH THE AVERAGE COMPLEX LIMITING SHIFT VALUES ( bé) AND KX AS OBTAINED
PREVIOUSLY FROM THE N.M.R; STUDIES FOR THE VARIOUS SOLUTE-AROMATIC SOLVENT

SYSTEMS (THE ARROWS SHOWN IN THE TABLE INDICATE THE ORDER OF INCREASE OF

PARO"A ,K TOR INTERACTIONS OF A PARTICULAR SOLUTE WITH DIFFERENT
C X 3
AROMATICS).
K
FoompLEx | TARO / s/ .
System ('3.335x103o)Cm (3.335x10°°)Cn| ppm
' 104 104
Chloroform-benzene 1.24 9.07 1.313 2.00
104 104
Chloroform-p-xylene 1.30 0.13 1.521 2.02
104 104
Chloroform-mesitylene 1.38 0.22 1.610 2.19

cont.
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TABLE 6.35 (Cont.)

L
® comprex 7 *aro 7/ b./ K
System 30
(3.335x10% 7 )Cm (3.335x1030)Cm ppm
Acetonitrile-benzene 3.42 0.34 1.220 5.11
Acetonitrile -p- 3.53 0.us5® 1.uu6] 1.57
xylene
: 1.349
Acetonitrile-mesi- 3.44 0.36 1.86 ¥
tylene '
Nitromethane-ben- 3. 34 o.uyt 1.536% 1.94
zene
Nitromethane-p- 3.30 0.40 1.396 1.95
xylene
Nitromethane-mesi- 3.13 0.23 1.341 2.30 ¥
tylene

However, the order of.change of ”ARO for the solutes, when benzene or
mesitylene is a common solvent, is not the same as in the case of p-
xylene. Neglecting the case when benzene is present, because its
interaction with acetonifrile results in a different type of complex
from those with other solutes, the trend for an increase in PARO of
chloroform with various aromatics is clearly in an opposite direction

to those of the other two solutes (table 6.35).

WhitneyloI+ and Yadava25 have found that there are two main factors gov-

erning the formation of a dipole-induced dipole complex, namely electro-

static attraction and steric effects. The electrostatic factor depends

on the polarising and polarisability properties of the solute and aro-

matic molecules. Because the polarisability increases (in the present

cases) from benzene to mesitylene, the interactions between a common

o TR A A S N L et e
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solute and these aromatics should result in ap increase in this factor

on going up the aromatic series. This consequently should lead to a
closer approach of the solute to the aromatic, and therefore an in-
crease in KX (which through AG governs the feasibility of a reaction
occuring), B and & (the lan‘h«?o’quarying inversely with the
ARO c
cube of the distance between the interacting species). The steric
factor consists of two contributions, first a negative contribution
due to, for a common solute, methyl groups on the aromatic blocking
the approach of the solute thus redu;ing the values of KX, »ARO and
A(: and, second, a positive contribution due to the solute being trapped
by the aromatic methyl groups. The latter contribution has the same
effect as the electrostatic factor but for the aromatics employed
here it ié assumed negligible. Both electrostatic and steric factors
(or steric repulsion for the present interactions) compete with each

other in the formation of a complex.

It is apparent from table 6.35 that the interactions between chloroform
and various aromatics.result in the same order of increase for KX, “ARO
and AC. This evidence iﬁdicates the predominating effect of the electro-.
static factor and therefore the inqreasing dipole-induced~dipole inter-

, . . . 104
actions, which agrees with n.m.r. studies made earlier by Whitney
However, a perusal of the interactions of both acetonitrile and nitromethane
with the aromatics from table 6.35 shows that, although the solutes appear
to be moving away from the aromatics due to steric repulsion from the
latter, the feasibility of the recactions is increasing. This is super-

d no attempt can be made to explain it for the

ficially unexpected an

time being. The matter will be postponed until the next chapter.



CHAPTER 7
OBSBRVATIONS ON THE GEOMETRIES AND STRENGTHS

OF SOME MOLECULAR COMPLEXES
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INTRODUCTION

It was stated in Chapter 1 fhat the main purpose of the present work
is to establish thé general features of molecular complexes formed

. by various compounds employing three different physical techniques,
namely n.m.r. spectroscopy, dielectric constant and cryescopy. So
far the stoichiometries of the complexes have been elucidated from
the cryoscopic and n.m.r. studies, and the nature of the complexes
from the dielectric studies. There still remain two features to be
established namely the geometries and strengths of the interactions.
The work reported in this chapter attempts to achieve these object-
ives,using all the results and information obtainable from the

various studies reported above.

PART A: THE DETERMINATION OF THE TIME-AVERAGED GEOMETRIES OF

MOLECULAR COMPLEXES

7.1 INTRODUCTION

The determination of the geometries of molecular complexes in the

past has been made using mainly a single method of study. Few attempts
have been made to combine several techniques such as (in the present
work) n.m.r., éielectric and cryoscopic methods together so that a

more complete understanding of the problem can be obtained.

Of all the three physical methods mentioned, it is realised that the

cryoscopic study has to be excluded from the present considerations

since it can only give information about the stoichiometries of com-

plexes. This leaves only the other two to be employed. Earlier

wopker523’25 have shown that information obtainable from n.m.r. studies

can provide reasonably conclusive evidence for complex configuraticns

in many cases. It would therefore appear logical here to attempt to

establish these initially through the n.m.r. results and then through
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the dielectric results.

“7.2 A PROCEDURE ADOPTED FOR THE DETERMINATION OF COMPLEX CONFIGURA-

TIONS THROUGH N.M.R. STUDIES

A list of the screenings at various points surrounding a benzene mole-
cule, based on the work of Johnson and Bovey24, is given in a recent
publicationgs. Employing the list, Cooke23 has developed a method for
determining the geometries of several complexes formed from various
solutes and aromatics. The method has been applied successfully by
Yadava25 and Whitneyloq and will now be discussed in some detail.

In this method the co-ordinates of any point relative to the aromatic
ring are defined with reference to three axes, the first of which (the
p-axis) lies along the plane of the ring and a second (the z axis) is
along the aromatic six-fold axis. The third axis is at right angles

to these two axes. For symmetrical complexes formed with molecules

1like benzene and other aromatics employed in the present work only the
first two axes (p aﬁd z) are required to define any structural co-ordi-
nate as the third becomes the same as on the p-axis. Aftef the addi-
tional shielaings of one or more hydrogen atoms of the solutek( AC)

due to complex formation have been determined through the procedure
described previously in Chapter 5, it is possible to fix their positions
with respect to the ring and consequently the geometry of complex.
However, in most cases there are sevepal different co-ordinate (z,p)
points corresponding to each p;rticular value of A‘c' The procedure

then adopted is to locate the correct positions of the solute hydrogen.

atoms in the complexes studied by plotting the appropriate screening

contributions listed in the table referred to above, for selected
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values of z, against p values. By using the experimentally determined

A.c value, the co-ordinates of all the points about the ring having an

_equivalent value of the experimental and theoretical screenings can be
obtained. From the knowledge of these co-ordinates a graph can be
plotted between the various p and z values to obtain an isomagnetic
screening diagram. One or more isoshielding 1lines, depending on the
numbers of type of proton present in the solute, can be drawn. Some
examples of the diagrams will be shown later on. For a solute con-
taining more than one type (i.e. magnetically unequivalent) of proton,
its position in the complex can be fixed directly since only one par-
ticular g?oup of co-ordinate points will fit the structure of the
solute. If the solute contains only one type of proton (as those
emplbyed here), this cannot be done énd conditions concerning p in the

complex haveto be imposed to obtain a corresponding z value (the sol-

ute hydrogen atom-aromatic ring separation distance).

However, it has to be pointed out that, in the Johnspn—Bovey approach,
the chemical shift is estimated for aromatic hydrogens by measuring the
difference in shielding between aromatic protons and closely related
olefinic protons such as those of cyclohexadiene (in which no ring
current exists;. It has been suggeéted recently98 that about 17% of
the observed shift difference between benzene andAcyclohexadiéneis due
to . electric and anisotropic screening differences other than the

presence of a m-cloud. Thus the inferences from the approach, which

are based on the ring current effects, have to be treated with caution.

Furthermore, when considering methylated benzenes in place of benzene

it becomes apparent that a correction has to be made to the screenings

for the effects of the anisotropy in the magnetic susceptibility qf the

et o
various bonds of the methyl groups. However, Whitney has recently

found (in complexeé of the type studied here) that the methyl substituent



187

bond anisotropy effects contribute only ca.0.007 ppm to the shieldings
and can be considered negligible. It would therefore appear that the

. screenings, listed previously for various points around a benzene
molecule, can also be applied to the other methylated benzene molecules.

The determination of the complex configurations in the present work

will be made on this basis.

Because the results obtained previously from cryoscopic and n.m.r.

studies in chapter 4 and 5 have shown that the complex formed between
1

benzene and. acetonitrile possesses a different stoichiometry from the

others, this will be discussed separately.

7.2.a THE TIME-AVERAGED GEOMETRIES OF SOME SOLUTE-AROMATIC COMPLEXES
It has been suggested recently by Homer and Cooke123 that the general
complex structures, which may be best described as time-averaged, are
those that allow maximum interaction energy between the participating
species which is compatible with the steric aﬁd electronic interactions
between the solute and aromatic molecules. Although the aromatics are
twice as polariseble in the plane of the ring as along the six-fold
axis, it was shown that the interaction energy for a dipole acting
along the six-fold axis of the aromatic is about twice that when

acting in the plane of the ring. Because of this,several investiga-

.

torsls’lou have shown that there is normally one type of structure

most favoured for dipole-induced dipole complexes. This is the one
in which the most electropositive end of the solute (usually its

hydrogen atom or atoms) tends to be 16cated sbove the plane of the

ring adjacent to the axis of symmetry, and with its dipolar axis

coincident, or nearly SO, with the six-fold axis.

In order to evaluate the geometries of the complexes of present interest,
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the average values-of A(:at different temperatures for various sytems
as recorded intable 6.35 are employed. It can be seen from the table

" that these A.C values, for the interactions of chloroform, nitromethane
and acetonitrile separately with the aromatics, in general are close’
to each other. In addition to this, it is also known that the rele-
vant complexes formed are of the same stoichiometry (1:1) except that
of acetonitrile-benzene. This evidence, together with the knowledge
that both acetonitrile and nitromethane possess to some extent similar
dipole moments (Chapter 6) agd molécular structures, leads to a strong
possibility that all three solutes may adopt a similar orientation with
respect to the aromatics in the complexes, similar to that suggestedloq

for chloroform with benzene.

Considering the values of 43C for the interactions of various solute-
aromatic systems in the present work, it is apparent that the solute
protons lie in a shielded regionQu. Assuming that all the complexes
of these systems possess a similar geometry due to reasons mentioned
above, there are two possible principal arrangements of the solutes
relative to the aromatics'in the complexes as shown in Fig. 7.1. One
of these should represent the real time-averaged geometry of the com-
plexes. When these structures are considered on the basis of interac-
tion energies, it appears that structure (a) (which has in fact been

suggested for the chloroform-benzene complex) is the one more likely

to take place.

I1f structure (a), on time average, represents the correct geometry of
the complexes, then the solute would lie symmetrically about the six-

fold axis of the aromatic molecules with their hydrogen atomsnearest

to the ring.
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It has been found that for this type of complex configuration the par-
ticipating species are effectively in direct contact with each other,
~i.e. the z value estimated from the sum of the van derWaals radii shculd
be about 3.05 X . This value is equal to a corbination of the radius of
a hydrogen atom (1.20 8) and the half thickness of an aromatic molecule
(1.85 X)._

Adopting the approach discussed in section 7.2, different isoshielding
diagrams were drawn employing the values of p and z (obtained from the
Johnson and.Bovey table referred to earlier) corresponding to the

values of b‘c shown in table 6.35. A typical diagram is shown in

Fig. 7.2. As mentioned earlier; conditions concerning p have to be
imposed for these solutes to evaluate the z values for the complexes.
Using the molecular parameters quoted in table 7.1, the theoretical

p values for this type of arrangement of solutesin the complexes were
found to be 0.00 ring radii (0.0C g) for chloroform, 0.640 ring radii
(0.8302) for nitromethane and 0.648 ring fadii (0.9022) for acetonitrile;
one ring radius (r.r.) is equal to 1.3902. Employing these p values

the values of z were obtained from the isoshielding diagrams for all

the complexes studied. The results are recorded in table 7.2.

An examination of the table shows that the values of z for these com-

-

plexes can be compared favourzbly with the sum of the van der Waals radii

O -
(3.05A). This consequently indicates that the complexes are more likely

to possess configuration (a). A circumstantial conclusion is therefore

dpawn upon this basis. The complex structure is shown in Fig. 7.3. It

can also be seen from the table that, as more methyl groups are sub-

stituted into the aromatic ring, chloroform appears to move closer to

the ring along the aromatic six-fold axis whereas nitromethane and

acetonitrile behave in an opposite manners; the evidence .. agrees

with that found earlier in Chapter 6.




WILSAS INIZNIE-INVHLIWOYLIN FHI ¥OJ INIT ONIQTITHSOSI Z°L °"91d

(rarayd.

(raca)z

1°C




//4C)
No

Y
/
>

— e — —

FIG. 7.3 PROPOSED STRUCTURE FOR THE NITROMETHANE-AROMATIC, ACETONITRILE-

AROMATIC AND CHLOROFORM-AROMATIC COMPLEXES




——te = —— —T

FIG. 7.3 (cont.)

0—z

FIG. 7.4 THE POSITION OF THE EQUIVALENT PROTON

FOR ACETONITRILE

(1)




190

TABLE 7.1

MOLECULAR PARAMETERS FOR NITROMETHANE, ACETONITRILE AND CHLOROFORMqu

o)
Bond length/ A Bond angle/radian
Molecule )
C-H |C-C |C=N| N=0 {C-N |C-C1 LHCH | LONO [ {HCCl

Nitro- [1.09 | - | - [1.22 |1.47] - 1.9112.268] -
methane
Aceton- |1.105{1.u46{1.1p - - - 1.911f - -
itrile :

Chloro- |1.07 | - | - | - - {1.77 - - | 1.894
form

TABLE 7.2

THE PARAMETERS FOR THE VARIOUS SOLUTE-AROMATIC COMPLEXES

Complex éc/ppm P/X z/i
Chloroform-benzene 1.313 0.000 . 3. 366
Chloroform-p-xylene 1.521 0.000 3:257
Chloroform-mesitylene 1.610 0.000 3.179
Nitromethane-benzene 1.536 0.830 2.943
Nitromethane-p-xylene 1.396 O.89Q» 3{055
Nitromethane-mesitylene 1.341 0.830 3.108
Acetonitrile-p-xylene 1.446 10.902 3.006
Acetonitrile-mesitylene 1.348 0.902 3.09y4

Although the complex structure as shown in Fig. 7.3 appears to be correct
at the time being, only the general conclusion that the solute protons lie
symmetrically about the six-fold axis of the aromatic is obtained from

the present studies. However the electronegative ends (CN, NO,, and Cl,
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groups) of the solutes cannot be fixed exactly. It is still possible
that these groups may not lie on but somewhere off the six-fold axis,
a modification of the present structure. Further consideraticns later

on should clarify the matter.

7.2.b TIME-AVERAGED GEOMETRY OF THE ACETONITRILE-BENZENE CCHPLEX
Since the correct solute/solvent ratio for the complex is found to be
1:2, the evaluation of its geometry has to be made in relation to one
acetonitrile being surrounded by two benzene molecules. Having con-
sidered this and also the fact that both benzene molecules must ex-
perience equal electronégatiiity effect from the CN group, the only
reasonable complex structure is that of a sandwiched one. In this
structure the solute lies in the middle of and equidistant from both
benzene rings. The main molecular axis of the solute is parallel to
the planes of the rings with its electronegative and lying beyond the
vicinity of the rings owing to the repulsioﬁ from the m- cloud. How-
ever, with this arrangement of tHe solute, each of its three pfotons cf
the methyl group experiences a different shielding (which is inversely
proportional to the cube.of the distance from the methyl proten to

the centre of the benzene ring). Because the experimental value of
AAc:obtained for this complex represents the average shielding on
these protons, an approximation was then made to simplify the problem.
In this approximation the shielding of the three protons is considered
to be identical to that of an equivalent proton lying at the inter-
section of the extrapolated C-X bond and the plane containing the
protons (Fig. 7.4). Any determinati;ns of the structurel (z,p)

co-ordinates of the solute in the complex were therefore referred teo

the equivalent proton.

Using the molecular parameters for acetonitrile given earlier in teble
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7.1, the theoretical p value for the solute was assumed to be 0.00 r.r
{0.00 Z). Upon imposing this value of p on the isoshielding line
corresponding to the ALC vélue of 1.220 ppm (Fig. 7.5), an experimen-
tal value for z was obtained as 2.547 r.r. (3.540 X). The results

are tabulated in table 7.3 and the complex structure shown in Fig. 7.6.
The theoretical z value calculated from the sum of van der Waals

radii for. the system.was equal to 3.70 Z . Comparison of both z values

gives credence to the assumed structure and indicates again that the sol-

ute and benzene are in direct contact with each other - in the complex.

The discussion of the complex geometries so far is based upon the n.m.r.
results obtained previously in Chapter 5. To throw more light upon
these, the results from dielectric studies reported in Chapter 6 will

now be considered.

TABLE 7.3

THE PARAMETERS FOR THE ACETONITRILE-BENZENE COMPLEX

, " S
Ac/ppm p/A z/A
1.220 0. 000 » 3.540

7.3 FURTHER CONSIDERATIONS OF COMPLEX CONFIGURATIONS THROUGH DIELECTRIC

STUDIES

It has already been suggested in the previous chapter that for all the
systems in the present work the interactions are dipole-induced dipole,
and the dipole moments induced in various aromatics ( “ARO) by the

80 . .
solutes'were calculated. Frank ~ has shown that in general R o 1S
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related to the distance from the point dipole in the solute to the
point at which it induces a dipole, r. This relation can be des-

cribed in the following way.

When a polar solute of moment (when present in an inert solvent)

“INERT is placed in an aromatic medium of polarisability a , it in-
duces a moment uARO in the medium. The magnitude of ‘LARO is given
by

K = af (7.1)

where F is"’the intensity of the electric field acting on the aromatic

molecule and125

p o= ECet 2) | (7.2)

3

where E is the total electric field in the medium and € the dielectric
constant of the medium. It is a matter of contention what the signi-
ficance of € in (7.2) is. As E is considered to arise from a péint
dipole in the solute, ¢ therefore may have contributions from both the
solu%e and aromatic. ‘However, for the present work the assumption that
g refers to the arcmatic aloné, as made by Frank, is still adopted.
For symmetrical aromatic molecules employed in the present studies, E
can be resolved into two components, namely EX and Ey. EX i? the com=-
ponent of the field in the direction of the dipolé axis of the solute

whereas Ey is that at right angles to this direction. The relations

of these field components to r are given as

3

™
t

r (3 Cos?g - 1) /¢ (7.3)

X INERT
- and

i}
= i £y :
Ey 3 FINBRT cosg sing /¢r (7.1)
where 6 is the angle between the solute divcle axis and the radizl

vector subtended from the solute point dipcle to the pecint at which

the dipble is induced.
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Combination of equations (7.1) - (7.4) gives finally

2
- ) _ a'*INERT(‘ + 2)(3cos“8 - 1) (1.5)
ARO"x 3£r3
_ ap (£+ 2) cosg sing
( “ARo)y = INERT . (7.6)
£er

It is therefore evident that by employing equations (7.5) and (7.6),
the distance r can be calculated for each complex studied. To simplify
the matter for discussion, the acetonitrile-benzene complex will be

considered separately later on.

For the arrangement of a solute in a complex shown in Fig. 7.3, the
solute dipole axis is along the six-fold axis of the aromatic and

8 = 0 radian. Thus from (7.8)

,2%“ (e+ 2)
(k) - INERT

ARO"x 3¢ r3 , (7.7)

( 'LARO)y

)|
o

where a, is the perpendicular polarisability of the aromatic. It is

apparent that in this case H# (table 6.35) is in fact the same as

ARO

(®,_ ) . Using the values of K po and ¥

ARO’ x reported earlier in

INERT
tables 6.35 and 6.33 and the various parameters recorded in table 7.4,
the values of r (assuming the solute point dipole is acting at.the

ring centre) for various complexes were evaluated through (7.7). From
these values the distances (from the equivalent proton) of the éffec-
tive dipolar centres for the solutes in the complexes.(r—z) were cal-

in :
culated (Fig. 7.1la). The results obtained are give{ table 7.5. It is

evident that to define the accuracy of these results would be difficult
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because of the inumber of steps and approximations in the approach (see

also section 6.7) and no attempt will be made to do so here.

A perusal of table 7.5 shows that on moving up thé aromatic series

the value of r-z, which is in fact the distance from the centre of
the hydrogen atoms of the solute to the point where its molecular point
dipole is located,.appears to decrease for chloroform and increase for
nitromethane or acetonitrile. Generally it is expected that the posi-
fion of this point dipole should bé constant and lie well towards the
electronegative end of the moieculelS’QQ. When comparing these r-z
distances with the molecular dimensions of the solutes shown in Fig.

7.7;2u,127

, it is found that only chloroform results appear rational.
The values of r-z for other solutes indicate that their point dipoles
'do not lie towards their negative endé, which is a rather unexpected
result. The discrepancy of these results obtained appears to suggest
that the bresent approach adopted in the determination of r is incorrect
at some point. To investigate this possibility, the implications of

the Johnson-Bovey approach (which is employed in the evaluation of z)

is considered in more detail.

TABLE 7.4
DIELECTRIC CONSTANTS AT 308.2K (FROM THE PRESENT WORK) AND THE POLARISA-

BILITIES126 (PERPENDICULAR a, AND PARALLEL a, ) FOR VARIOUS AROMATICS

Aromatic € Q;/lO3Om3 04/1030m3
Benzene 2.2553 7.33 11.14
p-Xylene 2.2491 10.75 13.40

Mesitylene 2.2618 12.47 17.10
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TABLE 7.5

THE DIPOLE MOMENTS INDUCED IN THE AROMATICS BY THE SOLUTE ( W ), THE

ARO
DISTANCES BETWEEN THE SOLUTES POINT DIPOLES AND THE RING CENTRES (r) AND

THE DISTANCES OF THE EFFECTIVE DIPOLAR CENTRES (r-z) FOR VARIOQUS

COMPLEXES.

Complex “ARO/(§6335 r/g (r—z)/x

x 1077) Cm

Chloroform—benzene 0.07 5.36 1.99
Chloroform-p~xylene 0.13*~ 4.96 1.70
Chloroform-mesitylene 0.22 4,37 1.19
Nitromethane—benzene O.u4 3.93 0.99
Nitromethane-p-xylene 0.40 4,61 1.56
Nitromethane—mesitylene ' 0.23 5.82 2.71
Acetonitrile-p-xylene 0.45 4,52 1.52
Acetonitrile-mesitylene l 0.36 5.12 2.02

A PSEUDO-JOHNSON-BOVEY APPROACH

In the treatment of Johnson and Bovey of the anisqtropic screening by a
benzene molecule (or in the present cases an aromatic molecule due to

the reasons stated earlierloq), the m-electrons were considered to be
precessing in two circular paths (loops), one on each side of and

equidistant from the carbon-carbon (C-C) plane containing the ring

centre, with the radii of the loops equal to the C-C distance in the

aromatic ring. The separation of these loops was taken to be 1.282 .

Fig. 7.8 represents this two-loop model of an aromatic molecule in the
presence of a solute molecule, with A and B as the loops above and

below the C-C plane respectively. The distance z corresponds to thatobtained

préviously.from n.m.r. studies using the model whereas the distance
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r is deduced from dielectric studies. This value of r is calculated
originally from a consideration that the point dipole on the solute
operates at the ring centre such that the total induced moment origi-

nates from the latter.

A closer look at the two-loop model for n.m.r. screening suggests no
reason why, when mbments are induced in the aromatic, these
cannot be considered to arise from perturbations of the distributions
of the mw -electrons in the two loobs separately. Thus it may be justi-
fied to assume that the solute point dipole is in fact operating at
the centres of loops A and B, not at the ring centre as originally
considered. Moreover, it is evident through (7.7) that the magnitude
of the moment induced by the point dipole varies inversely with the
cube of distance from it to tﬁe point of operation. Therefére the
magnitudes of the former at both loops should differ considerably.
Taking x as the distance from the point dipole to loop A, tﬁe moments

induced at A can be written as

oty = 20 kpyppy (E+2) (7.8)
ARO "x ' 3 €X3
and that at loop B as
B 240 yppplet 2D '
( ) = 3 (7.9)
ARO x 3e(x + 1.28) ‘

It is seen from (7.7) and (7.8) that ( uA ) is always greater than
ARO x

)

. B
) and their sum is different from (7.7). o T ( “ARO)X

B ( A

K
CFaro’x \ ARO x
can be the same as that of (7.7) only when ( HARO)x = ( pARO)x’ which

is impossible for the present complex configuration:

The total induced moment in the aromatic is then given as




198

2ap (e+ 2) 1
- A B _ B INERT 1
Ciaro’x = (Faro’x ¥ ( Rarok ™ (= +—— )
3¢ x (x+1.28)
(7.10)

According to Fig. 7.8, r is equal to x + 0.64. It is evident that by
adopting the two?loop model approach (and employing (7.10)) the values
of x, and therefore r,can be calculated for each complex studied.
Using (7.10), the values of x and r were calculated. The results ob-
tained are given in Table 7.6 together with the corrected values of r-zs
An examination of fhe»corrected values of r-z shows that the solute
point dipoles in most cases lie weli towards the electronegative ends
of the solutes (Fig. 7.7). There are one or two isolated cases when
the point dipoles lie just beyond the molecular dimensions of the
solutes but this méy-arise from expérimental errors. This consequently
confirms that the present approach, based upon a consideration of the
point dipoles acting at both electron loops and not at' the ring

centres of the aromatics, is justified.

_ TABLE 7.6
THE DISTANCES FROM THE SOLUTE POINT DIPOLES TO THE FIRST ELECTRON LOOP
(x), THE CORRECTED DISTANCES BETWEEN THE SOLUTE POINT DIPOLES AND RING
CENTRES OF THE AROMATICS (r) AND THE CORRECTED DISTANCES Of THE EFFEC-
TIVE DIPOLAR CENTRES (r-z) FOR VARIOUS COMPLEXES (THE ARROWS INDICATE
THE DIRECTION OF INCREASE OF r AND r-2)

Complex x/g r/x (r-z)/x
Chloroform-benzene 6.22 16.86 T3.48
Chloroform-p-xylene 5.73 6.37 3.11
Chloroform-mesitylene . 4.99 5.63 2.45
Nitromethane-benzene ui.e7 5.31 2.37
Nitromethane-p-xylene 5.41 6.05 2.99
Nitromethane-mesitylene 6.53 $7.17 d4.06
Acetonitrile-p-xylene 5.18 5.82 2.81
Acetonitrile-mesitylene 5.983 $6.57 l3.u8
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Evidently from table 7.6 the distances r and r-z for a particular solute
with various aromatics show considerably either an increase or a decrease
- on moving up the aromatic series. In fact the distances r-z of a solute
should be close to each other if its interactions with different aro-
matics result in é similar, rigid complex structure. An apparent
change in these distances indicates that there must be some other-

wise hidden procesé taking place in the complexes. It has already

been suggestedloq, for complexes of chloroform with various methyl-
substituted benzenes, that chloroform undergoes a wobbling motion

about the aromatic six-fold axis (Fig. 7.9). Oﬁher evidence to support
this wobbling model will be seen from the consideration of the entro-
pies of complex formation. The extent of the motion can be repre-
sented by the angle « . It is evident that the substitution of methyl
groups into the ring seems to increase this motion for chloroform,
(larger « ) resulting in, on time average, a smaller value for r and z
(table 7.2). If both acetonitrile and nitromethane also adopt the
wobbling motion in the complexes, it would appear that their motion

is more restricted.by the presence of methyl groups in the aromatic ring

(smaller & )hence: leading to an increase in r and z.

EVIDENCE FOR NON-RIGID STRUCTURES OF MOLECULAR COMPLEXES

Up to this point it is seen that the geometry of all the complexes have
been evaluated initially, through n.m.r. results, by making one or two
assumptionsbeforehand. - The correct geometry appears to agree with
that of Fig. 7.la. It is logical to bring in more evidence to support
(or otherwise) this conclusion by considering the dielectric data in
the context of the complex structure represented by Fig. 7.1lb, because
if it is not the one adopted in the complexes, then KaRO calculated

for this structure will be different from those shown in . table 7.5.
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This alternative arrangement of the solute relative to the aromatic
depicted on the basis of the two-loop model is shown in Fig. 7.10.

in this case A and B represent the centres of the two electron loops

in the aromatic yhere the solute point dipole (at 0) is operating. 6
and ¢ are the angles between the solute dipole axis (along o) and the

radial vectors (rA and rB) subtended from the point dipole to A and

P
B. H represents the equivalent proton of the solute as discussed

earlier (or just the (ordinary) proton as in the case of chloroform)
and OH  therefore corresponds to the distance of effective dipolar

centres from these points. The components of the induced moments

A

ARO )

along the x and y directions at A and B are respectively ( ® <°

B . . . .
) )X and ( ® R0 ) It is evident thgt for this

(b Cut
Baro ’y* * Haro y
arrangement of the participating species of the complex, the x and

y-axes become automatically the same as the p and z-axes.

Assuming the solute is in direct contact with the outer plane of the

ring, the distances z of its prdton (calculated from the sum of van
o o

der Waals radii) were found to be 3.95A for acetonitrile, 4.36A for

o
nitromethane and 5.34A for chloroform. From (7.5) and (7.86) it is

found that
2
( A ) _ oﬁuINBRT(Ei- 2)(3cos” 8 1)
i =
ARO 'x A
“TA
2
(B oy o= Gl pyppyp (61 2)(3cos™® - 1) (7.1
13 =
ARO’x T
B
(A oy = iR (€+ 2)cos g sing
HaRO’y
CI‘A
(wB oy = OB pppp(Et 2)ces ¢sind
ARO’y -
CI’B

where a, is the parallel polarisability of the aromatic. The total
¢
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FIG. 7.10 DIAGRAM REPRESENTING THE COMPONENTS OF MOMENTS
INDUCED IN THE AROMATIC BY THE SOLUTE POINT DIPOLE

" (ON THE ASSUMPTION THAT THE COMPLEX FOSSESSES THIS

STRUCTURE)
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induced moment in the aromatic is therefore
_ A B 2 A
bygo (total) = [((“ARo)x+ (Raros?™ + € (o)

B 2.1
y ¥ (“ARO)y) ] - (7.12)

Also it is seen from Fig. 7:10 that

vy = (z-0.60)7 + (0K)? (7.13)
and
rg = (z + O.6‘+)2 + (OH’)2

It is thus evident that by adopting a reasonable value for the dis-
I'd .
tance OH , the total induced moment in the aromatic can be calculated

for each complex studied through (7.11) -(7.13).

o , ,
Taking o’ as 3.00A, such that the solute point dipole lies well.towards

the electronegative end of each solute studied (total) was calcula-

> Paro
ted for each complex. The results obtained are given in table 7.7

together with the experimental values.of KARO deduced earlier from

dielectric studies (table 7.5).

A perusal of table 7.7 shows that the values of KARO (calculated) do not
show overall a significant difference from the corresponding values of

KARO (experimental). In most cases the differences arewithin 0.33 x

’ /
lO~3O cm. To investigate the effect of the distance OH on the calcu-

- o . _
lations this was varied by + O0.5A. This only resulted in a change of

- -30 .
(calculated) by less than + 0.067 x 10 ¢m which does not alter

Faro .
the results in table 7.7 significantly. It would therefore appear from

this evidence that there is little energetic difference between the two

extreme structures assumed and that there is almost an equal chance for

these complexes to adopt eithep configurations shown in Fig. 7.1.

Having considered this, it is of importance to reconsider the structural
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co-ordinates ‘for both complex structures from n.m.r. studies to find

out if there is any correlation between them.

TABLE 7.7

THE CALCULATED TOTAL INDUCED MOMENTS, (calc.), FOR VARIOUS COM-

pAR_O

PLEXES ON THE ASSUMPTION THAT THE COMPLEX STRUCTURE IS THE SAME AS FIG.
o

7.1.b (THE DISTANCE OH TAKEN AS 3.0A ) AND THE CORRESPONDING EXPERI-

MENTAL VALUESOF INDUCED MOMENTS, FaRo (exp.), FROM DIELECTRIC STUDIES

Complex PAROggalc.)/3.335 X HARO(exgé/3.335 X ;
10 Cm 10 Cm ;
!
Chloroform-benzene 0.07 0.07»
Chloroform-p-xylene 0710 0.13
Chloroform-mesitylene 0.11 0.22
Nitromethane-benzene 0.27 0.4y
Nitromethane-p-xylene : 0.39 0.40
Nitromethane-mesitylene 0.46 0.23
Aéetonitrile-p—xylené 0.53 0.45
Acetonitrile;mesitylene ' ' 0.61 O 36

From section 7.2, for any solute to adopt an orientation as in Fig.7.1b,

o
the p value for the equivalent proton would have to be taken as 0.00A.

. the
Using this p value corresponding value for z for each complex studied was

obtained from the relevant isoshielding diagram (section 7.2.a). The

results are given in table 7.8 together with those obtained earlier for

a complex structure represented by Fig. 7.1l.a.

An examination of table 7.8 shows that the systems of chloroform with

various aromatics give the same values for z in both cases. This is
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because, for either complex structure, their p values remained unchanged
o

(0.00A). For complexes of the other solutes, it is seen that their

hydrogen atoms appear to approach the ring more closely than that

predicted on the basis of the extreme configuration 7.1.b, whereas

in configuration 7.l1l.a they appear to be in direct contact with the ring.

TABLE 7.8
THE THEORETICAL (ASSUMING THE INTERACTING SPECIES ARE IN DIRECT COKNTACT
REGARDLESS OF THE SIZE OF THE SOLUTE.NEGATIVE END) AND OBSERVED z
VALUES FOR BOTH COMPLEX STRUCTURES, SHOWN IN FIG. 7.1, IF ADOPTED BY

THE VARIOUS COMPLEXES

S Structure 7.1la Structure 7.1b
Complex
2 (obs) /R z(theor. ) /8 z(obs) /X z(theor. ) /&
Chloroform-benzene 3.366 3.050 3.366 3.050
Chloroform-p-xylene 3.257 3.050 3.257 3.050
Chloroform-mesitylene 3.179 3.050 3.179 3.050
. 2.943 3.050 3.241 3.940
Nitromethane-benzene
. 3.055 3.050 3.368 3.940
Nitromethane-p-xylene
. . . 050 3.525 3.340
Nitromethane-mesityleng 3.108 3
e s 3.066 3.050 3.378 3.950
Acetonitrile-p-xylene ,
o . 3.094 3.050 3.451 | 3.950
Acetonitrile-mesitylene

It would seem, therefore, that a reasonable description of the structure
of the complexes is one in which the solute adopts any of the variety of

orientations ranging from 7.l.a and tending to 7.1.b.

Because no definite conclusion can be érawn upon the exact complex
configuration,an energetic compromise must be recognised (Fig.7.11)

and the. solutes assumed to be "wobbling" ebout the six-fold axis (which




Fig. 7.11 ANOTHER POSSIBLE STRUCTURE FOR 1:1 COMPLEXES

|
(X = CN, NO_, Cl1_, GROUP) |
2 3 ';

!

|

|

r axis

Fig. 7.12 THE CONE STRUCTURE REPRESENTING THE WOBBLING

MOTION OF A SOLUTE
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agrees with the conclusion made earlier) leacding to a cone structure as
shown in Fig 7.12. In other words whenever a complex is formed the
structures between 7.1l.a and 7.11 are adopted and that on time average

the complex appears superficially as if only oneéu; 7.l.a)exists.

THE ACETONITRILE-BENZENE COMPLEX

According to Fig. 7.6, the structure of this complex 1s to some extent
similar to that of Fig 7.1.b except that it involves two aromatic mole-
cules. The determination of the distance of effective dipolar centres
of the system therefore'involQes a similar consideration to that in
Fig. 7.10. Fig. 7.13 represents the various components of moments
induced by the solute at different electron loops with A and B and

X and B as two sets of loop centres in the two aromatic molecules.

The other symbols still carry their usual meanings as in Fig. 7.10.

The distance z is already found from n.m.r.-studies to be 3.5uK.

Because of the symmetrical arrangement of both benzene molecules with
respect to the solute in the complex, it is seen that the sums of the

induced moments along the y (z) - axis in both aromatics, which are
A B £ B .
a + . ncel h other out.
( “ARO)y + (PARO )y and (“ARO)y (“ARO)y’ cancel eac r
This leaves only the sums of components of induced moments along the

’

. _ A B A
x (p) - axis in the aromatics, ( HARO)x + (p ARO)x and (“ARO )x +
4/

(}LiRO) (which are also equivalent to one another), to be considered.
X

The total sum of the latter is in fact equal to [, .. for the interac-

tions quoted earlier in table 6.35 as they all are in the same direction

- solute. In other words.
as uINBRT of the solute
Vs d
A B = A o(pB )y = 1.134 x 100 em (7.11)
(Kurodx * (Faro’x (Byro Y% ¥ Maro’x

or
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FIG. 7.13 DIAGRAM REPRESENTING THE COMPONENTS OF MOMENTS

INDUCED IN THE AROMATICS BY THE SOLUTE POINT DIPOLE

FOR THE ACETONITRILE-BENZENE COMPLEX.
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A B _ A B -
(“ARo)x + (\LARO)X = (uARO)X + (sLARO)X = 0.567 x 10 Cm (7.15)

Since both benzene molecules experience equal induced moments, the con-

sideration from now on will be confined to only one of them.

Considering the aromatic molecule containing A and B with the total
moments indueed in it represented by equation (7.15). It is evident

, 8and ¢ , required to

that there are four unknown parameters, Tps Ty

find the distance OH . This cannot be done directly. An indirect method
was employed by assuming different values for oH  and calculating the
A B ;o . ‘
sum (@ ARO)x + (;J.,ARO)X for each value of OH using equation (7.11)
and (7.13). A graph was then plotted between the distance OH and
( A ) .+ ( B ) (Fi 7.14) By imposing the value of (g A )+
Faro'x * ‘Faro’x (P18 7-18). By imposing | ARO’x
(uiRo) as 0.567 x 10_30 ¢m, the distance OHI(the distance of effective
X

dipolar centres) for this complex is found to be 5.7808.

Comparison of the distance with the dimension of acetonitrile in Fig.7.7
shows that in this case the point dipole lies beyond the electronegative
end of acetonitrile. Bearing in mind the approximations implieit 1in

the approach, this location is not unreasonable.

It is possible that for this arrangement of the solute relative to the
aromatic, its point dipole may be perturbing electron circulations
throughout the loops and not only at the loop centres as for other
cases. If this possibility is considered in detail it may produce

some improvement to the location of the point dipole.
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PART B: CONSIDERATIONS ON THE STRENGTHS OF THE INTERACTIONS

7.4  INTRODUCTION

Having obtained information about the geometries of the various inter-
actions studied, their strengths can be fully considered. The basic
requirements for this purpose are the values of the thermodynamic para-
meters AHO, ASO and AGO which for the preseﬁt work can be evaluated

through n.m.r. studies at different temperatures using the relations

ac® = -RTInK
X
< 1nK
T x = -eH/R (7.16)
©(1/T)
énd
FNe = 0H - TOS

where all the symbols carry their usual meanings defined earlier in
section 1.5.3. So far, apart from the values of KX already evaluated
in Chapter 5, the other parameters have not yet been determined. These
will now be deduced; fhe values obtained by Whi’cneyloL‘L for the inter-

actions of chloroform with various aromatics will be merely quoted.

7.5 THE VARIOUS THERMODYNAMIC PARAMETERS

Using the values of KX at different temperatures reported in Table 5.16,
the values of AHO,AGO and as® at 298.2K for all the systems of nitros

methane and acetonitrile with various aromatics studied were evaluated

through a least squares computer program called PARATHERM. This pro-

gram fits the best straight line for a plot of 1nK against 1/T with

the various parameters obtainable from those relations 1n equation

(7.168). The values SO obtained, together with the corresponding values

for chloroform-aromatic systems, are rgcorded in table 7.9.
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A perusal of the table shows that the values ofAHO, aG® and aS° are of
the order of magnitude normally expected for the formation of weak com-

" plexes. Since the complexes of acetonitrile with benzene possess a
different stoichiometry from the rest, it is jllogical to compare them
initially with those of the other complexes and so they are excluded from
the present discussion. However, the magnitude of their thermodynamic

parameters also shows their weak nature.

TABLE 7.9
THERMODYNAMIC PARAMETERS AND KX VALUES AT 298.2K FOR VARIOUS SOLUTE-

AROMATIC SOLVENT SYSTEMS

System _ - aH%/kd ~86°/kJ | ~as®/ax”t Kx29 8.2 -
. . -1 - _
mole mole . mole
104 . '
Chloroform-benzene 13.363 2.155 37.58Y4 2.388
Chloroform—p—xylenelol1L 10.334 1.925 28.196 2.176
104 :
Chloroform-mesitylene 10.748 2.263 28.455 2.493
Nitromethane-benzene 8.368 1.774 22.117 2.0u46
Nitromethane-p- 8.3u43 2.004 21.268 2.245 ;
xylene '
Nitromethane-mesity- 12.234 2.201 33.511 2.429
lene
Acetonitrile-bene- 12.151 4,251 - 26.494 © 5.559
zene
Acetonitrile-p- 4,955 1.197 12.594 1.622
xylene
Acetonitrile- 7.619 1.599 20.192 1.906
mesitylene;

o o
Tt is evident that the changes of AH and 8S~ from system to system,

with nitromethane (or acetonitrile) acting as a common solute, follow

the same pattern, i.e. on going from benzene to mesitylene the trend is
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benzene > P~xylene { mesitylene

The 8G° - :
e values for the same systems show a different pattern of

benzene € p-xylene < mesitylene

This evidence appearsto demonstrate the difference in employing either
AH® oraG® as a measure of the strength of a complex as discussed earlier
in section 1.5.3 (this is not clear for the interactions of chloroform
with various aromatics because 8G° and AH® for these systems exhibit

a similar pattern of change). It has already been shown in Chapter 5
that AH is independent of temperature. Since the feasibility of a re-
action occurring (and the strength of the complex)should vary with the
change in temperature, it must be measured directly through AGO, which

is temperature dependent, and not &H.

Another point to support this can be seen from the values of 8G° directly.
These values in most cases are of a similar magnitude, except that for
the acetonitrile-benzene system,which is about two or three times greater
than the rest, indicafing an existence of a different type of complex
(1:2). At the same time fhe aH® value for this system dqes not differ
significantly from those of the other systems (which have already been

proved to contain only 1:1 complex species)

If:AGo is considered for the purpose of indicating the strength of the
complexes, it would appear that for the systems of present interest the
strength of the intepactions does not correlate systematically as a

whole with the substitution of methyl groups on benzene.

7.6 THE ANALYSIS OF KX VALUES

It has been discussed earlier in section 6.7 that the extent of complex

. g res
formation depends mainly on some certain factors owing to the structure
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and physical properties of both the solute and aromatic molecules. For
a dipole-induced dipole interaction it is dependent on the polarisa-

. bility of the aromatic,dipole moment of the solute and the steric
environments for both species. For a common solute any change in the
above factors is then related to the aromatic. This change is due to
three different factors, namely the polarisation, steric blocking and
trapping factors. It would therefore appear justified to regard the
contribution to KX for various solute-methyl substituted aromatic
systems of present interest as arising from three separate terms as

follows128

a) A polarisation term, defined as the product of a polarising term X
(characteristic of the solute) and a polarisability term for the aro-
matic compounds, which provides a positive contfibution. Because, for
the aromatic molecules studied here, a linear relation between six-fold
axis polarisability and molar vclume exists, this term can be Qeighted
by the aromatic molar volume;

bj A steric trapping term (y) which gives either a negative or a
positive contribution;

c) A steric blocking term (z) which gives a negative contribution.

Assuming benzene exerts negligible trapping or biocking effects, both
y and z terms for other aromatics may be weighted by the differences
in their molar volumes and that of benzene (VA - VB). The term y is
expected to be operative only when the substituents on the aromatic,

if any, project appreciably above thé ring. Thus KX for any system

studied can be described as

- v _ - (7.17)
KX = \Ax+(VA VB)(éiy z)

where §. is a factor regarding the size of the substituent groups on
1 '
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the aromatic and is equal to +1 if their radii are greater than half the

aromatic thicknessy otherwise this factor is zero.
Adopting the relevant values of aromatic molar volumes shown in table
7.10, it is seen that for a solute-benzene system

K, = 0.89ux (7.18)
In the cases of p-xylene and mesitylene it is expected that their

methyl groups do not project significantly above the ring and &, = 0.

The corresponding KX for these sytems are then

~
n

1.2u40x - (1.240 - 0.894)z (7.19)

and A - K 1.396x - (1.396 - 0.894)z (7.20)

It is therefore evident thaf by employing equations (7.18) - (7.20),
the x, and z terms can be calculated for each solute. From these values
different contributions to KX may be deduced for all the solute-aromatic

systems.

Following this, the valuesof K for each system recorded in table 7.9
were analysed. The results obtained are given in tables 7.11 and 7.12,
L 104 . -
together with those obtained by Whitney for the various chloroform-

aromatic systems. It has to be pointed out that the acetonitrile-benzene

system.is excluded from the present consideration due to the obvious
reason that it contains a different type of complex, and cannot be

compared properly with the other systems.

An examination of table 7.12 shows that there is a reasonable correlation

Ry . ~esults obtained
between the calculated and experimental Kx values. The results o

for the acetonitrile-aromatic systems must be treated with caution as
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the x value is evaluated employing only equations (7.19) and (7.20) and

not (7.18)

TABLE 7.10

- VALUES OF DENSITIESll6 AND MOLAR VOLUMES FOR VARIOUS AROMATICS AT 298.2K

Aromatic Density/lOSkgm73 Molar volume/lOumSmol—l
Benzene 0.8735 0.83Y4
p-Xylene 0.8565 1.240
Mesitylene 0.8610 1.396
TABLE 7.11

THE POLARISING (x), AND THE STERIC BLOCKING (z) TERMS FOR VARIOUS

SOLUTES (THE TRAPPING TERM, y, =0) AT 298.2K

Solute

x/lO~Ur rrzolm—3

z/lO“,+ mol m—3

ChloroformloL+ 2.588 2.474 .
Nitromethane 2.289 1.621
Acetonitrile 1.1C8 -0.713

This could be the reason why the z value (and therefore the blocking

factor) contains an opposite sign to the other solutes. For nitrome-

thane, upon moving up t

he aromatic series,

the contribution from the

polarisation factor appears to precdominate that from the blocking

.y ; © . .
effect, resulting in an increase 1t X (and thus AG"). This evidence

indicates that the methyl

the wobbling motion of th

groups on the avomatic, apart from restricting

e solute in the ccrmplex which leads to a




decrease in r and z, do not push the solute away from the aromatic to such
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an extent that the strength of the interaction is decreased.

" sults for the chloroform-aromatic systems, which exhibit the same change

The re-

pattern, support the evidence already found from dielectric studies *

(section 7.3).

TABLE 7.12

. VARIOUS CONTRIBUTIONS TO Kx VALUES FOR THE VARIOUS SOLUTE-AROMATIC

SOLVENT SYSTEMS AT 298.2K

tylene

System Polarisation | Steric Calcula-| Experimental
Factor Blocking ! ted K K -
Factor X X
104
Chloroform-benzene 2.313 0 2.313 . 388
104 '
Chloroform-p-xylene 3.205 -0.853 2.352 2.176
. 104
Chloroform-mesitylene 3.610 -1.241 2.369 .h493
'~ Nitromethane-benzene 2.0u6 0. 2.0u46 .0u6
Nitromethane-p- 2.838 -0.561 2.277 .2u5
xylene
Nitromethane-mesi- 3.195 -0.814 | 2,381 2.429
tylene
Acetonitrile-p- 1.375 0.247 1.622 1.622
xylene
Acetonitrile-mesi- 1.548 0.358 1.906 1.806

7.7 THE ANALYSIS OF &S VALUES

According to section 7.3,

a wobbling motion about the aromatic six-fold

of acetonitrile with benzene.

it is expected that the solute is undergoing

axis, except in the case

If this motion is really taking place,
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it should be sensitive to the change in temperature. Further support
for this may be obtained from a consideration of the entropy effects

’ Qith temperature. This is so since,with an increase in temperature,
the possibility of the motion should be increased and therefore the
entropy of the complex, SAB’ also would be expected to increase. If
S A andSB (positive) represent respectively the entropies of the free

salute and solvent, it follows thatlzl

_ S -S, -5 (7.26)
AS = 2. A B

Assuming that all the entropies increase at the same rate as tempera-
ture increases, SAB of a complex undergoing the motion should in-

crease more rapdily than SA and SB,and,AS becomes negative more
slowly or less negative. For a complex with a rigid structure as
would become more negative. To test this point, AS at different
temperatures for all the complexes (of nitromethane and acetonitrile
with various aromatics) studied)were evaluted employing the relations

of (7.16) and the relevant data in tables5.16 and 7.9. The results

are given in table 7.13 together with those of chloroform-aromatic com-
plexes obtained by Whitney. A perusal of the table shows that for each
particular>complex, within the range of temperature employed, no regular
(or significant) change for AS is observed. In fact AS only changes

by not more than 2J}<-lmole—l and any attempt to interpret this cannot

be made possible. On average it appears that, within the narrow tem-

perature range of n.m.r. studies in the present work (280 - 360K), &S

is almost independent of temperature.

It can be seen that for a particular solute AS (excluding that of
acetonitrile-benzene) tends to increase on moving up the aromatic series.

Consequently, from above, if it is accepted that the formation of a more
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TABLE 7.13

VARIATION OF A S WITH TEMPERATURE FOR THE COMPLEXES OF NITROMETHANE,

CHLOROFORM AND SEPARATELY ACETONITRILE WITH VARIOUS AROMATICS

Complex Temperature/K

--A.S/JK_lmole_l

Nitromethane-benzene

Nitromethane-p-xylene

Nitromethane-mesitylene

Acetonitrile-benzene

Acetonitrile-p-xylene

291.0
306. 4
318.7

326.5

331.4

341.3

281.4

305.8
319.7
326.8
3ul,3
290. 4
305.6
318.6
326.8

341.7

20.165
21.798
22.139
22.257
21.971
20.713
21.863
21.506
21.049
21.143
33.125
32.823
33.759
33.3940
33.823
26.5é5
26.141
26.650
26.581'
26.443
12.652
12.461
12.637
12.606

13.267
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TABLE 7.13 (cont.)

Complex Temperature/K - AS/JK_lmole_l
Acetonitrile-mesitylene 293.3 20.423
304.7 19.849
319.3 20.006
326.7 20.465
337.9 22.063
" 104
Chloroform-benzene 281.8 37.877
292.3 37.529
302.0 37.0uU6
309.1 38.819
319.3 37.990
| 104 '
Chloroform-p-xylene 286.9 28.241
292.9 27.970
302.6 28.278
311. 4 27.81h4
321.8 28.352
. 104 .
Chloroform-mesitylene 277.1 28.288
288.4 28.668
304.8 28. 480
311.7 28.162
322.1 28.555 }
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rigid complex is followed by a greater AS, this trend implies that,if
fhe solutes are in fact wobbling about in the complexes as proposed
originally, their motion would be more restricted as more methyl
groups are substituted into the aromatic ring; the result agrées

with that interpreted from dielectric studies.

The above discussion as a whole can also be applied for complexes of

chloroform. The only difference is that in the latter cases AS shows
a decrease with the substitution of methyl groups on the ring, indicat-
ing a less rigid complex strubture. This is somewhat surprising but does

support  the dielectric results in section 7.3.

7.8 CONCLUSIONS CONCERNING THE STRUCTURES OF THE 1:1 COMPLEXES

It is concluded earlier in section 7.4 that a solute appears to adopt
a variety of orientations with respect to the aromatic in the complex
ranging from structure Zl.a to 7.11; From a colloquial standpoint the:
complex structure has.been described as - one in which the solute
quoted "wobbles" in a coﬂe of permitted orientations. In view of the
short lifetime of a complex this should not be interpreted to mean
extensive motion of the solute relative to the aromatic throughout the
1ifetime of the complex, but * gome limited motion may be possible.
It is envisaged that as different complexes are formed they do so
within one of the permitted orientations bounded by the cone. The
n.m.r. evidence indicates that overall the relative perpendicular
orientation (Fig. 7.l.a) may be the more energetically favoured. In
any event,because most physical properties of the characteristics of
the complexes havea time-averaged self-cancelling component in the p
_axis, the structure deduced from these parameters appearstb
Further evidence from the analysis of &S

be as shown in Fig. 7.1.a.

values and dielectric data also indicates that the extent of the
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permitted orientations may become either more (for nitromethane and
acetonitrile) or less restricted (for chloroform) by the presence of
ﬁethyl groups on the aromatic. Judging from this behaviour, it is
reasonable to offer an explanation for it. To do so, an insight into
the dimensions of the solutes and the aromatics has to be obtained.

These are given in Fig. 7.15 for all the relevant solutes.

In Fig. 7.15 AOB represents the plane ét the top of the aromatic ring
closest to the solute with the distances OA and OB equal to the radii
of the ring. The carbon-carbon plane at the centre of the ring is
denoted by the C-C-C line. To simplify each diagram, the hydrogen
atoms of the aromatic are neglected and only methyl groups substituted
on the C—C plane are shown. The circle around each atom in the dia-
gram represents the van der Waal's radius of that atom as this has

to be taken into account. The positive or negative character of an

. + -
atom is represented by § or & .

In the case of nitrométhane, when the aromatic contains no methyl
groups, it can adopt freeiy a variety of orientations with respect to
the ring (Fig.7.11). When methyl groups are present on the ring, it
can be seen that, for each particular orientation of the solute; the
methyl group on one side of the aromatic is expected to repel the
solute hydrogen atoms away whereas the other methyl group tries to

pull the solute negative end (oxygen atoms) closer to the ring.

Because on time average the hydrogen atoms of the solute spend most of

their time closer to the ring than the oxygen atoms, the repulsive

effect should be more pronounced. ‘This overall results in the

orientation of nitromethane being more restricted and the complex

becomes relatively.rigid.
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For the various orientations of acetonit rile with respect to the aromatic,
the significance of this repulsion is more evident as its negative end

" (nitrogen atom) lies further away from the ring when compared to that

of nitromethane, and thus any of its orientation is expected also to

be more restricted by the methyl groups on the ring for the reasons

given above.

Turning to the case.of chloroform, it is apparent that this is differ-
ent from the other solutes. The neggtive end of chloroform (chlérine
atoms) lies rather close to the ring which implies that its attraction
with either of the methyl groups on the ring could be significant. It
would appear therefore for this solute, during its "wobbling" motion,
that fof eéch of its particular orientations relative to the ring

the attraction is more pronounced tﬁan the corresponding repulsion from
the methyl groups. Consequently this leads to a less rigid complex

structure as the aromatic nucleus is methylated.




CHAPTER 8

GENERAL CONCLUSIONS
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GENERAL CONCLUSIONS

- Studies of molecular interactions between chloroform, nitromethane and
acetonitrile separately (as solutes) with benzene and some methyl-sub-
stituted aromatic solvents have been conducted employing three differ-
ent physical techniques, namely n.m.r. spectroscopy, dielectric con-
stant studies and cryoscopy. From these studies an attempt has been
made to elucidate the nature, stoichiometry, strength and geometry of

the complexes formed and the factors affecting their formation.

A preliminary attempt has been made to establish directly through n.m.r.
studies the stoichiometries of the complexes without making the usual
assumptions. However, the approach has been found to give unsatisfac-
tory results mainly because of the difficulty in achieving the experi-
mental accuracy demanded by the method. Similarly, the results ob-
tained from cryoscopic studies indicate that this technique alone has

a limited range of applicability. Therefore to obtain unambiguously
the stoichiometries of the complexes a combination of the techniques
was found to bé necessary. N.m.r. studies made in conjunction with

cryoscopic studies have been used therefore in an attempt to deter-

mine the stoichiometry of the complexes. It is found that only in the

acetonitrile-benzene system is a 1:2 complex formed and that the other

solute-aromatic complexes POSSESS solely 1:1 stoichiometry.

The values for K_, obtained at different temperatures fromn.m.r. studies,
X

. . 3 - -3 AT £
for all the systems studied are low and indicative OT the formation CI

"nhera or 2 rste
weak complexes. The independence of AH of temperature for each system

confirms the presence of a single (or several isomeric) complex species

in the system.
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of deduci
/ ucing KX

A new method through dielectric studies has been attempted employing
the same experimental conditions as those in n.m.r. work, so that
* s

the relevant values of KX deduced from both techniques would be

expected to be compatible to each other . It is found that this

purpose is not achieved because of the difficulty in obtaining suffic-

iently accurate results from the dielectric studies. Various factors

which could contribute to this discrepancy ha&e been suggested.
However, data obtained by an alternative dielectric approach indicate
that a.dipole—induéed-dipole interaction is basically responsible for
complex formation, with the solutes éolarising the aromatics to per-
mit electrostatic attraction between both interacting species. The
extent of complex formation (and therefore the strength of the com-
plexes) appears to.be governed, for'a common solute, not only by the
electrostatic effect but also by the steric effects.. The analysis of

KX values also gives some evidence to support this.

The values of . and moments induced in the aromatics by the solutes

upon complex formation ( FARO)’ obtained respectively from n.m.r. and
dielectric studies, have been used to elucidate the structures of the

complexes. - A time-averaged geometry of a 1:2 complex for acetonitrile-

benzene is proposed in which the solute molecule is sandwiched between

two aromatic molecules, with its electronegative end lying beyond the

vicinity of the ring owing to the repulsion from the m-cloud:. For

this arrangement the solute and the aromatic are in direct contact with

each other., In the case of the remaining 1:1 complexes the solute has

been described as adopting a variety of orientations relative to the

aromatic ring, and from & colloquial standpoint it 1S quoted as

. * = -
"wobbling'" in a cone of permitted opientations. In this respect differ

e confined within one of the

i ar
ent complexes formed during the process

Because on time average

permitted orientations bounded by the cone.

most physical properties of the characteristics of the complexes have
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their components in the p axis self-cancelled, the complex structure

deduced from these parameters would appear to be one in which the

solute lies symmetrically about the aromatic six-fold axis with its

electropositive end in contact with the aromatic ring.

Some evidence has been obtained from the analysis of AS values and Ac
and dielectric data indicating that theé various orientations of the
solutes, in the presence of methyl groups on the aromatic ring, become
less restricted in the case of chloroform and more restricted for the
other two solutes. An explanation has been offered for thié behaviour
in terms of the attraction and repulsion exerted on these solutes by

the aromatic methyl groups.
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