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SUMMARY 

Molecular interactions between polar aliphatic molecules (solute) and 

aromatic solvent molecules have been studied widely by nuclear mag- 

netic resonance spectroscopy. Most of the studies have been carried 

out using solutes containing a single or group of equivalent pro-— 

tons and because of the paucity of information they provide, 

many problems connected with the interactions.specially their stereo- 

specifity, remain unexplained. In an attempt to elucidate these 

problems solutes with several non-equivalent protons have been in- 

vestigated during the work described herein. The complexes studied 

are those formed between vinylsolutes and benzene or non~polar alkyl 

substituted benzenes. The specific intention in this work was to 

determine the time-average structure of the complexes, the thermo-— 

dynamic parameters pertaining to their formation, the nature of the 

interactions involved and the effect of substituents in the solute 

and solvent molecules. 

Theequilibrium quotients for the formation of each of the complexes 

and the additional shielding in the fully complexed state for the 

aifferent non-equivalent protons in the solute have been determined 

from the dependence of the observed solvent—induced shift on the mole 

fraction of the aromatic solvent. Values of ac, AH and AS* 

were determined from the equilibrium quotient values obtained at 

different temperatures. 

The d3ta accumulated are strongly indicative of the formation of 

weakly bound complexes. Significantly the thermodynamic parameters



ii 

are similar for the different non-equivalent protons in the same 

solute and suggest the formation of only one type, 1:1, of complex. 

Structures are deduced for these complexes in which the solute mole— 

cule tends to adopt a preferred time-average orientation relative 

to the solvent. The structures depend on the nature of the sub-— 

stituents in the interacting moleculesand indicate the highly 

stereospecific nature of the interactions. 

It is proposed that, both dipole—induced dipole interactions and 

steric factors govern the complex formation to a great extent.
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GENERAL AND THEORETICAL CONSIDERATIONS CF 

NUCLEAR MAGNETIC RESOMANCE SPECTROSCOPY
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1.1. INTRODUCTION 

In order to explain. the presence of the hyperfine structure of atomic 

spectra, Pauli’, in 1924, put forward the hypothesis that the nuclei 

of certain isotopes possess an intrinsic mechanical spin, i.e. they 

have an angular momentum (p). According to quantum mechanical laws, 

the angular momentum is quantized and its maximum measurable value 

for a nucleus is given by el, where h is Planck's constant ee 
ent 

and I is a characteristic property of each nuclear type referred to 

as nuclear spin or spin quantum number. I cdn have integral or half 

integral values depending on the particular nucleus, Since atomic 

nuclei are also associated with electric charge, mechanical spin 

gives rise to a magnetic moment y 44 ; the direction of which is 

coincident ede of spin. Such a spinning nucleus may be con- 

sidered to have the properties of a tiny bar magnet. Using a mole- 

cular beam method, Stern and Gerlach” (1921) were able to show that 

the measurable values of an atomic magnetic moment are discrete. By 

directing a beam of hydrogen molecules through a steady magnetic field, 

Rabi et al 3 were successful in measuring the small magnetic moment of 

the hydrogen nucleus (proton). In the presence of an externally 

applied magnetic field, Boa nuclear moments experience a torque and 

tend to adopt specific orientations with respect to the field direc~ 

tion. Each orientation corresponds to a characteristic energy, the 

number of allowed energy levels being limited to (21 +1). It is 

possible to induce transitions between these nuclear energy levels by 

a second magnetic field B, derived from an alternating signal, usually 

in the radiofrequency region. The nuclei may absorb energy from the 

second field to give rise to what are called Nuclear Magnetic Resonance 

(NMR) Spectra. 

The feasibility of the n.m.r. experiment was indicated by early devel-— 

opments in molecular beam technique . The latter was further developed



by subjecting the beam to an additional oscillating fiela® which could 

be swept through a range of frequencies. When the frequency of the 

oscillating field corresponded to On , there was a sudden drop in 

the number of molecules reaching the detector, indicating an absorption 

of Shongy from the oscillating field. Though Stare were made to 

observe nuclear magnetic resonance absorption earlier, it was not until 

late in 1945 that the first actual n.m.r. signals were observed by 

Purcell, Torrey and Pound! , and by Bloch, Hansen and Palast using 

respectively samples of paraffin wax and water. Since the initial dis— 

covery of nem.er. phenomenon, advances in instrumental design and in 

the theory of nuclear magnectic resonance have so rapidly followed that 

this form of spectroscopy has become invaluable in the investigation of 

i -—12 
molecular structure and environmental effects 9 ° 

While considering the theory of n.m.r. in the following sections, the 

propertics of an isolated nucleus will first be considered and the 

basic equation for resonance will be derived. A classical treatment of 

resonance w:1l yield the requirement of an additional rotating field Bay 

and its direction of a onan On will be obtained from quantum mechanical 

considerations. Assemblies of similar nuclei will then be considered 

in dealing with the nuclear energy Bios distribution, saturation and 

relaxation effects. Finally, nuclei in various molecular environments 

will be considered while dealing with the chemical shifts and chemical 

exchange phenomenon. 

1.2 AN ISOLATED NUCLEUS IN A MAGNETIC FIELD 

As a result of space quantization, a nucleus will have 2I + 1 distinct 

energy states and the corresponding components of angular momentum 

along any selected direction will have values I, (I-1), ......(-I+1),-I 

in terms of h( = a units. Since the magnetic moment and angular 
‘en 

momentum are parallel vectors (Fig. 1.1), one may similarly define a



  

  
Fig. 1.1 The relationship between the nuclear magnetic moments 

and the spin angular momentum I. 

fn 
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Bag oe ke 2 Vectorial representation of the Classical 

Larmor Precession.



maximum measurable component of the magnetic moment, fi + The observ—- 

able components of the magnetic moment in a selected direction are given 

by Bhat an , Where m, the magnetic quantum number, may have the values 
i 

We Ly eel a LI-O)ycondc cose (181), ol eae 4 

sometimes the magnetic moment is also expressed as: 

faz ¥ (Th) C12) 

where Y¥ = & is a constant called the magnetogyric ratio , 

characteristic of the nucleus. 

In the absence of an external magnetic field, the nuclear energy 

states are degenerate but as soon as an external field Bo is applied 

in Z direction, the energy EB. of a nucleus (relative to that in 

zero field) is given by: 

B 2 es (1-3) 

By substituting the allowed values of A, in eqn. (1.3) one finds that 

the allowed nuclear energy levels are: 

Bor ~ en ey al 5 /3,- 
it al 

It is evident that the levels are equally Bie? and the energy sepera— 

tion between any two successive levels is see - NMR spectra are 

obtained when transitions are induced between these energy levels by the 

absorption (or emission) of energy quanta. The selection rule govern— 

ing nuclear transitions states that m= +1, i-e. transitions are 

possible between successive levels only. The frequency of the radia— 

tion required to induce the transition can be calculated from the well 

known Bohr frequency condition and is given by: 

MB, 
v 3 Th (1.4) 

 



or in terms of magnetogyric ratio XY , by 

¥ope one Ge te Deas | (1.5) 

As the energy levels are equally spaced, there is a characteristic 

frequency of transition for a given value of Boe For illustration, 

in the particular case of proton ( M= 1641x1099 tesla) for B, =1 tesla, 

the appropriate frequency is 42.6 MHz, which lies in the radiofrequency 

region. 

1.3 RESONANCE CRITERIA 

To get an insight into the actual process of nuclear magnetic resonance, 

it is worthwhile building first a classical mechanical and subsequently 

a quantum mechanical picture of the phenomenon. The former explains 

the transition effects while the latter is helpful in wnderstanding the 

steady state process. 

1.3a Classical Treatment 

If a spinning nucleus is placed in a magnetic field of strength BY 

with its magnetic axis at some angle to the direction of the field, 

it will experience a torque es to allign it parallel to the field. 

According to Newton's law of motion, the rate of change of angular 

momentum is equal to the torque, i.e. 

HS (1.6) 
at 

13 Since, according to the laws of magnetic theor 

L = MB, (T.7) 

equating the two values of the torque and replacing JA bY P, one 

gets:



Lag ar = ¥epeB, (1.8) 

The net result of placing the nuclear magnet in the external field 

Bo is that it starts precessing about the field axis with an angular 

velocity 6% defined by: 

3 = W 
at P oO 

} & = . t 6: ae. (1.9) 

In terms of the precessional frequency, the same equation can be 

written as 

V5 Xe (1.5) 
oT 

The significant point that emerges out of the consideration so far is 

that the precession frequency, quite often known as the Larmor fre- 

quency, is independent of the inclination. of the nuclear magnet to 

the field direction. 

If a co-ordinate system rotating at the Larmor frequency») , is set 

up and there is no other field acting on the nucleus, the magnetic 

moment vector ~4 would one tH We ondee in the reference frame. Let 

us consider now the effect of a second small rotating field Ba acting 

on the precessing nucleus at right angles to the static field Bo 

(Fig.1.2). The precessing nucleus will experience another torque tend- 

ing to tip its magnetic moment, vector towards the plane perpendicular 

to the direction of the static field. So long as the direction of B, 

is moving in the rotating frame with a frequency not equal to the 

Larmor frequency yp , it will go out of phase after some time. The 

net effect will be a slight wobbling perturbation of the steady pre- 

cessional motion. But if the direction of B, is rotating at the Larmor 

frequency, i.e. there is a resonance, the two motions synchromise. The 

torque B, will always be in the same direction throughout the rotation 

and the angle @ between the direction of Mm and Bo will eventually change.



If the frequency of rotation of B, is swept through the Larmor fre- 
1 

quency, the effect will be greatest at the Larmor frequency and it will 

show up as resonance phenomenon. Practically this effect can be 

observed by applying a linearly oscillating field since such a field 

can be regarded as superimposition of the two fields rotating in oppo-— 

site directions. Only the component having the correct sense will 

synchronise with the precessing magnetic nuclei while the other com— 

ponent will have no effect. 

1.3b Quantum Mechanical Treatment 

For a nucleus of magnetic moment 4A placed in a magnetic field Bos the 

Hamiltonian is given by 

Hs - MB. (1.10) 

On replacing A, by wh one gets 

Hoe oyna (1.41) 

Corresponding stationary state functions are designated by m, the com— 

ponent of I in 4 direction, and the energy levels of the system are 

Siven by 

B= —¥hmB (1.12) 

It is necessary to introduce some form of perturbation in -order to bring 

cade tiehicd ater, between the energy states. Application of an oscillating 

field serves the purpose for such a perturbation » the direction of the 

field being decided from the properties of the Spin operators and the 

eigenfunctions appropriate to the particular nucleus in question. 

For simplicity, henceforth, the arguments will be restricted to nuclei 

of spin I = 4, for which there are only two possible energy levels given 

by +¥hB x), Corresponding spin eigenfunctions are every. denoted by the 

symbols<and/f} . If qs Ty and I, are defined as the x,y ind z



components of the spin angular momentum operator, respectively, for 

such a nucleus, the respective probabilities of transition, when the 

nucleus is subjected to an oscillating field along the x and z — axes 

are given by 14 

Ww. ec (K[t[A) = # 3 (1.13) 

We (A |r| 2) = 0 (1.14) 

which means that a parallel arrangement of steady and oscillating fields 

can not induce a transition between the energy levels while there is a 

finite probability of transition, if the oscillating field acts along 

x-axis. Similarly, it can be shown that there is a finite probability 

of transition when the oscillating field is applied along the y-axis. 

Such a transition involves an energy change 

a ¥ SB, let 

For resonance, the frequency of the oscillating field must satisfy 

the relationship 

pe aoe oe (1.16) 

For a nucleus of spin I, pertrubed by an oscillating field of ampli- 

14 tude 2B,, the transition probability * between energy levels m and - 4 

is given by 

eo 6B, | Yn| tx | %n') |? (7247) 

; : 1 : 
which is zero unless m = m+ 1, the selection rule for nuclear 

transitions. 

1.4 THE POPULATION OF SPIN STATES 
  

For a nucleus at resonance, the probabilities of stimulated absorption 

or emission of energy are equal since the effect of spontaneous emission



is negligible in the radiofrequency Sein”. Therefore, the observa-— 

tion of a nuclear magnetic resonance absorption signal will depend on 

the relative population of the two energy levels. If there are only 

two states with populations Ny and Ne, and P is the probability of a 

transition occuring between them, the net absorption of energy is 

fiven by 

P (N, - N,) (1.18) 

For an assembly of nuclei in thermal equilibrium at temperature in 

the absence of the secondary field Bas there is a Boltzmann distribution 

of nuclei between the various allowed energy states. For nuclei with 

spin I, there are 2I + 1 equally spaced levels seperated by an energy 

  

Of te so that the probability of any nucleus occupying a parti- 
I 

cular level of magnetic quantum number m is given by 

: exp eee (77799 
2I+1 Led 

which at room temperature and with Bo of the order of a tesla, approxi- 

mately reduces to 

  

a tt eee (1.20) 
or4 Tet 

For a nucleus of spin I = 4, the probabilities of a nucleus being in 

the upper or lower energy states respectively are given by 

z(1- ore ) (1.21) 

and 

(1+ 4) (1.22) 

iee. there is a small excess population in the lower energy state . 

In fact, the observation of an n.m.r. signal depends on the maintenance 

of this excess population. It is also evident from the above relations 

that the excess population is directly proportional to the static field



Boe Obviously the higher the field Bo the higher the excess popula— 

tion in the lower energy state and hence the higher the sensitivity 

of the measurement. 

1.5 SATURATION 

Nuclear magnetic resonance spectroscopy differs from the optical spec— 

troscopy ia te in that in the latter case the absorption of energy is 

- followed by a very mopia return Spon {hs excited to the ground state, 

liberated energy being dissipated as heat. In n.m.r. spectroscopy, 

the continuous absorption of energy from the radiofrequency field will 

tend to reduce the excess population in the lower energy state, rela— 

tive to that in the upper state, and hence reduce the net number of 

nuclei capable of absorbing energy. The magnitude of this effect will 

increase with the amplitude of the oscillating field and is referred 

to as saturation. In addition to reducing the overall absorption and 

consequently the signal intensity, saturation will distort the signal 

causing a broadening of the resonance line. Another experimental obser—. 

vation, which may result during saturation, is the appearance of multi- 

Vt 
ple quantum transitions © which are forbidden by the first order sele-— 

ction rules. 

1.6 RELAXTION PROCESSES 

If a collection of nuclei of spin I = $ are irradiated, the rate of 

absorption is initially greater than the rate of emission, because of 

the slight excess of nuclei in the lower energy state. But the original 

excess steadily dwindles until the two states are equally populated. 

One may find that the absorption signal is strong when the radiofre-— 

quency radiation is first applied but that it gradually disappears. 

The situation is influenced by the existence of radiation_less processes
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which tend to restore the original distribution of energy levels. 

Such processes are generally referred to as relaxation processes of 

which there are two principal types. 

1.6a Spin Lattice Relaxation 

The magnetic nuclei are usually part of an assembly of molecules which 

constitute a sample under investigation and the entire molecular system 

-is referred to as he lattice, irrespective of the physical state of 

the sample. For the moment, the attention will be confined to liquids 

and gases in which the atoms and molecules constituting the lattice 

will be undergoing random thermal motions. Since these atoms or 

molecules may Sontain magnetic nuclei and in any event will be mag— 

netised, the molecular motions will result in fluctuating secondary 

magnetic fields. These magnetic fields can be regarded as being built. 

up of a number of oscillating components so that there can be a conm-- 

ponent analogous to B, which will just match the precessional fre- 
1 

quency of the magnetic nuclei. Since simple thermodynamics requires 

that the downward transition porbability should be greater than the 

upward transition probability, a nucleus in the excited state will 

relax to the lower state and the energy lost is given to the lattice 

as extra thermal energy. 

Another feature of spin-lattice relaxation may now be considered. 

Initially, when an assembly of magnetic nuclei is not in a magnetic 

field, the two nuclear states are equally populated. When the sample 

is placed in the magnetic field it requires a certain time for the 

populations to reach their new equilibrium value. It is the spin- 

lattice relaxation process which is responsible for the initial pro- 

duction of the Boltzmann excess of nuclei in the lower state after the 

application of steady magnetic field.
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LE ny and n, are the number of nuclei per unit volume in the upper 

and lower states respectively, it is possible to evaluate the excess 

number of nuclei per unit volume, n, as a function of time. 

eS ne on (1.23) 

It has been said earlier that the transition probabilities of absorp— 

tion and emission are equal. This is no longer true in the presence 

of "Spin-lattice relaxation process, for at equilibrium, the total 

number of upward transitions per unit time must be equal to the corres- 

ponding number of downward transitions. 

Let W, and Wy be respectively the probabilities per unit time for a 

iven nucieus to make an upward or downward transition by interactin Pp 

with molecular degrees of freedom. At equilibrium 

ni, = nM, (1.24) 

: n W 
LeCGe — a a (1.25) 

2 4: 

The Boltzmann distribution of nuclei between the two energy levels is 

given by 

1 eS (1.26) 

Provided that the interaction energy is small compared with the total 
W 

energy of the system, i.e. the temperature is stationary, a= is inde- 

1 
pendent of n, andn,. Let 

1 2 

Wy = W exp ( ~ AZo) et. 275 

and 

W, = W exp ( o-2) (1.28) 

where W is the mean of W, and. Woe



nt 

The rate of change of population is 

dn dn . 
1 oe 

ee (1.29) 

which reduces to zero at equilibrium. 

. 

Since an upward transition decreases and downward transition increases 

the excess number of nuclei by 2 

dn 

  

ae iy = 3M.) (1.30) 

Expansion of the exponential in W, and Woy by assuming that oe Ce, 

gives 

olay oe MBo or = ai| (o ny) i (n, + n,) He (1437) 

If an equilibrium value of the excess number of nuclei in the lower 

energy state, Moke) is defined by 

kr 
a © (a, +.n,) fn (1.32) 

it follows from ems. (1.23) and (1.31) that 

a 
Tr =. = OW (n ~ Neg) (1.33) 

LeC. the, rate of approach to equilibrium is proportional to the depar— 

ture from equilibrium. 

On integration eqn. (1.33) leads to 

ee ee (n, as Nog) exp ( -2it) (1.34) 

where no, 1S: the: inivial value of n. 

Let a time ry be defined as 

T= gy (1.35) 

so that eqn. (1.34) can be written as
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- a exp ( - Tr) (1.36) 

This time qT, is a measure of the rate at which the spin system comes 

into thermal equilibrium with other degrees of freedom and is usually 

referred to aun? pin-lattice relaxation timee Sometimes this has also 

been called the longitudinal relaxation time because it determines the 

approach to equilibrium of the component of macroscopic nuclear magnetic 

moment per unit volume lying parallel to BY (see Se0.167 J 

Even if the excess population n, 

the relative populations in the two levels can still be described by the 

— ny is less than its equilibrium value, 

Boltzmann factor 

1 + SA (1.37) 

but now the room temperature T has to be replaced by a higher value To 

referred to as the spin temperature. 

1.6b Spin-Spin Relaxation 

Each nuclear magnet is acted upon by not only the steady magnetic field 

Bo but also by a small local magnetic field Bi oc produced by the neigh— 

bouring nuclear magnets. Since the neighbouring nuclear magnets are also 

themselves precessing about the direction of the magnetic field, the local 

field may be resolved into two components, oscillating eee and static 

(Borat) The static component is parallel to the direction of the main 

field Boe The other component is rotating at the precessional frequency 

in a plane perpendicular to the static field Boe Thus a nucleus j pro- 

ducing a magnetic field oscillating at its Larmor frequency may induce 

a transition in nucleus K, in a manner similar to that induced by the 

applied oscillating field. The energy for this process comes from I 

and simultaneous re-orientation or flip-flop of both nuclei results. 

There is a simple exchange of spins and the total energy as well as the 

ratio of populations in different states remains constant throughout
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the process. Only identitical nuclei ais Gapalile of undergoing such 

spin-exchange. Since the relative phases of the nuclei change in a 

time ( AY came a simple time interval will be required for spin ex-— 

changes This lifetime or phase memory time of a nuclear spin state 

has been termed Spin-spin relaxation time, Tee Any resultant mag— 

netic moment per unit volume at right angles to the steady field Bo 

is reduced to zero within this time and therefore, it is also referred 

to as the transverse relaxation time. 

It has been pointed out earlier (see SeCe 1.5) that the intensity of 

the irradiating radiofrequency field can affect the observed resonance 

Signal by way of saturation. A quantitative treatment of the pheno- 

menon will now be pres enbell for an assembly of nuclei having spin 

E a se 

Before the radiofrequency field is applied, the rate of change of excess 

population per unit volume is given by 

: | 
aa (1.38) 

where Negis the value of n when the spin system is in thermal equili- 

brium with the surroundings. When the radiofrequency field is applied, 

the amount of change in the excess population is 2nP, where P is the 

probability per unit time for a transition between the two energy 

levels under the influence of irradiation. Hence 

n 

oo ee ; (1.39) =|
 8 I 

  

The steady value of the excess number, nos is given by 

us = (eT, ) — (1.40) 

Bo
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A value for P can be obtained from standard radiation theory . ‘The 

provability of transition per unit time between two states having mag 

netic quantum numbers m and c is 

ie 
Beet = #y°B," | (m|tlm') |? &(Y%m!'-» ) (1.41) 

where B, is the amplitude of the radiofrequency field rotating in the 

correct sense and in a plane at right angles to the main field Boa and 

(m |T{m') zs the appropriate matrix element of the nuclear spin opera— 

-tOre &( Soar -)) is the Dirac function which is strictly zero at all 

values except for Maas =) , thus giving rise to an infinitely sharp 

line. Since this is unreal, the function is replaced by a shape func— 

tion g (» ) normalised as follows: 

a . 

Ee 1.42 if gQ)-dy= 4 (1.42) 

For I = 4, eqn. (1.41) reduces to? 

Pon tyB,e () (1-43) 

Theref * pa -1 erefore, 2 = [i +e v3 2 0) 17 (1-44) 

The right hand side of eqn. (1-44) is usually denoted by Z and is re 

ferred to ad Maturation factor. Saturation is greatest for ‘the radio-— 

frequency which gives the maximum value of shape function, which occurs 

for eof 

Therefore, 

2, 2 ~1 
go ats, oo] (1-45) 

where 2 is the saturation factor for the maximum value of g (UV). 

1.7 NUCLEAR MAGNETIC RESONANCE IN MACROSAMPLES 
  

19~21- 
Bloch ; uSing a series of phenomenological equations, has treated
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the whole problem from a macroscopic point of view. 

An assembly of nuclei in an applied magnetic field Bo have their 

various spin states occupied to different extents, which gives the 

sample a resultant magnetic moment. If M.is the magnetic moment per 

unit volume of a substance under such circumstances, the susceptibility 

(%,) is given by the following relation 

M= BX (1.46) 

The bulk magnetisation M is analogous to the nuclear magnetic moment 

JAA, except in one respect that, in the absence of radiofrequency field, 

M has only a z2@mponent, whilst & has (x,y and z) all the three com 

ponents. The individual nuclei precess about the z axis and have ran— 

dom phases, hence x and y components everage to zero in forming M. 

The equation of motion for a single magnetic moment is 

oe = ¥ (mx B) (1.47) 

Similarly, for an assembly of weakly interacting moments, contained in 

vnit volume, the equation of motion is 

we OM £8) (1.48) 

In the usual magnetic resonance experiment the three components of B 

are not all constant but have the values 

B,. = B, cos wt (1.49) 

B, =-B, sin wt (1.50) 

Bo = B, (1.51) 

By and BY together represent a radiofrequency field of amplitude B, 

rotating in a plane normal to the static field Boe Assuming that
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there are no other interactions involving the nuclei 

aM. =X (MB, + MB, sinut) (1.52) 

dt 

oy a YB OB. 008 wt) (1.53 xO) Ze dt 

ee y¥(-M B, sinwt - MB, coswt) (16542) wae ee ve 

The different relaxation processes must now also be taken into account. 

Prior to resonance, the spin system and the lattice are at thermal 

equilibrium and M, is equal to the static magnetisation Moe Once the 

resonance has occured, the spin system and the lattice are no longer 

at thermal equilibrium and Mos instead of remaining constant, approaches 

My at a rate governed by the longitudinal relaxation time Tye This 

rate is 

aM, My - M 

oe (1.55) 

The individual nuclei will also be in phase after resonance, and mM 

and i will have finite values, but due to the effect of spin-spin 

relaxation, the phase coherence will be lost and these components will 

decay to zero in time The The rate of decay is given by 

aM 
me x (1.56) 

Ob: 

i I 

=
i
 

dM M 

=< Bs T 
2 

—( 

(1.57) I 

Combination of eqns. (1.52)-(1.54) with eqnse (1.55)-(1.57) leads to 

the Bloch equations which describe the actual behaviour of a macro-~ 

scopic sample during an nem.er. experiment (Fig. pe 

aM 
= ¥(MB +MB 

ae ( yo Z 
sinwt) - , (1.58) =



    

  

    

X 

7 

¥ 

Bio ds The Magnetisation vector M and its components in 

a fixed co-ordinate system, 

Mi 
x Y 

ie / Ag My, 
/ WwW 5 x t 

A ins 
7 N 

/ v a 

f 
f , 

7 

/ S 
& 

V 

Figsa.4 Transverse components of the Magnetic moment referred 

to fixed axes (full lines) and axes rotating with the 

r.f, (dotted lines)
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eS ¥(-MB, + MB, cos wrt). My 
at i, (1.59) 

aM x os 
z = ¥X¥(-MB, sinwt -MB, coswt) + ( ): 44460) 

ae: x. Vout q, 

The Bloch equations take a simpler form if they are transferred to a 

set of axes rotating with the applied radiofrequency field. In this 

rotating frame (Fig.1.4) both By and B, are fixed while the new set 

of axes rotates with an angular velocity -w about the z-axis. u and 

Vv are defined as the components of M along and perpendicular to the 

direction of B, respectively. They are often called the in-phase and 
1 

out-of=phase components of M. ‘The components are related as 

M. = ucoswt — v sinwt (1.61) 

ay = -—usinwt —-. v coswt (4.62) 

Substitution of (1.61) and (1.62) into the Bloch equations, noting that 

pas =¥ By » gives 

: day u +(W —-w)Vv = 0 (1.63) 
— — ° 
at 1 

2 , 

av Vv 
act 5 - Cie —-W)u + ¥BM, = 0 (1.64) 

M BS 
o's + A. ee v Biv = 0 ; (1.65) 
at qT, 

The solution of these equations is obtained under the steady state or 

slow passage conditions. Under these conditions, the absorption of 

radiofrequency energy is just balanced by the transfer of energy from 

  

  

aM 

the nuclei to the lattice so that i = 10 Hence: 

es 
My. B.S tte ub) 

oO ae oO 1 ce eae (1.66) 
ee eee te 

Moxy Bet 
oO 12 

Z 2 2 oO ‘ 
Ce v+t ( és ur ) +¥ B,D,
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2 
From eqn. (1.67) it is evident that when y°B r 1, << 1 the asbsorp— . 

1 

tion or ' V-mode' signal should be proportional to vB, T, Aycd alsti=! 
~-5-—--5—- 

1+, (u2,-u)* 

describes a Lorentzian line)?" shape as shown in Fig. 1.5. At the 

centre when the resonance condition is just fulfilled, (~~) =o and 

the signal height is proportional to ¥ Bt Sometimes, it is prefer-— D 

able to use the dispersion or 'U-mode! signal as shown in Fig. 1.6. 

The in-phase and Gab Jef phaae ta dec ineions are also described in terms 

of the Bloch susceptibilities - er, The area under the absorp— 

tion surve can be obtained by the inegration of the Vv term over all 

values of (Ww, ~0). The result is directly proportional to X, which is 

a direct function of the number of nuclei per unit volume. Hence the 

area under each resonance curve is a direct measure of the number of 

nuclei of a particular type undergoing resonance. 

1.8 FACTORS AFFECTING THE LINE SHAPE 

i 

It has already been said that an n.m.r. absorption line is represented 

are: A quantum mechanical approach to the by a Lorentzion curve 

phenomenon predicts an infinitely sharp absorption line, however, for 

identical nuclei, absorption occurs over a smal]. but finite frequency 

range due to several line broadening effects. The width of a line is 

defined as its widhh at half height expressed in terms of applied field 

or frequency. The various factors affecting the line shape will now be 

discussed. 

1.8a Spin-Lattice Relaxation 

The life time of a nucleus in a given state is limited by the spin- 

lattice relaxation mechanism and thus there is an uncertainity in the
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Figs 135 Absorption line shape (v-mode) W,-Wo 
for nem.r. resonance 
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Fig, 3.5 Dispersion line shape (u-mode) for n.m.r. resonance
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lifetime of that spin state which is of the order of 27 The order of q* 

the magnitude of broadening can be estimated from the uncertainity 

prinicple 

AGG At Ses (1.68) 

and since AE = hay (1.69) 

it follows that 

f 
AY = 20 (1.70) 

1Lefe Ay = Se (KEW 
Ant ; 1 

Eqn. (1.71) gives the uncertainity spread in the frequency of a given 

absorption line due to limitations placed on the nucleus by the spin— 

lattice relaxation mechanism. 

1.8b Magnetic Dipolar Broadening 

It has already been pointed out (see sec. 1.6b) that a magnetic nucleus 

experiences a small local magnetic field, Bi oc! due to the neighbouring 

nuclear magnets, which can be resolved into static and oscillating com— 

ponents. ‘The static field, which results in dipolar broadening, is 

given by 

Bice S (1-3-cos~ 8. ) (1.72) 

at a nucleus distance yp awey from the nucleus under consideration and 

lying on a line inclined at an angle © to the magnetic dipolar axis. 

2h For solids the resultant local field can have any value between + oe 
oa’ 3 which is of the order of 10 ~ tesla for protons. Magnetic resonance 

will thus occur over a range of frequencies and the line will be broa— 

19 dened ~. In liquids and gases, where the molecules are undergoing rapid 

Of1On ce. : random, Cos @ averages to % and B oO. The molecular motions 
stat 

necessary to produce such averaging are of shorter time than that required
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to observe a nuclear resonance signal, and the effect of magnetic 

dipoles on line width in liquid and gaseous samples is negligible. 

1.8c Spin—Spin Relaxation 

The oscillating component of the local field due to the neighbouring 

nuclei brings about spin-spin relaxation. In a manner similar to that 

discussed in sec.1.8a, the spin-spin relaxation process introduces an 

uncertainty into the lifetime of any nuclear state and hence an uncer— 

tainty in the frequency at which resonance will occur. This leads to 

the observation of resonance over a small range of frequencies giving 

a broadened absorption signal. 

1.8d. Electric Quadrupole Effects 

Nuclei with spin number I> may possess a non-spherically symmetrical 

charge distribution and therefore a quadrupole moment Q. Nuclei do not 

have any electric dipole moment and so the energy of any nucleus is 

independent of its orientation in a uniform electric field. However, 

when an electric field gradient exists, the quadrupoles undergo pre— 

cession and assume specific orientations in an inhomogeneous electric 

field. This displaces the nuclear eneiic levels. The interaction of 

nuclear quadrupoles with the fluctuating field gradient offers an addi- 

tional method of relaxation. Consequently nuclei with quadrupole moments 

frequently exhibit very short spin-lattice relaxation times and the 

observed absorption lines are correspondingly broad. 

1.8e. Other Factors Affecting The Line Shape 

Inhomogeneity of the magnetic field a over the sample volume will cause 

line broadening due to resonance occuring not at a specific field strength, 

but over a range of field as different portions of the sample experience
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the resonance condition at slightly different times. Rapid spinning of 

the sample partially overcomes this problem. 

Cortes transient effects are also responsible for the distortion of the 

Signal shape. When the resonance line is swept through rapidly, it is 

followed by damped oscillations referred to as relaxation wiggles or 

ices. They originate from the inability of the nuclear magnetisa— 

tion to follow the changing applied field Bye After traversing. the 

resonance condition, a magnetic moment persists in the plane at right 

angles to the main field for as long as a group of nuclei continue to 

precess in phase. Precession about Bo induces a signal at the precession 

frequency, the signal amplitude decaying at a rate governed by the phase 

memory time T After passing through a true resonance condition, the DS 

precession frequency and the radiofrequency differ slightly, so that the 

two signals interfere with one another giving rise to a low frequency 

beat signal which decays exponentially with cimae 

1.9 CHEMICAL SHIFTS 

So far in the discussion of nem.r. it has been assumed that the reso— 

nance frequency of a nucleus is simply a function of the applied field 

and the megnetogyric ratio of the nucleus. However, it was discovered 

that the resonance frequency is, toa small degree, dependent upon the 

chemical environments of the nucleus. ‘This phenomenon was observed 

first by Knight”- 

Tee for '4y compounds, and by Dickinson 

for metals and metal salts, and later by Proctor and 

at for 195 compounds. It has 

been discovered that this phenomenon is general for all magnetic nuclei 

and has been discussed in terms of 'The Chemical Shift'. The Chemical 

Shift is observed whenever two or more nuclei of the same isotopic 

species have different environments, a separate resonance usually 

being observed for each distinct group with an intensity proportional 

to the number of nuclei in that group. 

The Chemical Shift is directly proportional to the strength of the 

applied field and arises from Small intermolecular and intramolecular
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contributions to the actual field experienced by a particular nucleus. 

LE Bo is the applied field, the actual field B' experienced by the nucleus 

is given by 

B= B(1-o) (1.73) 
where 6 is a dimensionless constant depdndent on the chemical. environ— 

ment. The constant o is called screening constant because the local 

field is usually slightly smaller than the applied field. The effect 

of screening constant will be to bring the Zeeman levels closer as 

illustrated below: 

  

    

  

C Gs iC 2B, ZB G~ 6) 
. | 3 

No field Bare nucleus Screened nucleus 

infield infield 

As a result, the energy quantum required for a transition between the 

states is smaller and therefore the resonance will occur at a lower 

frequencye Alternatively, if the experiment is performed by varying 

the field Bo until resonance is obtained at a fixed frequency, the 

applied field will have to be of a value higher than that for an un— 

screened nucleus. If two:isotopically similar nuclei in en— 

vironments i and j have screening constants 4 and % respectively, 

for the same value of By the chemical shift 5. is given by 

§. 2 wie Ve oS (1.74) why a 

The measurement of absolute chemical shift is not possible since this 

would require the comparis~on of resonance frequencies of the nuclear 

species in a particular environment with that of the same nucleus devoid



of all ite electrons. Chemical shifts are therefore generally measured 

relative to a reference compound. For proton spectra, tetramethylsilane 

(TMS) is generally chosen as the reference compound since its resonance 

is a single sharp line occurring to highfield of most resonances of 

interest. On this basis, the chemical shift is measured in terms of 

« 
a dimensionless number § given by 

ee - se 6 G= 2S 5-4 (x10?) ppm (4075) 
iL 

where By is the resonance field for the nucleus under observation and 

a is the resonance field for the reference compound. Since B is pro-— 

portional to y , eqn. (1.75) can be expressed as 

C= Eos) x 10° (1.76)   

Oscillator frequency 

where Vo and Yr are the frequencies corresponding to B. and B.. in eqn. 

(.75)< As a convention, the nuclei which are less shielded than the 

reference are assigned negative chemical shifts. 

For proton spectra, when using tetramethylsilane as an iiternat refer— 

ence, a scale known as ‘JT scale ee is often used, such that the tetra— 

methyl, Tfne at infinite dilution in carbontetrachloride is arbitrarily 

given the value T= 10. The T value of any other resonance line is 

then given by 

T=10+8 (1.70) 

1.10 ORIGIN OF CHEMICAL SHIFT 

Early attempts to account for the shielding of a nucleus were based on 

a theory developed by tombe? who considered the magnetic shielding of a 

nucleus due to the induced electronic currents in a free atom with no 

orbital or spin angular momentum. When dealing with molecules this 

method becomes unsuitable and the first theoretical expression for the
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30,31. 
screening of a nucleus in an isolated molecule was derived by Ramsey 

Even the Ramsey formula is not suitable for the calculation of screening 

constants in any but the smallest molecules. In order to deal with 

large molecules, it is convenient to break up the screening into several 

individual contributions, the sum of which will represent the total 

screening of the nucleus. Each of these contributions may be taken to 

have classical significance. This approach was first proposed by Saika 

‘and Stitcher” who divided the screening of a nucleus into three seper-— 

ate atomic contributions. However, the shielding of any resonant nucleus 

A can be more completely and usefully divided into five contributions 

representing both intramolecular and intermolecular screening tevges? 

given by 

iy AA AA + ee 3.) ’ = o~ 
: C aia + Chara - BEA Tnag aa Sol (1-78) 

That this division is reasonable can be deduced from the fact that for 

gases the screening constant ¢ may be expressed as a virial type expan— 

: : : PS aes 
Sion, i.e. an inverse power series in the molar volume Vm 

on. 4 G22 
= tes a Ox ° te + 5 eae c's os 'cisle o (1.19) 

Vm 

Here So is the screening constant for an isolated unperturbed molecule, 

o; is a correction for bimolecular interactions, and Cos S, eeoee are 

higher order corrections due to higher order collisions. Experimentally 

it has been shown that only the first two terms of (1.79) are important. 

©, corresponds to the last term in eqn. (178). Higher order terms, 

THs ys eecee are usually very small and can be neglected“, cS of 

eqn. (1.79) represents the four intramolecular terms of eqn. (1.78). 

An effective difference in the magnitude of the different terms in eqn. 

(1.78) for-two nuclei contributes to the chemical shift between them.
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Each of these terms will be discussed in turn. 

1.10.a The Diamagnetic Term Cain 

If an atom with a spherically symmetrical electron distribution is 

placed in a uniform magnetic field, the field causes the electrons to 

undergo a circulatory motion about the nucleus. The direction of 

Larmor precession is such that it produces a secondary magnetic field 

which, in the region of nucleus, is opposed to the applied field. The 

nucleus experiences the effect of both the applied and the induced field 

and the resultant field is therefore less than the applied field. The 

strength of the induced field is proportional to the strength of the 

35 436 applied field. Pople for mathematical convenience, has separated 

the induced electronic circulations in molecules into three components. 

The first component, local grupeenetio currents, correspond to the atomic 

case discussed above. The electronic distribution about the nucleus is 

considered to be spherically symmetrical since the effects of departure 

from such symmetry are allowed for later by the consideration of two 

other types of sirculations, local paramagnetic circulations and inter-— 

atomic circulations. Local diamagnetic currents, therefore, provide a 

source of positive shielding, i.e. they- reduce the total field experi- 

enced by the nucleus. The only way in which molecular environments can 

affect the local diamagnetic shielding is by an alteration of the electron 

density around the nucleus concerned. 

1.10b. The Paramasnetic Term 6= 
: para 

The paramagnetic term arises because the magnetically induced motions of 

the electrons are restricted in certain directions. Mathematically, the 

paramagnetic shielding term corresponds to a mixing, under the influence 

of the applied field, of the ground state electronic configuration with
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37,38 
low lying excited states of correct symmetry . 

1.10c. Interatomic Shielding Oates 

This term may make a positive or negative contribution to screening 

and is thought to arise principally from the neighbour anisotropy 

affeot Atoms or groups which comprise the molecule may have aniso— 

tropic susceptibility. Thus when the molecule is placed in a strong 

magnetic field, the magnetisationgsin the direction of the principal 

axes of bonds can be different so that an effective magnetic moment is 

induced. The secondary fields produced at a nucleus by these induced 

dipoles are responsible for the neighbour anisotropy effect. The magni- 

tude of ¢ nag depends on the nature of the atom or group in which the 

secondary field originates and the molecular geometry. 

1.10d. Delocalised Electron Shielding Cael 

Certain structures permit the circulation of electrons over a number of 

atomic centres and when this can occur, an additional shielding mechanism 

is available. Diamagnetic currents of this type are more readily devel-— 

oped in large closed loops such as the conjugated 77— orbitals of 

benzene”? which in essence behaves as a molecular solenoid. The induced 

field at the aromatic protons is parallel to the main field and hence 

these protons are deshielded by the ring current. The protons situated 

on or near the six-fold axis of benzene ring proenet ee the diamagnetic 

part of the induced field and are therefore shielded due to this effect. 

1-10e. Intermolecular Screening Effect o3 . 
  

41,42 In recent years ; the study of intermolecular screening effect has 

received considerable attention and many authors have used the term | 

‘Solvent Effects! for such screening. The term EE | accounts for the
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direct or reaction effect of the solvent miolecule(s) on the molecules 

whose screening is being considered. B sat can itself be considered 

to arise from several intermolecular effects’, and may be expressed as 

ae 1.80 Gol cee | wit Gee Ke. 

where 7 is the screening contribution arising from the medium bulk 

susceptibility, ov, that arising from the magnetic anisotropy of the 

medium , c that due to the van der Waals or dispersion forces between 

the solute and solvent molecules, and on that mainly produced by the 

electric field induced in the medium by a polar solute. S., is the 

contribution to the chemical shift change brought about by the "Specific 

interaction between solvent and solute molecules.A difference in any 

of the terms in eqn. (1.80) for the two nuclei can effect the Col 

screening contributions. These differences may be appreciable for two 

nuclei in different intermolecular environments, and are thus particu- 

larly important when using an external reference for the measurement of 

chemical shifts. In this particular procedure, the reference liquid is 

sealed in a small thin capillary tube which is then put in the sample to 

be measured. Some of these effects may be largely eliminated by the use 

of an internal reference where the reference is present in the sample 

itself. In the investigations Deported here in this work, an internal 

reference has been used. The various solvent screening terms will be 

considered now though there are as yet no really good theories for any 

of them except os 

1.10f. Bulk Magnetic Susceptibility Term oF 

An expression for oF, can be derived inamanner similar to that for 

electric polarization effects. The total volume of a sample may be 

divided into two regions by defining a sphere around any molecule within 

the sample, large enough to be of macroscopic dimensions and small com— 

pared with the size of the sample. In the presence of the applied 

field Bor the medium will be polarized and the field experienced by a 

nucleus at the centre of the sphere will be a sum of three parts:
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(i) the external field; 

i) the field due to the induced magnetisdtion in the region 

between the small sphere and the sample boundary; 

(iii) the field due to the induced magnetisation in the inner 

sphere. 

The bulk susceptibility arises from (ii). The effective field at a 

nucleus in a medium of susceptibility x., is given by 

“ 477 Boop) = 8, (ee 4 ae K )Xy] (1.81) 

Air where & is a shape factor which is ame for a sphere and 277 for a 

cylinder of length large compared to its ae Since high resolution 

measurements are usually made in cylindrical tubes, the medium suscep— 

tibility contribution to shielding constant, when Bo is transverse to 

the tube, is So Ny ? ; 

eee 

Rise = Onc + “E X yp (1.82) oO mol 

The observed chemical shift ee and the chemical shift corrected for 

the difference in susceptibility are thus related by 

corr obs Ur 

og oe eae? . 

This equation relates to perfect cylinders and a general expression for 

arbitrarily shaped vessels has also been obtained by Frost and Hall”, 

If an internal reference compound is used, % a and te will be equal 

and no correction is needed. In the investigations reported here, an 

internal reference has been employed and therefore, << can be neglected. 

1.10g.- The Anisotropy Term Cea 

The field experienced by the individual molecules in the sample is
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Significantly affected in the presence of solvent molecules exhibiting 

anisotropy in their magnetic susceptibility. This term becomes predomi- 

nant when a solute molecule takes up a preferred orientation with re~ 

spect to the solvent molecule due to stereospecific interactions. 

The anisotropy is most clearly seen in the large differential shift 

often found between solutes in aromatic and non-aromatic solvents. 

Qualitatively these shifts may be explained in terms of large diamag— 

netic anisotropy of an aromatic molecule which arises from the circvla— 

tion of aromatic 7q-electrons (ring current effect)“°, The distribu- 

tion of solvent molecules surrounding a solute molecule may be non— 

random at small distanceg because of the latter's presence and this may 

result in a time averaged non—Zero susceptibility tensor, which leads 

to screening at the nucleus of the solute ine. Possible causes 

of this non-randomess include electric dipolar interactions+!~?* size 

poo and shape of the solute , and the steric crowding in condensed aro- 

eit When polar solutes are present specific collision complexes 

of finite lifetime may be formed due to particularly strong attractive 

forces, and in these cases only that part of the screening attributable 

to non—random orientations may be bOnaidered to constitue ae since 

anisotropy screening is present in addition to any screening due to 

aT 
complex formation”. 

43 Buckingham et al” have shown that the anisotropic shielding of spheri~ 

cal molecules by disc shaped and rod shaped molecules may be calculated 

using eqns. (1.84) and (1.85) respectively 

€ a(disc) a ~ a (1.84) 
3R 

a(rod) <a Ae (1.85) 
3R 

where AX is the difference in magnetic susceptibilities parallel and 

perpendicular to the symmetry axis of the magnetically anisotropic
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the 
molecule, R is the distance from the centre of, anisotropic molecule to 

the centre of the resonating nucleus, and n the number..of- molecules in 

the effective range of R. Eqns. (1.84) and (1.85) result from the limi- 

ting conditions for eqn. (1.86) which was also deduced by Buckingham et 

al. and is effectively equivalent to more explicit expression given by 

rosie’. 

c= mR 4X (1-3 cose ) (1.86) 

‘where @ is the angle between the axis of the solvent molecule and the 

line joinging the centre of the solvent and the nucleus under considera-— 

tion. It must be said at this stage that all these expressions are de— 

aN, 
pendent on McConnell's equation which specifically applies to intra~ 

molecular situations. 

Rochen? has suggested eqn. (1.87) as a less qualitative and more 

generally applicable expression than (1.84) and (1.85) 

30 
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This was derived by considering the anisotropic molecules to be a cy— 

linder of effective radius Y(A°) and height 2h(A°) with different mag- 

netic Sere re a eee xy along and perpendicular to the cylin- 

der-axis. Eqn. (1.87) does, however, only provide an estimate of the 

shielding contribution from a single anisotropic molecule. Homer et a 

have extended eqn. (1.87) to give good results. 

wecsenalien has recently calculated the screening effect of benzene 

on a number of approximately spherical molecules of different size. 

These calculations are based on a model in which only the solvent mole— 

cules within a shell, effectively containing the solute, contribute to 

the solvent anisotropy, the remaining solvent molecules in the bulk 

being ineffective. But this model also does not give very reasonable 

results.
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1-10h. Van der Waal or Dispersion Screening C. 

The dispersion screening term, 2 arises from time-variant electric 

dipoles present in all molecules which produce electric fields tempor-— 

64 ariliy polarising adja>cent mole7cules and thereby altering the 

screening of nuclei in these molecules. Howard, Linder and Emerson 

proposed a procedure for calculating the value of o by treating 

the solute as being surrounded by a continuous dielectric medium. 

But Lumbroso et ee consider that this does not give good agreement 

‘with experimentally determined values and subsequent improvements in 

67 the theory by de Montgolfier © lead to little better agreement with 

experiment. Treating the solute surrounded by a discrete number of 

solvent molecules, Rummens et arity have presented both a binary 

‘collision gas' model and a 'cage' model of estimating T. However, 

this gives reasonable answers for small molecules only. In general, 

calculated values of c are very small but Raynes et or have appa- 

rently measured real dispersion screenings which are large. Homer and 

Hick!” have calculated the magnitude of o, in nitroform—-aromatic— 

cyclohexane system. It has been shown that the difference between the 

calculated screening of the solute and the reference, in the concentra— 

tion range from almost pure cyclohexane to pure aromatic, never exceeds 

about 0.002 ppm and was considered to be negligible compared to the 

experimental accuracy. For analogous systems investigated in this 

work, the c. contribution will be considered negligible. 

1.10i. Reaction Field Screening o, 

An electric field E acting along the axis of an X-H bond will draw 

electrons away from the proton, thus making it less shielded. The mag— 

nitude of the reduction in shielding is given 

t «92x10 < oe 40m = 107 oe (1.88)
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If EB is an intramolecular field arising due to the presence of a polar 

group in the molecule itself, o is finite, but in the absence of 

preferred molecular orientations B averages to zero at any particular 

nucleus in liquid or gas samples. However, a polar molecule in solu- 

tion polarises the surrounding medium and the nuclei in the molecule 

experience a reaction field whose value is dependent on the random 

motion of the molecule. The most significant reaction field normally 

encountered for solutions of polar molecules has been defined in two 

ways. Firstly, Pickinghan’ followed the approach of Onsagar to define 

E in the form of eqn. (1.89) 

oe oe oe aC 8, = 1) ao - 1A 7 an 
5 

3(2 .> 1: ny ) ss 

  

where C, is the medium dielectric constant, and AA 10, and ay are 

the dipole moment, refractive index and polarizability of the solute 

respectively. ‘The solute is considered as a sphere having a point 

electric dipole acting at its centre with A the gas phase value. 

1: 
Diehl and Freeman” have accounted for the shape of the solute mole~ 

cule in eqn. (1.90) by considering the dipole to act from the centre 

of a non-spherical cavity with semi-axes a,b and c. 

BE = ae 1 (n?-1) oe i 
abe c E * Bf b+(n2 e /U- E) (1.90) 

ea 
where ee is a shape factor for the solute. Homer'~ has shown that in 

order to predict the difference in shielding in a particular solute due to 

reaction fields set up in different solvents, it is adequate to consi— 

der the solute as spherical. Huck! 4 has shown that for three component 

systems, similar to those reported in the present investigation, the 

shieldingyof the solute due to aromatic and cyclohexane differ only 

slightly and no correction to observed shifts is necessary. 

Whilst only the so-called reaction field constant has been discussed it



a Ane 

is obvious that any electric fields of an intermolecular origin that 

perturb the solute will contribute to One 

1.10}. The Specific Association Term o7- 
J Cc 

The term o% has been applied to the effect on chemical'shifts of any 

specific solute~solvent interactions in solution; in this usage, shifts 

due to anisotropy effects associated with specific interactions are 

sometimes included in the c. term. However, in this investigation e 

shall be taken to represent the effect of solvent anisotropy in a geo- 

metrically specific solute-solvent orientation which has been brought 

about by the formation of a collision complex. 

Collision complexes between aromatic hydrocarbons (solvent) and other 

aliphatic as well as aromatic compounds (solute) are well known. In 

most of the cases, complex formation has been studied by measuring the 

proton shifts of solutes containing either, single or group of equiva- 

lent hydrogen atoms. Such studies can not provide enough information 

to establish the stereospecific nature of the complex. However, by 

using molecules with more than one non-equivalent hydrogen atoms as 

solute, one can derive valuable information regarding the currently con- 

tentious stereospecific nature of the complex. If the collisions are 

not completely random and the solute, on the average, has got a tendency 

to adopt a preferred orientation with respect to the solvent molecules, 

the different non-equivalent protons in the solute molecule are expected 

to suffer unequal solvent induced shifts, as a result of complex forma— 

tion. The present investigation has been taken up especially with this 

end in view. Vinyl derivatives, CH, = CHX, provide a good example of a 
2] 

solute with three non-equivalent protons and complex formation between 

‘several of these with benzene has been studied at several temperatures. 

Solute molecules with different values of dipole moment have been seléc— 

ted so that some information regarding the nature of the complex can be 

obtained. The studies. have also been repeated with alkyl substituted



benzenes as solvent with a view to study the effect of such substitu— 

tion in the benzene ring on complex formation. 

1211 SPIN-SPIN COUPLING 

Nuclear magnetic resonance signals arising from a set of identical 

15 nuclei, when examined ~ under high resolution conditions, were found 

to consist of a group of lines rather than a single line. A further 

significant fact about the spectra was that the separation between 

the components of the multiplet, measured on frequency scale, was inde— 

pendent of the applied field Bor instead of being proportional to it as 

would be the case if the different signals arose from different sheilid— 

ing constants. In the simplest case the spacings between these multi- 

plet lines are equal and the magnitude of this splitting is known as the 

coupling or spin-spin interaction constant, represented by the symbol J . 

To discuss spin-spin coupling fully, it is necessary to take into account 

all possible magnetic ‘ntemeciione!”: There are a number of them which 

result in the observed multiplicity, but not all of them are equally 

important. The interactions may be grouped as follows. Firstly, there 

are various electronic orbital-orbital, orbital-spin, spin-spin, and 

spin-external Petar tea naly, there is the nuclear~electronic—electronic-— 

nuclear interaction. 

It was proposed by Gutowsky, McCall and Slichter! | and also by Hahn and 

Maxwe11!® that the multiplets arise from an interaction between neigh-— 

bouring nuclear spins which is proportional to their scalar product 

I(1) . 1(2), where I(1) and I(2) are nuclear spin vectors. Unlike the 

direct interaction of the magnetic dipoles, an energy of this sort is 

not averaged to zero by the molecular motions. Ramsey and Purce11!? 

interpreted this effect as arising from an indirect coupling mechanism 

via the bonding electrons in the molecule. A nuclear spin tends to
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orient the spins of the nearby electrons and consequently spins of the 

other nuclei. Ramsey has given a general expression for spin-spin 

splitting but it is difficult to evaluate even in simple cases. Approxi- 

mate calculations, however, show that this electron spin mechanism is 

the most important contribution although in general all magnetic inter— 

actions could play some part. 

Spin-spin interactions exhibit the following important features which 

help in distinguishing them from the chemical shifts: 

(i) 

(ii) 

Cini? 

(iv) 

(v) 

(vi) 

When nuclei are equally screened and are magnetically equiva— 

lent no coupling is observed between them. Nuclei are said to 

be magnetically equivalent when they have the same Chemical 

Shifts and couple equally to all other resonant nuclei in the 

molecule. 

The coupling is independent of the strength of the applied 

field. 

In general, the magnitude of coupling constant decreases as 

the number of bonds separating the interacting nuclei increases. 

The magnitude of the coupling constant between two nuclei gen— 

erally increases with the atomic number of both the nuclei. 

Spin-spin coupling effects are mutual, ise. the splitting ob— 

served in one band is identical to the splitting in the band 

of interacting nuclei. 

When the chemical shift difference between the interacting 

nuclei is large compared with the coupling constant and the 

spectra conform to what is called first order conditions, the 

following two more regularities are observed: 

The multiplicity of the band arising from a group of equivalent 

nuclei is determined by the neighbouring groups of equivalent 

nuclei. A neighbouring group of equivalent nuclei causes a mul— 

‘tiplicity which is given by the formula (2nI+1) where n is the 

number of equivalent nuclei of spin I in that group. .If there 

are more than two interacting groups, the multiplicity of one,



“A, is given by (2n,1, + 1) (2a, + 1) cesseeeees 

(vii ) The intensities. of the nultiplets are symmetric about the 

centre of the band and when the multiplicity is produced by 

a group of equivalent nuclei with I ~~ ey the relative inten- 

sities are given by the coefficients of the terms in the ex- 

pansion of ( Y+ 1)". : 

When the magnitudes of chemical shifts are comparable with the corres— 

ponding coupling constants, the spectrum does not obey the rules of mul- 

tiplicity and relative intensities given above for the case of first 

order spectra and a rather complex pattern is obtained which requires a 

detailed analysis. Such spectra are said to be of second order. 

The convention adopted for the classification of spectra is to use the 

symbols A,B,C, wseeeeX,Y,4, to characterize the individual nuclei with 

in a nuclear spin system. The letters close together in the aplhabet 

eege A,B,C .... generally represent magnetically non-equivalent nuclei 

of the same species having small relative chemical shifts of the same 

order of magnitude as the coupling constants between them. X,Y and Z 

are used to represent a similar set of nuclei, not necessarily of the 

same species as the first set, but having a large chemical shift from 

the first set. Magnetically equivalent nuclei are described by the 

same symbol, their number being indicated by a subscript e.g. Ane 

Nuclei which show chemical shift equivalence but are not magnetically 

equivalent, are referred to by the same letter but are distinguished from 

1 
each other by means of primes e.g.AA . Since the investigations carried 

out in this work are concerned with ABC spectra,the procedure for the ana~ 

lysis of this class will be considered in detail in Chapter 3 of this work. 

1212 CHEMICAL EXCHANGE PHENOMENON 

In oder to get a high resotution n.m.r. spectrum, the spin-lattice re— 

laxation time qT, has to be longer than 0.1 second. This long time scale
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inherent in the method allows many phenomena occuring in shorter times 

to affect the resonance signal. Defining T, and %., as the first order 

lifetimes of a magnetic nucleus X in two molecular environments A and B, 

the probability of x in A moving to B is “a and vice versa; and 

ce is the chemical shift difference of X in the two environments, 

measured in rad. sec. se When no exchange is taking place T = T, =O, 

and two distinctsignals will be observed with a chemical shift of Wi, = a 

So long as the chemical shift difference between the two sites is suffic- 

iently large, two distinct signals will be there, even if the rate of 

exchange in reasonably slow (%.2) cy ~-“)% T,) and the separation 

will be e _ an but both lines will be broadened due to exchange. 

As the rate of exchange increases, these lines eventually coalesce and 

a new signal is obtained at some intermediate frequency, W, such that 

  

O = Pw, ae Oy (1.91) 

T, 
where PA r= ,* Te : (1 092) 

TR 
and P, = €, t; (1.93) 

1.€. Py and PR are the fractions of time spent by X in environments A 

and B respectively. For similar reasons, if an atom is removed from an 

environment in a time short compared with the reciprocal of the spin 

coupling constant, spin coupling features are also affected. 

Many phenomena’ in solution can be studied by making use of the chemical 

exchange effect; one that has received considerable attention recently is 

the study of molecular interactions in solution. Investigations of this 

type form the basis of the work described in this thesis. If complexes 

formed between polar solutes and aromatic solvents are considered, these 

can be investigated by studying the dependence of the observed solute 

time-average chemical shift on sample composition.
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EXPERIMENTAL METHODS FOR THE OBSERVATION OF 

HIGH RESOLUTION NUCLEAR MAGNETIC RESONANCE



2e1 INTRODUCTION 

From the consideration of the general theory of n.m.r. in the pre- 

vious chapter, it clearly emerges that any apparatus assembly for 

the observation of an nem.er. signal should consist essentially of 

the following parts: ~ : 

th) a magnet capable of producing a very strong homogenous 

field; 

(ii) a means of continuously varying the magnetic field and/or 

frequency over a small range; 

tiii) a ‘probe' which is essentially « sample holder, supporting 

the irradiation and detection coils, and having provision 

for spinning the sample;_ 

(iv) a radiofrequency oscillator; 

(v) a radiofrequency receiver; 

(vi) presentation facilities utilizing an oscilloscope and/or 

recorder. 

The basic requirementsfor the individual components of a high reso~ 

lution nuclear magnetic resonance spectrometer will now be briefly di- 

scussed, followed by a consideration of two commercial spectrometers , 

the Perkin-Elmer R10 and HA 100D Varian NMR spectrometers used in 

these investigations. 

2.2. THE MAGNET 

Both permanent and electromagnets have been used to obtain nuclear 

magnetic resonance spectra. The essential feature of the magnet is 

that it should possess a region between the pole faces in which the 

magnetic field is homogeneous to a high order (1 in 107). Because of 

larger chemical shifts and increased signal intensity at higher field,
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strength, it is desirable that the strength of the field should be as 

high as is practically possible. 

The upper limit of the field strength obtainable from conventional 

magnets for nem.r. purposes is about 2.5 tesla. This limit arises 

out of homogeneity considerations over a volume of 0.1 om. To ob— 

tain the desired degree of homogeneity in a pole gap of 12-20 mm, nece— 

ssary to accomodate the radiofrequency probe and the sample, an elabor— 

ae magnet system is required. The pole pieces should be of 150-300 mm 

in diameter, so that the central portion of the field can have a 'flat' 

contour and suffer as little as possible from 'tedge effects', i.e. bend— 

ing of the lines of magnetic force near the edge of the pole pieces. The 

pole faces shculd be parallel, almost optically nee and free from 

machining marks. The pole cap material must be metallurgically uniform 

and are usually chromium—plated to reduce the effects of corrosion. 

Both permanent and electromagnets are capable of an intrinsic homogeneity 

of 4) part. in 10°, which may be further improved with Golay Shim Coils to 

1 part in 10". These coils, situated in pairs on the pole faces of the 

magnet, are arranged such that a stabilized direct current when passed 

through them may be adjusted to produce field gradients in specific dir- 

ectims. These gradients are helpful in counteracting the inhomogenei- 

ties of the intrinsic magnetic field. Electromagnets sometimes require 

careful 'cycling' in order to obtain the degree of homogeneity required 

for n.m.r. experiments. The homogeneity of the field may be further 

improved by spinning the sample. 

For accurate measurement of the chemical shifts, it is necessary that 

the field should be stable. Permanent magnets are generally enclosed 

in a thermostated enclosure to reduce the field—drift to a minimum. 

Ambient field disturbances can be minimised by mu-metal screening or 

field sensing devices. In spectrometers using electromagnets additional
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stability is obtained by field/frequency lock systems (see BOC+2e7 ed). 

fligh resolution n.m.er. spectrometers incorporating either a permanent 

magnet or electromagnet employ flux-stabilizing agama: These coils 

are used to detect changes in the total flux across the gap and the 

voltage induced in them is applied to a galvano_meter which acts as 

a source of integrated correction signal which is passed through a 

pair of compensating pneie The flux produced by these cancels the 

original change of flux and restores the ance deflection to 

ZELO.s 

The advantage of an electromagnet is that it is possible to pre-set 

the field strength at anywhere from zero 60 its maximum value. This 

is useful in that the instrument-can be used for the examination of 

more than one isotope without changing the radiofrequency oscillator. 

A more important advantage derives from the possibility of measuring 

the spectrum of the same isotope at different field strengths. This 

feature is extremely helpful in the interpretation of complex spectra 

Since it differentiates between the field—dependent chemical shifts 

and the field invariant spin-spin couplings. The operation and con—- 

trol of the instruments which utilize permanent magnets is much simpler. 

Provided the magnet is adequately thermostated, a homogeneous field is 

always present and few adjustments are necessary. The homogeneity of 

field attainable by either type of magnet is nevertheless comparable, 

However, since the facility for wide variations in the field strength 

(apart from that necessary for scanning the spectrum) is not available, 

the permanent magnets lack in flexibility of operation but this is com— 

pensated to some extent by the good stability of an efficiently thermo— 

stated permanent magnet. 

Superconducting magnets, in which a field of the required homogeneity



may be produced at strengths up to 5 tesla, are now being employed 

in nemere spectrometers. Such solenoids require elaborate control 

systems to maintain the temperature of the conducting wire in the re- 

gion of 10°K, this usually being achieved with liquid helium. 

2.3 MAGNETIC FIELD SWEEP 

The condition for the observation of an nemr. signal from any nu~ 

‘cleus is that the eqn. (2.1) must be satisfied. 

yB 
(2.1) 

an 
Yo 

  

It follows, therefore, ot the precessing magnetic nuclei can be 

brought into resonance with the rotating magnetic field by suitable 

variation of the frequency of oo the former or the latter. A 

change in the precessional frequency can be affected by varying the 

strength of the applied field (B,) while a rotating magnetic field 

B, of a different frequency can be obtained by varying the frequency 

of theY¥. f. oscillator. The early difficulties of providing a suita— 

bly stable and linear frequency sweep led to the use of magnetic field 

SWeepe 

Iwo types of magnetic field sweeps, a recurrent swaep and a slow sweep, 

are available with most of the spectrometers. In the former case, the 

output of a saw-tooth generator is amplified and fed to a pair of 

Helmholtz coils which flank the sample with their axes parallel to the 

direction of the static field. Each coil has the same number of turns 

and the separation between the coils is equal to their radius. This 

liner sweep is utilized while searching for the resonance field con— 

dition of a nucleus or when making spectrometric adjustments.



A slow sweep unit is provided for recording the Signal under slow 

passage conditions so that the line distortion is minimum. The slow 

sweep may be achieved by the introduction of an error signal to the 

flux stabilizer, which then falsely corrects the applied field. Hence 

a change in the magnetic field is brought about by a steady increase 

in the current through the correction coils. The rate of variation 

of the small applied field is governed by the magnitude of the dc 

voltagee <A simpler means of field sweep can be derived from a motor 

‘driven potentiometer linked to a recorder to produce a permanent re-—- 

cord of the spectrum. 

Sometimes it is necessary to apply permanent but relatively small 

field.shifts. in permanent magnets this is achieved by an additional 

pair of coils which carry current to produce pre-calibrated field 

shifts. In electromagnets, the flux-stabilizer is used to vary the 

field by the introduction of a false error signal. 

224. RADIOFREQUENCY OSCILLATOR 

It has already been said (see sec. 1.3) that in order to induce a 

nuclear energy transition, it is necessary to provide a rotating ele- 

ctromagnetic field Bay the magnetic component of which moves in a plane 

perpendicular to the direction of the static field Boe It has been a 

convenjent practice to use a linearly oscillating field which also 

serves the purpose (see sec. Veda). 

The practical limitations placed on the field obtainable from conven— 

tional magnets require the use of a maximum radiofrequency of 100° MHz 

for the observation of "ny spectra. Similar to the main magnetic field, 

the radiofrequency oscillators also require a stability of 1 part in 

10° - 10? per minute. Such signals are usually obtained by the proper 

selection and multiplication of harmonics from a carefully thermostated



quartz crystal oscillator. The radiofrequency power delivered to the 

probe is kept at a constant level by incorporating an automatic gain 

control amplifier as the final stage of the radiofrequency unit, prior 

to its output being fed to the probe via an attenuator system. Fre— 

quency sweeps can be performed by utilizing the side bands produced 

by moldulation of the carrier with an a.c. Signal of linearly varying 

low frequency. 

2.5 -FUNCTIONS OF THE DETECTION SYSTEM 

The passage of radiofrequency radiation throvgh the magnetised sample 

is associated with two phenomena » namely absorption and dispersion. 

The line shapes associated with the absorption and dispersion modes 

are shown in Figs. 1.5 and 1.6. Although the resonance frequency can 

be determined by observing either of the two modes, absorption or dis— 

persion, the former is usually preferred in practice as it is easy to 

interpret. Basically the function of the detector is two fold, firstly 

to separate the absorption signal from the dispersion signal and 

secondly to separate the absorption Signal from that supplied by the r.f. 

oscillator. The second function is necessary because;although the 

amplitude of the applied r.f. signal remains constant, it is very 

much larger than the amplitude of the absorption signal. 

The sample holder, or probe, is the assembly which carries the air 

turbine for sample spinning, the receiver coils, the linear sweep coils 

and the pre-amplifier. Usually two type of probes, single coil and the 

double coil, are employed. The two type of probes and the corresponding 

principles of detection are sufficiently different and will be discussed 

separately while dealing with the commercial spectrometers which use 

them.
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26 THE PERKIN-ELMER R10 HIGH RESOLUTION NMR SPECTROMETER 

2e6.a The Magnet 

The Pork el tes R10 spectrometer employs a permanent magnet capable 

of producing a field of strength 1.4092 tesla. The pole pieces are 

approximately 125 mm in diameter and seperated by an air—gap of about 

25 mm. The magnet assembly is housed in an aluminium box lined with 

thick layers of expanded polystyrene containing temperature sensing 

devices and heating elements. This enables the magnet to be thermo— 

stated and maintained at a temperature of 306 66+ 0.001°K. ‘his high 

degree of temperature stabilization overcomes the problem of field 

drift to a large extent. The probe assembly is held between the pole 

pieces by a rigid aluminium bar. The sample coil is wound on a hollow 

glass former in which the sample oye is spun by means of a small air 

turbine. The spectrometer employs the single coil method of detection 

and uses a twin~T bridge for the purpose. The bridge circuitory is 

housed in a mu-metal box attached directly to the probe wit. 

In the first successful nem.r. experiment, Purcell, Torrey and Pound! 

used the single coil method of detection. It involes the measurement 

of the effect of absorption and/or dispersion signals at the transmitter 

coil itself. This is accomplished by the use of ‘ radiofrequency bridge 

functioning much the same way as a Wheatstone bridge. The Twin-T bridge 

has been found most satisfactory in high resolution spectrometers in 

that it gives a good stability of bridge balance. Such stability is 

necessary if a mixture of u and v mode signals is to be avoided. Bridge 

systems typically used consist of two similar circuits, one circuit con— 

taining the sample coil and the other containing a dummy coil. The bridge 

network balances out the transmitter Signal and allows the absorption or 

dispersion Signal to pass as an out—of—balance e.m.f. across the bridge 

which, after amplification and rectification, can be displayed on the
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oscilloscope or recorded. The r.f. bridge is so designed that both 

the phase as well as the amplitude of the out-of—balance transmitter 

Signal can be controlled. The unwanted dispersion signal can be sup— 

pressed by taking advantage of the fact that the dispersion and absor— 

ption signals differ in phase by i - Even if the transmitter sig-— 

nal is not completely balanced, the contribution of dispersion mode 

to the signal going to the amplifier is negligible. Fig. 2.1 repre— 

sents vectorially the absorption (V-mode) signal, dispersion (U-mode) 

signal, out-of—balance transmitter signal (V-mode leakage) and the 

signal which is fed to the amplifier. So long as the vector sum of 

the absorption and out-of~balance transmitter signals is large in com-— 

parison to the dispersion signal, the angle cb will be small. Since 

the contribution of U-mode is proportional to sin d> ; it will make a 

negligible contribution to the Signal being fed to the amplifier. 

The field sweep is provided by a saw—tooth wave form applied to sweep 

coils on the pole pieces; this voltage is also arranged to produce the 

time base for an oscilloscope. Alternatively, the field sweep may be 

derived from the recorder and synchronised with the rotation of the re- 

corder drum. 

An ambient field conpensator unit fitted to the spectrometer detects 

very small changes in the horizontal component of earth's magnetic field 

and feeds a compensating current to a pair of detection coils fitted 

around the pole pieces of the magnet. Thus disturbances originating 

more than 5m away can be eliminated. An additional pair of coils allows 

computer controlled field shifts to be made , when necessary. 

2.6.b. Detection of the NMR Signal 

The arrangement of electronic components of the R10 spectrometer is
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the magnetisation vector by adding in- 

phase leakage to the v-mode component.
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shown in Fig.2.2. The r.f. signal for "n Nemere is obtained from an 

accurately thermostated oMHg quartz crystal oscillator. The second 

harmonic (15MHz) of the Seystek frequency is selected and further 

multiplied fourfold to give 60MHz. A 60.004MHz signal is obtained 

after mixing the 60MHz signal with a 4KHz signal obtained indirectly 

from a crystal-controlled calibrating oscillator, the original carrier 

and the unwanted side-—band being suppressed. 

"The single side—band signal (60.004MHz) is fed via an automatic gain 

control amplifier and a variable attenuator to the input of the Twin-T 

bridge network. The bridge circuit can be adjusted to an exact yyll 

by means of amplitude and phase controls. At resonance, the induct— 

ance of the ne coil changes and the bridge circuit is no longer 

balanced. Any out-—of~balance of the bridge, with phase and ampli- 

tude characteristics, caused by the nuclear absorption is fed at 

60.004MHz into r.f. amplifier where it is amplified. The original 

60.000MHz frequency is also fed to the amplifier at a low level (the 

"homodyne signal") and mixes with the 60.004MHz n.emer. signal from 

the bridge and after amplification, the mixed Signals pass through 

a diode detector whose output is the beating AKHz signal. After 

further amplification, this signal is fed toa phase detector which 

is also supplied with the 4KHz reference Signal, derived from that 

supplying the single side band wit. ‘The reference phase is adjusted 

manually to obtain the desired mode of presentation; usually the 

the absorption mode is selected. These two Signals are mixed to give 

zero output until a resonance is encountered, when a dc signal appears 

across the detector output. The output of the phase detector can be 

supplied to an oscilloscope or recorder. A series of condensers in RS 

circuit can be selected to cut down the response time of the circuit 

and enhances the signal—to-noise ratio. 

The output.from the phase detector is usually superimposed upon a small
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standing de component which may arise from the imperfect balance of 

the r.f. bridge and slight assymmetry of the phase detector itself. 

This component can be backed—off by an equal de voltage of opposite 

Sign. This provides a satisfactory condition for the determination 

of peak areas with a built—in integrator. By passing the nemr. 

Signal through a circuit containing a dc amplifier connected across 

@ condenser, an integral of the absorption spectrum can be obtained. 

The area under the absorption signal in a spectrum is proportional 

to the number of nuclei which give rise to the signal. 

2.6.c Calibration of the Spectra 

The recorder on the R10 spectrometer utilizes pre-calibrated charts 

which align themselves in the same relative position on the recorder 

drum. The rotation of the drum is linked to the magnetic field sweep 

With the help of field shift Sone fairly accurate shift measure-- 

ments can be made for routine work. Line frequencies can be measured 

with a greater precision by audiofrequency side band modulation tech- 

nique for which there is a provision on the R10 spectrometer. By 

such independent calibration any drift in the field is largely accounted 

for. An inverted replica of the modulcation Signal, displaced by the 

modulation frequency is produced on either side of the fundamental. 

By suitable variation of the modulcation frequency, a series of inver-— 

ted signals of accurately known frequencies ig produced on the spectrum. 

The relative frequencies of the unknown lines are deduced by inter- 

polation. For the investigations reported later the calibration side 

bands of the strong reference peak of cyclohexane were used. The audi- 

a ofrequency signals were obtained from, Muirhead-Wigan D890A oscillator
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and the frequencies produced were checked with:a Venner 3336 fre— 

quency counter. 

2.6.d The Perkin-Elmer Variable Temperature Assembly 

As it has already been said, the Perkin-Elmer R10 spectrometer employs 

a carefully thermostated magnet operating at 306 .6°K and normally the 

sample is also supposed to be at the same temperature. However, 

sometimes it is desirable to study the effect of temperature changes 

on Nemer. spectra, for which purpose a variable temperature probe 

accessory is available for R10 spectrometer. Using this sample 

temperatures can be maintained anywhere in the range 133.2°K to 

513.2°K. 

The variable temperature probe consists of an inner assembly within 

which the sample tube can be spun. The inner assembly is contained in 

a Dewar vessel which is itself surrounded by a jacket through which 

water, thermostatically controlled at the magnet temperature, is cir— 

culated. Due to this elaborate arrangement, the variations in the 

sample temperature are prevented from being transmitted +o the magnet, 

and thus prevent changes in the field. The sample is heated by a 

circulation of hot air and radiation from a copper tube. Both the 

circulating air and the copper tube are heated electrically. Tempera— 

tures bellow 306 .6°K are obtained by appropriate mixing of heated air 

and nitrogen vapour from a supply of liquid nitrogen. There is a 

platinum resistance thermometer within 5mm of the r.f. coil. ‘This 

thermometer monitors the sample temperature and any changes in the 

dialled temperature are automatically corrected for. For accurate



temperature measurement, a calibrated thermocouple is fitted to the 

probe, the e.m.f. produced being measured by means of a potentio~ 

meter. 

2.7 ‘THE HA 100D VARIAN NMR SPECTROMETER 

2e[ea The Electromagnet 

A 305 mm electromagnet furnishes the magnetic field for the HA 100D 

Varian sean The magnet is designed for optimum field homo— 

geneity at a field intensity of 2.349 tesla, and is equipped with a 

manually operated field trimmer whichcompensates for gradual changes 

in field homogeneity along the y-axis. The magnet has two water— 

cooled low impedance coils connected in series and mounted in a 

trunnion—supported yoke. The pole cap covers,which also contain the 

homogeneity coils, and yoke insulating jacket insulate the pole 

and yoke from the effect of ambient air temperature changes. 

Heat is dissipated by the magnet and Ragnet temperature is con— 

trolled automatically by passing de-ionized water through the magnet 

cooling system. This stabilization of the magnet temperature helps in 

maintaining the high resolution of the magnetic field. 

A regulated magnet power supply unit furnishes dc power to the mag— 

net. The magnet current is adjustable from zero to a maximum value 

for various magnetic field requirements. Solid state amplifier and 

passgate circuits regulate the current against + 10% voltage varia~ 

tions.
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2e7-b. The Field—Frequency Lock System 

The HA 100D Varian spectrometer uses a field-frequency lock system 

which will now be described. Field~frequency control is a system 

whereby the radiofrequency source and the, magnetic field strength 

at the sample are held in constant proportion. In an internal lock 

system, a reference material is added to all the samples to be studied 

so that the analytical sample and the reference sample are subjected 

‘to the same applied field. By modulation of the carrier, n.om.r. ex— 

periments are conducted simultaneously. The lock sample is nominally 

fixed at resonance in the dispersion mode and an error signal is 

derived from this to drive the servoloop for field—frequency stabili- 

zation. A second experiment enables the remainder of the spectrum to 

‘be detected. 

All R.F. signals used are penived by magnetic field modulation, at 

audiofrequencies, of the carrier and may be separated from one another 

in synchronous (sometimes called phase-sensitive) detectors refer— 

enced to the relevant modulation frequency. The mode of signal, 

absorption or dispersion, can be set by the audiofrequency refer- 

ence phase applied to the synchronous detector. An equivalent situa— 

tion occurs if, instead of field modulation, the r.f. oscillator is 

frequency modulated. Nuclear magnetic responses will be observable 

whenever one of the instrumental frequencies coincides with the nu- 

clear precession frequency. The modulation side—band is adjusted to 

be on resonance for the internal reference compound, with the modu- 

lation index set to avoid saturation. The reference phase of the 

control channel synchronous detector is set for pure dispersion mode, 

a shape that is well suited for use as an error signal to pull the
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magnetic field back into resonance, should either the field of the 

frequency tend to drift. The error signal may be monitored on an 

oscilloscope and performs the correction through the high gain flux- 

stabilizer. 

In the frequency mode, the control channel operates at fixed B, and 

a constant modulation frequency while the analytical channel modula~ 

tion frequency is swept in a linear fashion through the desired re— 

gion of the spectrum, the frequency control being mechanically linked 

to the horizontal motion of the recorder arm. Since the movement of 

the recorder arm from left to right corresponds to decreasing modula— 

tion frequency, frequency sweep spectra are obtained by using the 

high frequency set of modulation side—bands to excite the resonance, 

so that the lines in the spectrum appear in the conventional order as 

if the magnetic field has been swept from low to high field at fixed 

frequency. 

In the field sweep mode, the analytical channel operates at a constant 

modulation frequency derived from the mannual oscillator while the 

control channel modulation frequency is swept linearly from say 3500 

Hz to 2500 Hz on the widest sweep. ‘The low frequency set of modula— 

tion side bands are used. When the recorder arm is stationary, the 

Nemere Signal from the reference dispersion made line is near zero 

volts. As soon ad Recorder arm is moved, the r.f. field used to 

excite the internal reference line is swept and the reference line 

tends to move off resonance, thus generating a finite de error Signal 

that drives the main magnetic field in a linear fashion so as to hold 

the reference signal at resonance. In this mode, the modulation index 

of the analytical channel is kept constant throughout the sweep; this



is harder to realise in frequency sweep mode. 

On each of the five possible sweep widths, 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 locked signal coincides with the indicator mark. 

However, it may often be required to examine an expanded part of the 

spectrum, far removed from the locked signal. This may be accom— 

plished by off-setting the manual oscillator above or below 2500 lz 

thus displacing the locked signal down the chart to the left or off 

the chart to the right of the indicator mark. 

While transferring from field sweep to frequency sweep mode, the 

functions of the two ref. modulation controls are interchanged and 

their settings have to be modified to avoid saturation of the locked 

signal. 

2eleG — ine probe 

The probe contains sweep coils, a tronagi ae coil, a receiver coil, 

na the set of paddles for adjusting the leakage between the trans— 

mitter and receiver coils. The receiver coil is wound on an insert 

and has its magnetic axis parallel to the longitudinal axis of the 

sample. The transmitter coil is wound in two sections that surround 

the receiver coil at right angles to its axis. A Faraday? enidid. 

located between the coils, reduces the electrostatic coupling toa 

minimum. The sweep coils are located in annular slots on the sides 

of the probe, with their magnetic axis parallel to the transverse 

axis of the probe. The probe itself is milled from a Single aluminium



forging to produce maximum dimensional stability. 

2.7-d The Detection System 

The HA 100D spectrometer employs a double: coil, or crossed coil as 

it is called, method of detection. It was first used by Bloch, 

Hansen and Penkena” and is sometimes called the nuclear induction 

method. In this method, a separate receiver coil is wound around 

‘the sample with its axis perpendicular to both the axis of the 

transmitter coil and the direct ionbf the main field Bo. In this 

arrangement, the receiver picks up the signal resulting from the 

absorption of energy by the nuclei present in the sample. If 

the two coils have their axes at right angles to each other, they 

will not be coupled and therefore, the transmitter is separated 

from the absorption and dispersion signals. Any departure from 

orthogonality between the coils will cause a coupling between the 

two coils and hence the induction of a leakage voltage in the re- 

ccliver coll. In Rott a small amount of leakage from the transmitter 

coil, in-phase with the absorption signal, is desirable in order to 

Suppress the dispersion signal. The amount of leakage is controlled 

by ‘paddles' which are semi-circular metal sheets mounted at the end 

of the transmitter coil. These paddles can modify the lines of force 

due to the field and therefore provide variable degree of inductive 

and capacitative coupling between the two coils. 

The HA 100D spectrometer is operated in two modes, the HR mode and the 

HA mode. ‘The two modes of operation will now be briefly dealt with.
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2e(eee HR: Mode of Operation 
  

In the HR mode, the r.f. unit (Fig. 2.3) alone, without proton 

stabilization unit, is used. The r.f. unit contains a highly stable 

fixed—frequency transmitter and a high gain superheterodyne receiver. 

The r.f. level at the probe, from the transmitter section, is con- 

trolled by a push—button switch attenuator and isolated by a buffer 

amplifier to eliminate any frequency shift with load variations. The 

nem.er.e Signal from the low noise preamplifier in the probe assembly 

is fed to the first of the two stages of the r.f. amplification. The 

ref. signal is then mixed with the local oscillator frequency (95 MHz ) 

in the mixer p resulting im a 5 MHzsignal being passed to the first 

of the two stages of IF amplification. Receiver gain is accomplished 

by varying bias in the two IF stages with the receiver gain control. 

Mixer B mixes the transmitter frequency from the 100 MHz oscillator 

with the local oscillator frequency (95 MHz) to produce a 5MHz refer~ 

ence signal which is subsequently fed to IF amplifier C. The IF ampli- 

fier output is applied to a diode detector circuit which includes the 

detector level meer and to a phase detector circuit. The phase de-— 

tector circuit mixes the reference output from the IF amplifier C and 

5MHZ nemer. Signal from IF amplifier A to produce a phase detected dc 

output. The frequency response switch enables diode detection or phase 

detection. The recorder level control provides attenuation of the out- 

put signal. 

In the HR mode of operation, a 2.5 KHz modulator, forming a part of 

the integrator—decoupler unit, energizes the probe ac sweep coils to 

modulate the magnetic field in the region of the sample. This accessory
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stabilizes the base line of the spectrum output by means of field 

modulation and phase smsitive detection. 

2.7-f. HA Mode of Operation 

In the HA mode of operation, the interal reference pro7ton stabiliza— 

tion unit (Fig.2.4) provides n.mer. stabilization by furnishing audio~ 

-gain and phase detection in both Stenai and control channels, between 

the r.f. unit CPigs2s3),; the recorder and the magnet stabilization 

co. The proton stabilization unit consists of a transmitting 

section and a receiver section contained on printed circuit cards. 

The transmitting section contains two audiofrequency oscillators; 

a sweep rrequency oscillator and a manual frequency oscillator. The 

output frequencies from the oscillators are added, amplified and fil-- 

tered, then applied to the ac sweep coils of the probe. In this mode 

the signals going out of the probe are the carrier and the carrier wave 

modulated by the beat frequencies from the two oscillators, the sweep 

frequency oscillator and the manual frequency oscillator. 

The receiver section processes the audiosignal from the r.f. unit 

phase detector. The signals are the nuclear side band resonances 

produced by the modulation of the field through the ac sweep coils 

by the sweep and manual oscillators. 

The receiver section has two channels: (1) the control channel which 

provides audiogain, phase detection and filtering for the control 

resonance, and (2) the analytical channel which provides audiogain and
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phase detection for the analytical sample resonance. 

Input signals to the receiver are applied to a 60 dB amplifier and 

high pass filter circuit which reduces the spinner noise and ampli- 

fies the detected control and analytical sideband resonances. The 

spectrum amplitude controls the signal level in the amplifier. 

Two separate emitter follower circuits provide impedance matching to 

the control amplifier and phase detector in the control channel, and 

also to the audioamplifier and phase detector in the analytical 

channel. The control signal is applied to the opbent amplifier 

and phase detector through; Field—Frequency switch. The reference 

frequency for phase detection is supplied by either the manual or 

sweep oscillator. The detected coherrent side band is coupled through 

the Lock On switch to the stabilization filter circuit card. The 

stabilization filter provides low pass riltering for the de control 

Signal which is applied to the flux-stabilizer to complete the con 

trol Toop. 

The analytical channel output from the emitter follower is applied 

to the audio amplifier and phase detectore The reference frequency 

for phase detection is obtained either from the sweep oscillator or the 

manual oscillator. The detected coherent side band is coupled to the 

integrator/decoupler where it is amplified and/or integrated and then 

applied to the recorder circuits. 

Depending on the mode of operation, either the manual oscillator or 

the sweep oscillator output is applied as reference voltage to the 

frequency difference phase detector. The reference voltage is amplified



and shaped into a square wave then applied to ‘the switching circuit. 

The switching circuit compares the phase of the two discrete signals 

to produce a differential frequency, which is coupled through a 

low—pass filter for application to a counter or an oscilloscope. 

nol aee The Autoshim Homogeneity Control 

The autoshim control maintains optimum homogeneity of the magnetic 

field by automatic adjustment of the y-axis shim coil current in 

response to an amplitude change in the control signal. Manual adjus— 

tment of the y-axis Lomogeneity controls is eliminated for each sample 

that is run. 

A 1Hz square wave, generated in the autoshim control circuits, modu- 

lates the y-axis shim coil current. The shim coil field in turn modu- 

lates the nemer. signal. When the shim current is not at optimum 

value, the modulation of the n.m.r. signal is detectable as the square 

wave sweeps the current beyond the optimum value. The signal modula- 

tion is phase detected to obtain a dc voltage which is then fed back 

to the shim coils to maintain the current at optimum value. 

2.7-h The Slow Sweep 

The flux stabilizer unit produces slow to extremely slow sweep rates. 

Changes in the buck out coil induce a current in the pick tp coi. he 

field control system will then adjust to a rate of current change in the 

buck out coil which equalizes voltage at two appropriate points in the 

circuit. This action provides a changing field or sweep.
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2e{eie The Recorder 

the HA 1O0Reentricne tes employs a flatbed recorder for a graphic 

record of the spectra on a calibrated chart. The pen records across 

the chart at selected sweep rates. Frequencies of the observed sSig- 

nal and the locked signal are obtained using a Varian 4315A frequency 

counter by putting the signal monitor to,ian. OSce Frequency and 

thus effectively counting the two audio-modulation frequencies. 

2e7e-j- The XL-100 Variable Temperature Accessory 

The accessory automatically controls sample temperatures in the range 

153.2" to ATS.2° Xk. The main components of the accessory are the 

variable temperature controller, a heat senser assembly, a liquid 

nitrogen container, arrangements for conducting nitrogen gas through 

the system and a heat exchanger. ‘The controller contains a bridge 

circuit which includes the temperature controls, the senser and an 

amplifier that supplies a constant value of current to the heater 

while the bridge is balanced. As the heated gas flows past the senser, 

the temperature sensitive element presets a value of the resistance 

that maintains the bridge in balance. A change in the temperature 

control settings or in the senser resistance unbalances the bridge 

resulting in a change of heater current. The nitrogen gas tempera— 

ture is increased or decreased asaordtnels and effects a corres— 

ponding change in senser resistance. ‘The bridge balance is regained 

and the heater current again assumes a steady value. 

: ‘ : : ° : The controller circuit maintains +1 K, for 5mm samples, maximum
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temperature variation at the senser and regulates the temperature 

at the sample within +2°K of the values nominally dialled.



Cen AP WR 3 

THE ANALYSIS OF SECOND ORDER SPECTRA 

ABC SPIN SYSTEMS



3e1 INTRODUCTION 

Some simple features of nem.er. spectra caused by spin-spin inter— 

action between differently shielded nuclei have been described 

earlier (see sece1.11). The spectral regularities described are 

observed only when the magnitude of chemical shift between the 

interacting nuclei is far greater than the value of coupling constant 

berween them. Such spectra are referred to as the first order spectra 

and it is possible to obtain chemical shifts and coupling constants 

directly from such a spectrum (Pig.3.1). However, when the magni-— 

tudes of the two parameters, i.e. chemical shifts and coupling con— 

stants, are comparable, the simple rules of spectral analysis are 

no longer valid. Under such circumstances, the chemical shifts and 

spin-spiu couplings give rise to a complex pattern of lines, usually 

referred to as second order spectra, which often have few features 

of regularity. The components of the multiplets are usually of un— 

equal intensity and the chemical shift difference can no longer be 

obtained by assuming that the true resonance frequency for a particu- 

lar nucleus is at the centre of its multiplet absorption (Figs3.2h 

The individval multiplets may even merge. Chemical shift differences 

and the spin-spin coupling constants can only be obtained (by calcula- 

tion) from such a spectrum by subjecting it to a full quantum mechani- 

cal analysis. One has to evaluate the nuclear energy levels and 

stationary state wave—functions for the system in the absence of r.f. 

field. The next step is to calculate the energies and probabilities 

(intensities) of the transitions that may be observed when such a 

system is subject toar.f. field. By assigning each line toa ro 

nite transition, a theore>tical spectrum is constructed which is fitted
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to the observed spectrum, and from which values of chemical shifts 

and coupling constants are obtainable. 

The basic theoretical steps required for the analysis of such spectra 
> 

8 8 were developed by Gutowsky, McCall and Slichter, ° Hahn and Maxwell 4 

& 8 : 

McConnell, McLean and geriis 2 Riso Anderson te and Banerjee 

et al ap Since then many detailed accounts of spectral analysis have 

9,10 ,89-91 . become available. 

the 
f pre- 

Since the compounds that have been studied during the course o 

sent investigation give rise +0, Second order spectra, the procedure 

for the analysis of such spectra will be dealt with in detail in the 

following sections. 

(32 QUANTUM-MECHANICAL CONSIDERATIONS IN GENERAL 

Experiments aimed at obtainine values of the chemical shifts and spin-— 

spin coupling constants are performed in the presence of a r.f. field, 

Bia of intensity small enough to avoid saturation. Under such cir- 

cumstances B, does not change the energies of the stationary states 

of the system and the energy levels can be found by solving the time- 

independent Schrdédinger equation 

ae 7 (3.1) 
in which &X is the Hamiltonian operator and ~ is the stationary state 

wave function. The actual form of the Hamiltonian operator and the 

stationary state wave functions will be elucidated.
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Beles. Horm Of the: Hamiltonian 
  

The complete Hamiltonian is a sum of two terms given by: 

Se =H0) 4 gf) (3.2) 
where a") describes the interaction of the nuclear magnetic moments 

with Bo and 4h") is the spin coupling interaction. 

The energy of a nucleus in.a strong magnetic field B acting in the 

negative Z direction is given by whet, ergs or 5* Hz where the 

em 
terms carry their usual meaning. For a set of nuclei with magneto- 

gyric ratios ¥; acted upon by fields Be » the Hamiltonian will be 

5 a 1 = a: Pert) (3.3) 

Recause of local screening B. Will differ from By and is given by 

B; = BL oa o.). For convenience in theorezttical discussions, 

further calculations will be carried out under the assumption that 

B, is held constant. Although in practice it is otherwise but the 

arguments will not be affected. 

  

MiB 
Since y, = a by) can also be expressed as 

s3 CU. 

0 

se! ) = Y3T(4) (3.4) 

and 340) = = Vo(1 ons °5)2,(4) (3.5) 

The part of the complete Hamiltonian due to indirect spin coupling 

is represented in terms of the scalar products of the spin vectors 

of the magnetic nuclei
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Ue 
Hm 5 Fags) Hy) oe 

3e2ebe Basic Functions 

The wave functions of the Hamiltonian given by eqn. (3.2) can be 

expressed as a linear combination of a closed set of functions W; 

the simplest set of such functions are the basic product functions. 

.A basic product function is the eigen runction of a Hermitian opera~ 

tor o4 the total spin component in the z direction, which commutes 

with# . 

For simplicity further arguments will be concerned with nuclei of 

spin I «= + only. = Lf, the system contains p such nuclei, the total 

number of possible states ig oP and the basic product functions for 

any state will have the form 

, = Xt hk ------ (3.7) 
where the yth symbol on the right hand side of the eqn. (3.7) applies 

to the Yth nucleus. As usual, A and (3 are single nucleus wave func— 

tions corresponding to the states I, = +5 and I, = - respectively. 

BaleCe Symmetry Properties 

The quantum-mechanical problem is greatly simplified if the molecule 

has symmetry properties because then the basic product functions can 

be expressed in irreducible forms which are easier to handle. 

The possible symmetry elements that allow the system to be transformed



to arrangements indistinguishible from the original, by an exchange 

of position between identical nuclei, are: 

62 reflection at a plane 

a inversion about a centre of symmetry 

n ‘ uk : (c,) rotation by an angle ay about a p-fold axis 

5 rotation by an angle a about a pefold axis followed 
p 

by reflection about a plane perpendicular to the axis. 

ob mathematical necessity requires that the operation of 

essentially leaving the system alone be performed. 

all the 
If , points in a nuclear arrangement are left unchanged by a possible 

combination of symmetry operations, then this combination is called 

@ point group. The definition oan be illustrated by taking the exairple 

of point group Soy To be described by this point group, the mole— 

cule must heave a two-fold Symmetry axis, C, and 2 planes of symmetry, 

6., and s through this axis. Formaldehyde is an example of a 

molecule belonging to this point groupe The molecule has got a 2—fold 

symmetry axis Co(z) along the c = 0 bond, and two planes of symmetry, 

*Z and yz, the latter being the plane of the molecule itself (Fig. 3.3) 

Having established the appropriate point group for a molecule, the 

basic product functions can be reformulated. For example, for a set 

of two equivalent nuclei, the basic product functions are ad, Kp, a 

and Rt and the irreducible representations are: 

dd vag (AB+RK), h(a — pa) ona 
The normalisation factor is obtained by taking the Square root of 

Les 

VM 12412 

  

the inverse of the sum of Squares of the coefficients, i.e.



oY 

ia 

yz reflection 

plane 

x 
\ 

  
  

  

Q 
XZ refiction 

plane 

Fig. 3.3 Symmetry properties for the formaldehyde 

molecule (group Coy ) 

o o Coy : C5(z) v(mz) v(y6) 

A, +1 +1 +4 +4 

A, +1 +1 = = 
B, +1 ~| +1 —“ 

By +1 -1 = +1 

 



3e2.ede The Secular Equation 

If the nuclei were independent, the basic product functions would 

themselves have been the stationary state wave functions in the pre— 

sence of the external magnetic field. However, the spin-spin inter— 

action causes mixing between different product functions. In view 

of this, the Hamiltonian g¢6) will have only diagonal matrix ele-— 

‘ments with respect to the function me where as a6) may also have 

off—diagonal elements. Since the various basic product functions Yn, 

are orthonormal to each other, the correct stationary state wave 

functions are obtained as the linear combination of these product 

functions which diagonalise the matrix of the complete Hamiltonian. 

The energies of the different states are obtained as solutions of the 

secular equation 

  

Kon ~ 2 Lae | = 0 (3.8) 

where ae = 1 if m=n and is zero otherwise. This secular equation 

is of order 2? put it can usually be factorised into a number of 

equations of lower order, in view of the fact that no mixing occurs 

between functions with different values of Fe given by 

Fo = 14) (3.9) 

As a consequence of this, the off—diagnonal elements of the Hamilto— 

nian matrix between basic product functions and the determinant re— 

presenting the eqn. (3.8) factorises into (p+1) ceialeke determinants 

of smaller order representing (p+1) equations coresponding to all 

values of Roe Further factorisation of the secular equation is poss— 

ible if nuclei of different Species or nuclei of the same Species with



chemical shifts ets compared with spin coupling constants are pre- 

sent, because, to a high approximation, no mixing occurs between func-— 

tions which differ in values of the total spin components F(X) ,F,(¥) a 

This arises because mixing is negligible if the difference between 

diagonal matrix elements of # is large compared with the corresponding 

of fdiagonal elements. In the case of symmetrical molecules, no mixing 

occurs between functions of different symmetries. 

3e2eece The Matrix ‘Elements 

The next step is to find out the matrix elements of the total Hamilto— 

nian. As already stated ty (0) has got only diagonal elements which 

are given by 

  

RTs EO ¥) : = = Fes) | (3-10) 

where T(i) m 18 +g if nucleus i has spin & in % and ~t if it 

has /$ spin. 

The diagonal elements of the spin coupling Eamiltonian, a), are 

  

  

given by 

(1) ; =< =i 7 ; 

where wk = ‘+1 or -1 depending on whether the spins i and j are 

parallel or anti-parallel. 

If the wave functions are combination terms such as 

x a K( KA + ad a 3,12) 

the diagonal elements are evaluated as follows:



eR 

Hy |x) | 

Base a A + (3h ) A [ad] 4 AC K+ AA )A ) 
2 

o
m
 

tl 

od 

W272 

( See de Teak 2 e KA pa [af | 2 x40) + ( 4 aaa | = A (dd) 

1 1) 1 et) a1 aS ae or —— KKK ) (3.13) + oe [saa bes be) Se le oe R 

“giving terms in which the two wave functions are equivalent and non— 

equivalent, the latter being governed by the off-diagonal equations. 

a will also have off-diagonal elements which are given by: 

( Vin jag? | Pn) = £UJ.. (m # n) (3514) 1J 

where U —- 1 if Ya differs from Yn by one spin interchange between 

i and j only and is zero otherwise. CeBo 

Ce XK (ap+ Pak) d Jae aaa) = a (45 + 543) 26 1) 

where Jao and J43 are the coupling constants between the first and 

the second, and first and the third nucleus respectively. It should 

be noted that the matrix representing the Hamiltonian is symmetrical 

about the leading diagonal, i.e. 

Te ie (3.16) 

3.2.f Stationary State Functions and the Eigenvectors 

The energies can be calculated by diagonalisation of the sub-matrices 

of the total Hamiltonian. For the calculation of the line intensities,
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it is necessary to evaluate the stationary state functions represen— 

ting the new states resulting from the mixing due to spin-spin inter- 

action. Such functions can be obtained as a linear combination of 

basic product functions and are given by: 

ee se 
9. aes m oom & qg= Nscyeicce 

For example, if a state called 2 mixes with levels 3 and 4, (see 

table 3.2) 

t " 

Bon by + 493 Y, + ay, Vy | (3.18) 

in which q = 2 and m = 2,3 and 4. 

The relative values of coefficients (eigenvectors) are obtained from 

the consideration that they satisfy a set of linear equations 

= Xx a = Ea (3.19) n Mm. gn: q qm 

In the case of mixing just considered the eqn. (3.19) will take the 

form 

KH 
Oo. Monet a to3 a7 Pon 905 (3.20) 

(q = 2, M=2, n = 2,3 and 4) 

He 2.50 + Ha, + Ht, , a4 = Bn 853 (3.21) 

(c= 2, m= 3, n = 2,3,4) 

Ht,» Bo. + F625, + Fh 04 = Ea, (3.22) 

(q or ey m= 4, n= 253,4) 

From expressions like this only the ratios Boo $ B53 eeeee are 

obtained. Absolute values of the coefficients are fixed by the con— 

dition that the wave function (3.17) should be normalised, i.e.
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Ba (3.23) qm qm 

Applying the eqn. (3.23) to the coefficients occurring in eqns. 

(3.20) - (3.22), one gets 

2 2 a 

ee ed te (3.24) 

similarly 

a : a 
B32 + a3 + ear 2] 4 ; (3.25) 

2 2 2 and ayo + ay 3 + Ba, ae (3.26) 

3e2e8- Transition Probabilities 

Eqns. (3.19) - (3.26) allow the evaluation of a and as. etc. oe as 24, 
and thus the final stationary state wave functions. Once the com— 

plete set of stationary state wave functions for # has been obtained, 

the transition probabilities and therefore, the line intensities can 

be caloulated | *intensity of the signal arising from the transition 

Tas : a. = q@— q is proportional to i, | n|Q) where o< = = 

Since the operator Ti) will have a matrix element between two basic 

product functions which differ only in the spin of nucleus i, the 

total matrix element in ((p | | ( )° will have values of the total qix q 

spin component Fe differing by +1. This fact leads to the important 

selection rule that the transitions are restricted to 

Fos +1 (3.27) 

For syminetrical molecules transitions can occur only between functions 

of the same symmetry. For a set of nuclei of different species or of



the same species but having large chemical shifts compared with the 

transitions between 
coupling constants between them, only) functions which differ by +1 

in one of F(X), F(X) eeee are allowed. 

The calculation of intensities can be carried out in terms of single 

functions of the type M which are zero unless and vee CH [M, | Fe ee et 
differ only in the spin of one nucleus in which case it is equal to 1. 

@eg- if P. oa ‘a +o ie (3.28) 

and. Yq se ee he, (3.29) 

the relative intensity of transition between the levels is propor- 

“tional to 

(2m ty [™, | om Yn re (Sm ra | M. | fon Va ) 

: Han, Yn [¥, | am Vn) * (a Ki a | nn Yn ) : 

  

The procedure can be further illustrated by calculating the relative 

intensity for one of the transitions, say between levels 2 and 5 

(transition no. 4 in table 3.3) for ABC systems. 

The corresponding ga pages state functions (see table 342), obtained 

from the basic product functions (see table 3.1), are: 

%, oS Po oy ¥,, + Fay Py - (3.30) 

Oe oe ee Ve et. S797 (3.31) 

1 © 

‘The appropriate intensity is 

[p. es | 

(a55 foe 8o, y+ 54. h,) [| (a55 ¥, + Boog * A577) 
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‘ 

oo My [Mylass %) + (255 Yo[M Jace %) + (agp Yi 257 %) 

  

+ (a5, Ye) 
  
a5 fs) + (a,, Ys [M156 y) + (a,, ¥,, [| 57 fe) 

Ri 343) 
  Hag Ya[MelP55 Ps) + (pq FalM856 ¥6) * (254 ¥4 [Me l857 Y) 

  

  

substituting the values of y from table 3.1, eqn. 3.32 reduces to 

the form 

Pe | ne | Ps 

(anodap [H.[255,4 88) + (255 ddp [«,. 256 RXR) + (aroAdp [i .|257 OB) 

2 

    

+ (253 dad |M[a55 <BR) + (a5,4p4 [Med e56 pap )*lans dpa HM l257 aes ) 

* Cena pd [M2554 RP) + (95, pad [M256 RAB) + (apy Axabt Jag, pps)” 
3533) 

m, | H, is zero unless eo and. - 

differ in the spin of only one nucleus i in which case it is equal to 

Applying the condition that ( i 

  

1, eqne (3.33) simplifies to 

2 Ye || % | 
2 gb (2,5 + as¢) + Bo (a... ets 257) + B54 (266 ae *57) | (3.34) 

3-3 HE ABC SPIN SYSTEM 

A molecule containing three magnetically non-equivalent nuclei of the 

same species such that the chemical shifts between pairs of nuclei are 

of the same order of magnitude as the corresponding coupling constants 

(both expressed in the sand unit ), constitutes an ABC system (see sec. 

1.11). Since the investigations reported herein are based on the study 

of vinyl compounds, CH, = CHX, which exhibit typical ABC n.m.r. spectra, 2 

the analysis of this class will be considered in detail.



3e3ea% «Quantum Mechanical Considerations 

The total number of energy states for an.ABC system is 2? = 0. 

There are no symmetry considerations to be taken into account for an 

ABC system and the basic product functions are themselves used as a 

basis for the wave functions of the system. Table 3.1 gives the basic 

product functions, Yi and the diagonal matrix elements, 441 of the 

Hamiltonian for ABC systems, in terms of the three absorption fre- 

quencies ),, Vx and Yor and the spin coupling constants Japa 

and Inge 

The non-zero off -diagonal elements have been calculated by eqn. (3.14) 

and are as follows: 

Table 3.1 

Basic Product Functions and the Diagonal Matric Eelements for the 

ABC system 
  

  

  

noi a spin Diagonal Matrix Elements 

Z 

1 YdkAd +3 4( v.49, +p d+ a(T ppt Jan # Pont 

2 rT BC Vgt Wg My ) + Hyer Tyg = Igg) 
3 1daAP +S HCV, - Vy Vy) + (yp + Fig Sant 
4 Ipdd] 44 mr # nt Ye) ta, - J), tO) 

5 [apR} -s a9, >, =o) Fa a WL) 
6 [psp] =-4 mo, ty. “9 5) + a(-J,. to) = day 

t  |Ahar 2 MeV, = Vy + Yq) tae Jy, = Ton) 

wore “3 BO Vy - Vy Vg) + Hyp + Tyg + Taq)       
  

2° BG : (3.35)



-~[4~ 

us Seen ty ee = go : (3.36) 

cS ak ag Hy = Ee = By (3.37) 34 56 

The matrix representing the Hamiltonian can be factorised into two 

1 x 1 and two 3 x 3 sub-matrices. Each of the four sub-—matrices 

corresponds to one of the four different values of total spin com— 

ponent 

Analytical diagonalisation of the Hamiltonian leads to eight energy 

levels or eigenvalues, BE, to Eg each corresponding to an eigenfunc— 

tion, P,to Woe The values of eigenfunctions have been calculated by 

eqn. (3.17) and are listed in the table 32. 

Table 3.2 

Higenfunctions (t) and Bigenvalues (e ) for the ABC system 

  

  

Ey Pr 
E, Ada 

E, are(d4®) +a, (AB) + ay, (Ad) 

3 “30 44B ) +05, (KPA) tay, (Bde) 
Ey ayol ald ) + ay, (Apa) + ay, (34a ) 

Be as5(AAB) tars (4a) + an, ( APA) 

Ee a65( APR) + age (RAB) + ag, (BRK) 
By a5( APB) + arg (PAB) + a7 (ABA) 

Eo OEE   
  

As it is evident from table 3:2, basic product functions themselves are 

stationary state functions for the states 1 and 8 as there is no mixing



of these levels with any other level. In view of the selection rule 

that transitions are allowed between the eigenvalues in which the 

change of total spin 4F is + 1, there are 15 possible transitions 

for an ABC system. The 15 transitions and the corresponding transi~ 

tion probabilities, which determine the relative intensities of the 

corresponding lines, are given in table 3.3. The lines are labelled 

as A,B or C transitions when the change of spin giving rise to the 

line is, in the wmperturbed state, solely resident iBDG |B or C 

nucleus respectively, or as combination lines when all the three 

nuclei change their spins simultaneously. 

For a simple 3 spin system, APX, where the chemical shifts between 

pairs of nuclei are far larger than the corresponding coupling con- 

stants, the complete spectrum consists of three symmetrical quartets, 

one for each resonating nucleus. All lines of the same quartet are 

of equal intensity and the seperation between different pair of lines 

is equal to the different coupling constants tPigs3.1). The combina— 

tion lines have got zero intensity and are not observed. But ina 

true ABC spectrum the observed separations between pair of lines in 

groups A,B and C now differ from the actual coupling constant. Never— 

he" less the observed splittings are still repeated four times in the 

complete spectrum, in a manner similar to the first order Spectra, and 

the sum of observed common spacings is equal to the sum of actual cou- 

pling constants. The four lines corresponding to the four transitions 

of a nucleus are no longer of equal intensity due to spin interaction 

(Pre. 332). Three new combination lines appear such that any pair of 

them is symmetrically situated about the centre of one of the quartets. 

Combination lines share intensity with the fundamental lines. The
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TABLE 3.3 

The allowed transitions for an ABC system 

  

  

  

Transi-] Transi-~ Transition Probability Nu- 
tion tion cleus 
Number | Energy 

1 E,-, (agptay,4&p4)° C 

2 E,, (4542534, ,)° B 

3 E,-E, (ajota,stay,)® A 

4 EE, [200 (55 #56 493 (A565 4457) Hp, (956 %57) 1? B 

3 BeBe | | Aa alags tage )44p3 (age tag, 445 (agetags) | ; . 
6. BoE, [ Appl aqs #76 4893( a7 577) tng (Ag tae7) ] z Comb. 

T | Bes | [430455 %256)4253 (8554257 4254564257) | * : 
4 8 3,-E, | As olags tags 403 3(acetag, tas, (agctag,) | Comb. 

7 BsBy | [830875476 ) 4833 (2754877) #23 4(a7¢427) | : ‘ 
10 a -B, [aya (acs tang 4043 (An 5tie7 4844 (angen 7) ] é Comb. 

11 EH¢ [ago lags tgg 424 3(aga tien ta, 4(Agetag,) As C 

12 EE, [galas tag 4045 (pata) (ng) as B 

13 EB, (acc, + ace + Be) A 

14 Eo-Eg (ag. “ Bee + ag7)° B 

15 E,-Eg (a75 + ang + ary) .       
 



hie 

intensities of different lines in an ABC spectrum are interrelated 

by certain rules:?"?99 

(i) A combination line shares intensity with a line such that the 

two transitions giving rise to the lines have one energy level 

in common and the other levels are neighbouring ones associated 

with the same block of overall Hamiltonian, eege line no. 6 in 

table 3.3 will share intensity with lines no. A559: ands126 

(43) ee (i = 2,3 and 4) (3.38) 

re Eb (j = 5,6 and 7) (3.39) 

Ig = 3. . (3.40) 

where I denotes the intensity of a line resulting from a transi- 

tion between levels indicated by the subscripts and the total intensity 

of the spectrum is normalised to 12, e.g. sum of intensities of lines 

numbered 1,2 and 3 in table 3.3 which originate due to transitions 

between levels 1+2, 1-3 and 1-4 respectively will be equal to 3. ‘The 

above points are illustrated by the data given in table 3.4. Im fur— 

ther discussions, throughout this investigation, the following conven— 

tion will »e observed in labelling the three vinyl protons. 

eA 
-~ 

3e3-b. Iterative Methods for Analysing ABC Spectra—LAOCOON3 

    

NS 

ee 
3 

The analysis of an ABC spectrum becomes difficult due to the fact that
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TABLE 3.47 © 

  

  

  

Acylonitrile Spectrum Molecular Parameters (Hz): 

Y, = -203.671 Tyo = 11.685 

Yo = 7220-060 Jy, = 176954 

Y, = 238.782 Jn, = 14021 

fetter icccusy preocencg. | atem=tty.|. Berow 
6 i -263.268 0.020 “ 

13 —250.800 -250.815 0.535 0.015 

5 -247 .800 -247 «765 0.534 {|-0.035 

9 -234.420 234.420 1.038 | 0.000 

3 ~231.350 S270 370 10663 0.020 

14 “i ~228.930 0.145 = 

4 —225 840 -225 .880 0.767 0.040 

8 _ -218.917 0.214 - 

12 6170130 217.745 B6662:< Pasts045 

2 -214.690 214.665 12015 | -0.025 

15 -213.410 ~213.427 2.321 0.017 

11 202 6240 G02 ,212 0.397 0.002 

7 ~197.090 -197.032 0.763 | -0.058 

1 -185.780 -185.817 0.321 0.037           
ae The spectrum was recorded from a 4 mole% solution of acrylonitrile in 

benzene (66 mole%) and cyclohexane, the frequencies being measure against 

internal cyclohexane reference at 60.004MHz and 306.6°K. 

be Number of figures in the data are given for the sake of completeness 

and do not represent the limit of accuracy in the experimental 

measurements.
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even after the factorisation of the Hamiltonian matrix, one is deal- 

ing with 3 x 3 sub-matrices and the corresponding secular equations 

are cubic. The roots and the three eigenvectors of the equation can 

not be expressed in simple algebric form. However, one can usually 

obtain reasonably good values by iterative methods. In an iterative 

method, one guesses trial values for chemical shifts and coupling 

constants and performs a numerical diagonalisation of the Hamilto— 

nian matrix. The result is compared with the experimental spectrum, 

improved trial values of the parameters are chosen, and the whole 

process is repeated until one converges on constant values. Itera— 

94 92 tive methods have been applied by Swalen and Reilly", by Hoffman’~, 

and by Arata, Shimizu and Pasi S. Castellano and A. A. Bothner— 

By?! have devised a method of analysing nem. spectra by least Squares. 

Their method is very closely related to that of Hoffman?” « The authors 

have put the entire method of analysis on a FORTRAN computer program 

LAOCOON 2. Since a later version of this’ program, LAOCOON 3, has been 

used for spectral analysis in most of the cases reported here in this 

work, this method of iterative analysis will be considered in detail. 

In any such iterative procedure of spectral analysis, the best values 

of the parameters are those which make the sum of squared residuals of 

transition frequencies a minimum. Thus, for each parameter Pie the 

condition is that 

2 

( D/dv,)B,* ( Yobs - Vealc) i 

= 2s? ( Yobs ~ Veale). ( Decale /? P5)5 = 0 (3.41) es 4 

where 1 is the number of transition frequencies observed and 

( Weis “yy Lte)s is the difference between the observed and calculated 

frequencies for the ith line. If, for small changes in the parameter



Abn. 

p.,; linear changes in the transition frequencies AY; are assumed, 
J 

‘ 

one may write: 

IY; 
= ° i 42 ia ve, Ap; (3.42) 

  

The changes in the parameters for a coincidance between the calcu— 

lated and observed lines has to be calculated by equations of the 

type 

(3.43) 

  

OVi 
ee) AD ie ay oe) a 

5 DP. J 

These equations of condition may be gritten in matrix form as 

Dan oi (3.44) 

where D is the matrix of partial differentials, Ais the vector of 

corrections to the parameters, and N is the vector of residuals in 

the frequencies. Standard least square procedure is to form the 

system of normal equations. 

DDA = DM (3.45) 
where DTD is a real symmetrix matrix with a non-vanishing determi- 

nant. Solution of eq. (3.41) reduces to zero only when DIN = 0, 

which means that eqn. (3.41) is satisfied for all parameters. The 

convergence is thus to the desired least - square fit. For all 

those cases when A + 0, Serene ie are adjusted such that they give 

a least-squares solution if the transition frequencies were linearly 

dependent on the parameters. Thus the method gains over the other 

iterative methods in the respect that it is strongly convergent. 

  

The partial differentials = can be expressed as: 

J



aAtc. 

  

ays _ Dra _ the (3.46) 

An and An being the eigenvalues connected by the transition. The 

differentials of the eigenvalues are the diagonal elements of 

a! ( 0 Hor.) U, where U and 7 represent the eigenvector 

matrix and its transpose. Since the differential of H in the 

d 
basic representation is trivial, the evaluation of Jom requires 

J 
only a knowledge of the eigenvectors. The errors associated with 

the correction to the parameter, APs and hence with the parameter 

when A= 0, are given by: 

ye
 

c, = [m NN det (DTD) (1 — x) ] (3.47) 

where es is the standard deviation of the parameter j, Bt is the 

minor of the coefficients (DID), 5 in the matrix of coefficients of 

the normal equation, N.N is the sume of squares of the residuals, 

1 is the number of equations of condition, and x is the number of 

independent parameters. However, due to certain advantages, the 

errors are computed after transforming to a set of new variables 

which are the linear Combinations of the parameters which cause the 

matrix of normal equations to appear in diagonal forme Under such 

circumstances eqn. (3.47) reduces to the form 

[ z = |N.N @ t= x 48 oF ml a (3.48) 

waere Fan is the qth diagonal element of the diagonalised normal 

equation matrix, ow is the standard deviation of the qth linear 

combination of parameters obtained from the basic set of parameters 

and the qth eigenvector.
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The actual computer program for this method consists of two parts. 

In the first part, a set of trial values for the parameters 1s. read 

in and the resulting spectrum is computed. Eigenvectors are stored 

on a magnetic tape for use in the second part of the program. The 

output for the first part of the program consists of ail input data, 

origin number, frequencies and intensities of all the transitions with 

intensity greater than a selected mininum. There is also produced a 

second table with the calculated lines given in order of increasing 

frequency within a pre-selected frequeucy range which facilitates the 

comparison of theoretical spectrum with an observed spectrum. 

The second half of the program is used for the least-squares adjust— 

ment and error calculation. The second half accepts as input (1) 

the maximum number of iteration cycles to be performed; (2) the 

origin number and the experimentally observed frequency for each 

transition assigned; (3) the subscripts identifying the parameters. 

Then the second part of the program performs least-squares iteration 

as stated earlier. In each cycle, the new eigenvectors are stored and 

are used in crudely diagonalising the adjusted Hamiltonian for succeed— 

ing cycle. Iteration stops when the meximum specified number of itera 

tions has been performed or the error in line fitting decreases insigni- 

ficantly ( {1%) or incaaeone due to round off error. ‘The matrix of 

the normal equations is then diagonalised and error vectors and the 

corresponding standard deviations are calculated. Finally, from the 

last set of eigenvalues and eigenvectors, the best calculated Spectrum 

is computed. In the output, all input data, best values of parameters, 

the error vectors and the probable errors, and the two tabulations of 

calculated spectrum are reproduced. In each tabulation, the frequency 

of each calculated line is also accompanied by the observed frequency
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of the corresponding line as well es the error in fitting. A re- 

vised version of the program was operated on the KDF9 computer, 

situated at Birmingham University, through Cotan ~ 3 Culham~-on— 

line system. A shorter version of the program which can be opera 

ted on computers of comparatively small size has also since heen 

oe 
written ° 

99 1100 that the parameters obtained after ‘It has been pointed out 

such iterative analysis may not be correct or unique. Depending on 

the particular set of trial parameters originslly chosen, in some 

cases, two or more entirely different set of parameters consistent 

With the experimental spectrum, within the experimertal error limits, 

may be obtained or convergence may never be achieved. In order to 

make sure that no such ambiguity exists with the results reported in 

this investigation, analyses were repeated with more than one set of 

trial parameters sufficiently different as compared to possible ex- 

perimental errors. In each case, the iterations converged to the 

same solution (tables 3.5 — Sat) oe in the case of some vinyl 

bromide spectra recorded in the presence of high concentration of 

benzene. Figs. 3.4 and 3.5 represent an experimental spectrum and 

the corresponding theoretical spectrum. Even in the case of vinyl. 

bromide spectra, so long as they were recorded in the presence of 

cyclohexane, p-xylene or low concentration of benzene, there was no 

ambiguity. This shows that p-xylene is a better solvent for simpli- 

fying the analysis of vinyl bromide spectra rather than benzene as 

suggested earlier’, In fact the ambiguity arises when the intensity 

of combination lines becomes comparable to those of the fundamental 

Ie 
lines“”. In such a spectrum one can interchange assignments of the 

combination lines and the fundamental lines without disturbing the
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TABLE 3.52a.* 

Results of LAOCOON 3 analysis for acrylonitrile sprectrum 

Input parameters (Hz): 

Interation 

Iteration 

Iteration 

Best Values (Hz): 

tS -203.600 Jao 

> —220.100 J43 

ee -238.800 Jo3 

RMS Enror = 0.059 

RMS’ Error = -0.029 

RMS. Error =. 0.029 

vy = -203.671 Jao 

Vo = -220.060 J43 

V3 = 238.782 Jo3 

TABLE 3-5-b* 

11.600 il 

= 18.000 

ane 14.685 

= 17-954 

= 1.021 

Results of LAOCOON 3 analysis for the same spectrum of acryloritrile, 

iterated with an alternative set 

Input parameters (Hz): 

Iteration 

Tecet ich 

Iteration 

Iteration 

Best Values (Hz): 

of trial parameters. 

v, = —-20.|.000 Jao 

Vo = -219.000 J43 

v3 = =239.500 Jos 

RMS Error = 0.622 

RMS Error = 0.034 

KMS? Brror: —. 0.029 

RMS Error = 0.029 

v, = 203.671 Jao 

Vo = ~220.060 Ja3 

v3 = 238.782 Jo. 

11.800 

17.800 ll 

0.800 i 

11.685 

17-954 

1.021 

* The sprectrum was measured from a 4 mole % solution of acrylo— 

nitrile in benzene (66 mole%) at 60.004MHz against internal 

cyclohexane reference.



TABLE 3.6.a.* 

Results of LAOCOON 3 analysis for vinylmethyl ketone spectrum 

Input parameters( Hz): Y, = -277-400 Ji5" 10.800 

: Yo = -229.000 Jig a « 174600 

V3 = 255.000 Jp3 = 14000 

Iteration 0 RMS Error =. 0.131 

Iteration 1 RMS Error = 0.013 

Iteration ss RMS. Error = 0.013 

Best Values (Hz): V4 = 7277-586 J45 = 10.697 

Yo = 229.113 Jy3 = 17-774 

V3 = =225.064 Jo. = 0.979 

TABLE 3.6.b.* 

Results of LAOCOON 3 analysis for the same spectrum of vinyl methyl 

ketone, with an alternative set of trial parameters 

Input parameters (Hz): V1, = 276.000 Ji5 = 10.000 

: Yo = ~230-000 Jy = 18-500 

V3 = 254.000 Jn = 0.800 

Iteration 0 RMS Error = 1.286 

Iteration 1 ’ RMS HDC OI. = 30 a0) 

Iteration 2 RMS Error = 0.013 

Iteration Bi RMS Errors = 0.013 

Best values (Hz): y, = —277+586 Jan = 10.697 

Vo = ~229.113 Ji S.A 14 

V3 = 255.064 Hos to Oeole 

* The spectrum was recorded from a 4 mole% solution of vinyl methyl 

ketone in benzene (95 mole%) at 60.004 MHz against internal cyclo~ 

hexane reference.
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TABLE 3-7-a-% ° 

Results of LAOCOON 3 analysis for vinyl bromide spectrum 

Input parameters (Hz): y 

Vo 

v3 
Iteration 0 RMS 

Iteration 1 RMS 

Iteration 2 RMS 

Best values (Hz): y, 

Vo 

V3 

= 276.700 J 
2 

= -245.200 Jia 

= -246.700 a, 

Brrom = 06265 

Hproms 0% O47 

Hieron =) 0.017 

= =-277.106 Jao 

= 245.380 Ja3 

= =246.548 J53 

TABIE, 3.7.0.* 

Results of LAOCOON 3 analysis for the same spectrum of vinyl bromide, 

with an alternative set of trial 

Input parameters (Hz): y, 

: a 

te 

Iteration 0 RMS 

Iteration . 1 RMS 

Iteration 2 RMS 

Iteration 338 Rus 

Best values )Hz): y, 

Vo 

3 
* ‘The sprectrum was recorded 

parameters. 

= 276.00) ds4 

= -244.500 43 

= ~—247.500 Jo, 

Wrrone = 0.904 

Error = 0,098 

Heron = 20.011) 

Error = 30.017 

= 277-106 Jao 

= 245.380 Ty 

= 246.548 Joy 

I 
ul 

" 
Ul 

i 

7100 

15.000 

72223 

15.017 

—1.690 

7-000 

14.500 

~-1.400 

Veces 

15.017 

-1.690 

from a 4 molege solution of vinyl 

bromide in p-xylene (75 mole%) at 60.004 MHz against internal 

cyclohexane reference.
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Fig. 3.5 Theoretical n.m.r. spectrum for acrylonitrile simulted from 

the parameters (table 3.4) obtained after the LAOCOON3 

analysis of the observed spectrum (Fig.3.4) 
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‘Fig. 3.6 Three alternative groupings for an ABC spectrum



regular substractive features. Fig. 3.6 illustrates such a situa— 

tion for a vinyl bromide spectrum. The symmetrical location of the 

combination lines (marked X in Fig.3.6) with respect to the C group 

allows an interchange in the trial assignments of fundamental and 

combination lines to be made within the group while still retaining 

- the three constant separations throughout the spectrum by re-assign— 

ing A and B group lines. The three possible assignments are shown in 

the figure. One actually comes across such a situation for vinyl 

romide spectra recorded in presence of high concentration of benzene 

where LAOCOON 3 fails to converge to a solution (table 3.8). In 

other cases where combination lines are weak in intensity, there is 

no such ambiguity in ates, The accuracy of the results is 

further confirmed from the fact that the values for the parameters 

obtained by LAOCOON 3 analyses during the present investigation are 

very close to the values (table 3.9) obtained by other workapyos” 

using methods viz. 13g sattellite spectral analysis and tickling 

experiment etc., which are not subject to on ambiguity. Representa— 

tive sets were analysed by the trace—invariance method and solutions 

identical to those given by LAOCOON 3 analysis were obtained. 

3e3-ce The Trace Invariance Method 

The cases where LAOCOON 3 analysis failed to converge to a satis— 

factory solution were analysed by an elaborate method devised by 

Castellano and Waugh?” , which gives all possible sets of parameters 

consistent with the observed spectrum. The method is based on the 

property of trace invariance of each sub-matrix and intensity sum 

rules.
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TABLE 3.8 

Results of LAOCOON 3 analysis for a spectrum of vinyl bromide 

(4 mole%) in benzene (95 mole%) 

  

  

          

Input parameters (Hz): Y, = 7271-000 Varene: =: TeB00 

Vo = 237-300 Ja3 = 15.000 

V3 = =—243.600 Jo = =—1.600 

Iteration 0 RMS Error = 2.765 

- Iteration 1 RMS Seror = 1.933 

TABLE 3.9 

Values of coupling constants (Hz) for vinyl compounds obtained 

after analysing the spectra by different methods. 

Compound Reference Method Jao Jig Jo3 

Acrylonitrile 102 "0 spectral studies 11.75}17-92} 0.91 

103 tickling experiment 11.75h17,.061 0.07 

this work LAOCOON 3 11.68) 17.95} 1.02 

this work trace invariance 11,601 17,958. 1.02 

Vinyl bromide 106 '3¢ sprectal studies | 7.25] 15.17]-1.62 

this work LAOCOON 3 7°22] 15.02] -1.69 

this work trace lavediande 7-22) 15.02} -1.69 

Vinyl methyl 104/105 trace invariance 1Oe7 (he eOsteea,.0 

ketone 104 trace invariance 10.961 17.58) 1.17 

this work LAOCOON 3 10.70} 17.77] 0.98 
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As it has reece been said, the 15 allowed transition frequencies 

for ABC spin systems obey certain simple regularities, resembling 

those found when the influence of spin coupling can be treated by 

first order. Keeping the regularities in mind, the 15 allowed ABG 

transitions can be classified as: 

A, 8, | C, 

Ay Bo Cy 

zm = - 
Ay *4 °4 
A ‘3B c (3-49) 

where Avs B. and C, are the fundamental frequencies associated with 

nuclei A,B and C respectively, and Ais B.. and ea are the three com— 

bination transitions. Such frequency tables are usually called 

groupings. The three groups, A,B, and Oo: each form a quartet having 

spacings common with other quartets (Fig.3.2). Designating a.as the 

spacing common to groups A and B, b as common to A and Cy; and c as 

common to Band C, the following relationships can be noticed: 

A, - A, = A, - Ay = B-3B, = B, - By =a 

A, - Ay = A, -4, = ¢, - ¢, = ¢,- Cy = bd 

B, - B, = B, - By a8, @, = C, - C, = ¢ (3.50) 

Further, designating Wey We and We as the mean frequencies of groups 

A,B and C respectively, and with Ws + W + We} =O) (3.51) 

it is found that : 

fy + A, - A, + A, = a = ew, 

C, + Cy a 0,40, 3 a0 aw, (3.52)



Oe 

It has been pointed out by Castellano and Waugh that there are 15 

such possible groupings in all, leading eventually to 10 independent 

sets of eigenvalues. 

Using the constans a,yb,c,W, W and W defined by (3.50) - (3.52), the 

10 sets of eigenvalues can be constructed in the following way ils 

E, = Ha +b +c) 

En = Wy + a(a —-b-—c) 

E> tt, + a(-a + b-c) 

BE, = Ail +4 a -»d +o) 

B, = Wo +Ha-b-c) 

Eo = WwW, +4( -a+b-—c) 

BE = Wi +4(-a~b-+c) 

Eg = a( a+b +c) 

In (1) replacing a by -a 

Ta. (4) replacing b by -b 

In (1) replacing c by -c 

In (1) replacing b 

In (5) replacing a 

In (1) replacing a 

In (7) replacing b 

In (7) replacing a 

b 

Wiby ef + Ha - 

by W.-W, ~2(b+c) 

by WW + $(b +c) 

wH
 

by 

V
R
 bry $[-1, - Hb - 0) 

by ~a : 

pa - $(a +c) 

by Wt Ba tc) 

vy £[- W, + Ha -c)] 

by 3 [- W, - ala - c)] 

by —b 

by W.-W, - (a +) 

by WW, + S(a +d) 

)] cS.
 

[- W, +3(b - c)] 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8)
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Wy by & [AW - He - »)| (9) 

(10) In (9) replacing c by —c 

The same sets of eigenvalues are always generated irrespective of 

the choice of the original grouping. ‘ 

In applying the foregoing rules to actual spectral analysis, one 

begins by examining the spectrum for the repeated spacings required 

by (3250). When these have been found, the lines are arranged in a 

grouping using the criteria (3.50). At this stage the averaged ex- 

perimental frequencies are adjusted by small amounts to make the fre— 

quency table (3.49) agree exactly with spacing rules (3.50). Any 

missing lines are also assigned to make the frequency table internally 

consistent. The sum of all the fundamental lines is calculated and a 

new origin is chosen so as to make the sum equal to zero and therefore 

also satisfy the condition (3.51). Any missing combination Lines can 

also be filled in the table using (3.52). Now the 10 sets of eigen— 

values and the various sets of chemical shifts and coupling constants 

associated with them can be obtained. At one stage during the calcu- 

lation, a quartic equation results for each of the 10 independent 

eigenvalue sets. In view of this, it would appear that 40 sets of 

chemical shifts and coupling constants are in general consistent with 

a three-spin system. However, it turns out that a number of these 

sets contain some complex parameters and are therefore spurious. 

The existance of complex solutions to the analysis problem explains 

the fact why, sometimes in attempting to perform a LAOCOON 3 analysis 

starting from an arbitrary set of trial parameters, convergence is not 

achieved at all. By applying intensity sum rules (see sec. 3.36a.) some
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sets of eigenvalues can be tac at very early stage of the cal~ 

culation. The various sets of real chemical shifts and coupling con— 

stants associated with the remaining sets.of eigenvalues are often 

very different. Cavanaugh 7 has put the whole procedure of this 

analysis of general three-spin systems on a computer program. The 

input for the FORTRAN program consists of the common spacings be-— 

tween the quartets, the mean frequencies of the groups A,B and Cr 

measured intensities of the 15 transitions, and the frequency of 

the first line. The program calculates the 10 sets of eigenvalues 

and all real solutions resulting from each set. The intensities 

predicted from such sets are calculated and compared with the 

measured intensities and a sum of squared deviations is computed. 

The chief draw~back of this method is that to apply it completely, 

one must be able to resolve and measure most of the lines that are 

theorettically present.
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SOME COMMENTS ON THE NMR STUDY OF 

MOLECULAR INTERACTIONS IN SOLUTION
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4.1 INTRODUCTION 

eal 0 Considerable attention has been directed to the study 4147 310851 } 

lived complexes of polar solutes (A) and aromatic solvents (B) 

formed in reactions of the type 

RieB SK ogigew B (4.1) 

occuring in a supposedly inert solvent (Ss). Though other techniques 

— also been used, nemer. can profitably be chosen for the investi- 

gation ot such complexes because of the wealth of information that 

can be obtained. 

It has been well known for many vena vias polar solutes or non-polar 

solutes with strongly polar bonds are dissolved in benzene or other | 

aromatic solvents, the solut proton resonance is shifted markedly, 

often upfield, relative to its position in an inert solvent such as 

cyclohexane. As the ratio of solvent to solute concentration increases, 

so the (upfield) aromatic solvent-induced shift (ASIS) also increases 

due to the equilibrium formation of the complex. 

When a solute is in an inert solvent the chemical shift of a nucleus 

in the former is Oe st but this may be changed to 6, when the solute e 

is fully complexed with an active solvente In many cases there is a 

rapid exchange of the solute between the two environments, fully com— 

plexed and free, and instead of observing the resonances corres pond— 

ing to the individual states, a resonance at some intermediate posi- 

tion, Gs is observed. Because b and Di are molecular para- 

meters, § is a time-averaged function given by obs 

b oP = ee (4.2) obs 1 Cc 2 free



where Py and P, are the fractional times that A spends in each state. 

There has been a practice of defining P, and P, as the fractional 
1 2 

populations of the solute in fully complexed and free states respec— 

tively and bar has been expressed in the form 

n n 
a: = PAB 

  

Se ee a ek Pas 
Obs: 2 ne edge % free 

A n. 
A 

or alternatively as 

n 
g AB 

Osos . ny (6, fe cae : free 

n 
AB 

Acbs a ae A, (4.3) 
ete 

where ny is the initial number of moles of A taken and Dap is the 

number of moles of the complex formed at equilibrium A ss and A. 

are defined by the equations 

A i 

obs De eae (4-4) 

and aie os : Oo. (4-5) 

it 

consequently if equilibrium quotients are used to characterize P, and. 

Ps the values obtained for these are in terms of bulk concentrations 

rather than time fractions. This approach can be satisfactory only 

if the quotients are opbaincd after suitable modifications described 

later on (see sec. 4.2) in accordance with the molecular basis of 

eqn. (4.2) 

The equilibrium constant, K, for associations of this type should be 

given by 

aes [apy] ap Pos ne (4.6) 
eee ae
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where [ap] ; [a] and [Blare, respectively, the equilibrium concen 

trations of the complex, free solute and free aromatic solvent, and 

x, AB? vy and XS are the corresponding activity coefficients. Often 

the activity coefficeints are improperly ignored in data processing 

and this leads to erroneous results as will be mentioned later. 

4.2 DATA EVALUATION 

Two basic procedures, both based on eqn. (4.3), have been aa to 

process the data for shifts induced in A by B under different con- 

ditions for the initial concentration of B. The first is an extra 

polation method due originally to Benesi and filaswiend or some 

111-3 
variation thereof and the second an iterative procedure such 

as that used by Creswell and Jini 

The simple Benesi-Hildebrand theory assumes a 1:1 equilibrium be-: 

tween the solute (A) and the aromatic solvent (B), of the form 

given by eqn. (4.1). Neglecting the activity coefficients, the 

equilibrium quotient, K, is given by 

; Lar 
GIB] 

If a further approximation:is taken by neglecting the amount of 

aromatic solvent used up in the complex formation under the condi- - 

tion that [3] yy [AJ , the following form of the Benesi~Hildebrand 

equation is obtained: 

a, eh * 
obs * [3], A. ee 

oe 
A, 

where the different terms carry their usual meanings. If the observed
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shifts are measured for a series of samples containing a constant low 

mole fraction of the solute (A) and different proportions of the aro~ 

matic solvent (B) and the inert solvent (S), the plots of LN 5 against 

pad should give a straight line of slope = and intercept a . 
(B), KA, c 

Use of an inert solvent (S) benefits such investigations in three ways. 

Firstly, the solvent can he chosen to act as a suitable tebePAnl refer— 

ence for shift measurements. Secondly, it allows solid dipolar and 

solid aromatic materials to be examined. Thirdly, it allows the con- 

centrations of the polar solute to be maintained at a low and constant 

value so that the effect of possible self-association of the solute can 

be minimised. 

The second (iterative) method, developed by Creswell and Allred, makes 

use of the equation 

  

n 
AB 

A obs on 2 &, (4.3) A 

AB The authors suggested that a plot of Bong against rd for assumed 
A 

values of the equilibrium quotient given, for example when using mole- 

fractions to define the equilibrium composition of a mixture, by 

Map (ny + np + ny — O43) 
a —— (4.9) 

Ver ABC'S © AB) 
  

should be linear, 
in which the different terms carry their usual meanings, , It is supposed 

that the correct value of K. is obtained when a straight line is ob-— 

tained, corresponding to eqn.(4.3) 

115-7 It has been a matter of considerable concern that when any re-— 

action is investigated, apparent anomalies concerning the values ofA.
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and the equi tibeium quotient have been on The most significant 

of these are (a) that when a particular set of experimental data is 

processed the value ofA, obtained is foun:d to depend on the con- 

centration scale employed in the processing method, and (b) that 

when a particular reaction is studied in different inert solvents, 

different values of A, are obtained. 

Homer et ana? have studied the thermodynamics of the method in 

detail and found that the anomalies arise for two reasons: 

(i) the eqn. (4.3) is not strictly valid; 

(ii) the concentration range over which the experimental data have 

been obtained are sik that the methods used for data process— 

ing become unsound. 

The authors have suggested a procedure and the related conditions 

which must be used in processing the data to avoid these anomalies. 

On an entirely theoretical basis, they have deduced that: 

(i) Meaningful values for equilibrium quotients and A, may be ob— 

tained in terms of either mole fractions or molarities. This is pos- 

sible only when xp tends towards unity, when parameters become inde~ 

pendent of the concentration of B and activity coefficients of all 

sorts; 

(ii) ‘The Poneeicii deer and method must be used for data processing, 

the parameters being obtained from the tangent to the appropriate curve 

when ae ey 

(iii) Eqn. (4.8) should be modified to account for the variation of 

the shift of free species with the eoupésition of the mixture and if 

using the mole fraction scale the normal equilibrium expression must 

be modified to account for the effect of the size of the inert solvent 

(S). This effect is a statistical one, ieee depends on the chance the



solute has of interacting with either an active or inactive solvent 

molecule. This effect can be accounted for by converting the actual 

number of moles of the inert solvent into appropriate number of moles 

of the aromatic solvent which have been replaced. It is accomplished 

by replacing ney the number of moles of the inert solvent, with 

n, - where ae and. Vz are the molar volumes of the inert solvent 

and the aromatic solvent respectively. Jackeea' 2 has found that 

‘making an allowance for the eeiand Ge of fe with solvent compo— 

Sition had little effect on the values of parameters, therefore this 

a sete will be neglected in the present investigation; 

(iv) On the molar scale, the size-correction for S is not necessary 

since it is implicit in the scale. 

The authors have found that Creswell and Allred method does not have 

any exact meaning when used over the whole concentration range but 

AH® calculations by this method are still valid. 

Teoksag has suggested that only a small portion, ca. 0.005 mole 

fraction of the total reaction mixture, should be considered as the 

actual solute and the remainder should be considered as diluent sol 

vent and converted into equivalent moles of the aromatic by multiply- 
Vv 

ing it with the molar volume ratio 7 A e This correction will be 
B 

taken into account while processing data for the present investigation. 

  

There has been yet another erroneous practice of obtaining A. 

values by extrapolating Bite values to Xp = eOy In 2 pLOG of A. 

Kti A 
ae ag obs(x, = 1.0) 

bs 

against Xp for various samples. Actually A |. = 

and this will always be higher than A ns unless K is equal to infinity 

which is unlikely.
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It has been customary to discuss the results obtained after such 

investigations in terms of (a) the nature, (b) stoichiometry, (c) 

strength and (a) stereochemistry of the interaction. Each one of 

these points will now be examined in detail though the results dis-— 

cussed should be taken cautiously as many of them are based on 

fallacious data processing procedures which do not take account of the 

points mentioned earlier. 

4.3 THER NATURE OF THE INTERACTION 

Solié sage! 2 ; in 1962, observed benzene—induced solvent shifts for a 

number of polar solutes. He proposed that such aromatic solvent in— 

duced shifts could be explained by dipole—induced dipole interaction 

Corroborative evidence for the proposed type of interaction was forth— 

coming from the linear plots which were obtained for oe VS Ay: 

where (A is the dipole-moment and V the molar volume of the solute. 

Similar linearity between molecular dipole-—moments and solvent—induced 

shifts for methyl protons has been observed in some organometallic 

121, arabe” has compounds of the type (cH, ),Sa,_.% (X = Cl,Br,I) 

suggested that the bond is purely electrostatic in nature and has 

attributed the lack of stability to the weak ionic character of C-H 

bond. Some of the results reported in Chapters 5 and 6 of the present 

investigation also support the predominantly electrostatic nature of 

the interaction. Besides the dipole-induced dipole interaction the 

possibility of a charge-transfer must not be overlooked. However, 

absorption bands typical of charge transfer were absent in the U.V. 

spectra of the systems studied by Abraham and he inferred therefore, 

that charge-transfer was unimportant in the formation of these com— 

plexes. Further evidence against any major contribution from charge-—
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transfer is that the actual wee of electron—transfer appears to be 

small. teto!2?’ ana Frenkel !23 suggested that ly shifts should change 

by about 10 ppm for the transfer of every,single electron charge, 

while actual A. values, in most of the cases, hardly exceed 2 ppm. 

Ronayne et al a1 have found the interaction of amides and ketones 

with aromatic compounds to be very weak and hence argued against 

charge-transfer. Homer and Hoek have shown that where there can 

be modifications to the effective location of the aromatic ~elect— 

fons on complex formation, this is an intramolecular rather than 

intermolecular process. Recently! “4 it has been shown that, for the 

occurrence of an interaction, the solute need not necessarily possess 

& permanent dipole as long as it has highly polar bonds. Such 'local! 

bond—dipoles of the solute induce an electric moment in the polarisable 

aromatic molecules and complex formation takes place. 

4.4 THE STOICHIOMETRY OF THE INTERACTION 

It has been widely assumed that the stoichiometry of many aromatic— 

solute collision complex, is 1:1. Sometimes the conclusion is based on 

the observation that the solvent shifts at various concentrations of 

the aromatic solvent in an inert solvent are approximately proportional 

to the mole fraction of the aromatic solvent. Such linear plots could 

be fortutious, since if the plots were truely linear complex formation 

could not be occuring. But it is not unlikely that one may get a linear 

plot if some internal compensation is involved. However, the concept of 

1:1 specific complex derives considerable support from freezing point 

aie depression experiments on simple systems, notably chloroform—to2lune 

and chloroform—mesitylene. From dilution studies, Baker and Davia !26
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have suggested that benzene associates with camphor in 1:1 stoichio— 

metrye Ktinck’ ot ates from their variable temperature nem.r. 

studies, have found that the heat of formation (A H°) is indepen— 

dent of temperature which indicates the presence of a single 1:1 

Bolplex Had there been a mixture of different type of complexes 

each having a different value of AH, the plots of log K against r 

would not have been linear, since the different equilibrium quotients 

will be affected by temperature to ditferent extents. Apparently 

linear plots have also been obtained during the present investigation. 

fea’ by a curve-fitting procedure, has tried to prove that the 

stoichiometry of the complex formed between benzene and some ketones 

is 1:1. But, once again, it must be pointed out that some of these 

results are based on fallacious data processing procedures and must be 

130 accepted with cautiaz. Recently the notion of a time-averaged 

cluster of solvent molecules rather than a specific 1:1 complex has 

been suggested. However, the aicitors have themselves admitted that 

the collisions taking place between the solute and solvent molecules 

are binary in nature but because of the very slow time scale of n.em.r. 

the interactions between aromatic solvents and camphor solutes will 

appear as time-averaged, cluster. However, it is significant to note 

in this connection that it is the apparent position of the nmr. sig- 

nal which is expected to be affected by the slow time-scale of n.m.r. 

technique and not the stoichiometry which & characteristic of any re- 

ACTLOM. 

4.5 STRENGTH OF THE INTRRACTION 

It has been a usual practice to measure the strength of such complexes
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in terms of the heat of formation (AW he In most of the cases, the 

values of AH® obtained have been found to be of the order of a few 

Kjoules/ mole which indicates the weak nature of such interactions. 

131 Homer and Gooke , after thermodynamic considerations, have related 

the interaction energy to the equilibrium quotient for the complex 

formation. The authors are of the opinion that, since the interac— 

tion energies are found to vary with temperature via interaction dis-— 

tance which is temperature dependent, they must be directly compared 

withAG° at any temperature and not with the temperature invariant 

AY. 

4.6 THE GEOMETRY OF THE COMPLEX 

In the earlier studies [#09132 of benzene-induced solvent shifts, it 

has been assumed that the solute and benzene solvent molecules prefer 

to have their molecular planes co-parallel. Sometimes it has been 

A 
assumed" that because of interelectron repulsion the negative end 

of the solute dipole should be separated as much as possible from 

the elctron rich benzene ring and that both molecules will be con 

strained to lie in parallel planes, the electron attracting groups of 

the solute molecule anchored away from the six-fold symmetry axis of 

the aromatic molecule. But this assumption has been founded on a 

fallacious argument that because the aromatic molecules are twice as 

polarisable in the molecular carbon plane than normal to it, the 

interaction between the solute and the solvent will be greatest in 

the molecular plane. This argument ignores the angular dependence of 

the interaction via ( 3 cos“p - 1) term which in fact favours an align 

ment along the six-fold axis. Moreover, in the earlier studies, values
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Of An which formed basis for the proposed geometry, were obtained by 

extrapolating the measured chemical shifts to infinite dilution in 

aromatic solvent which is invalid (see sete4.2). Under such circum 

stances, any conclusions regarding complex~geometry derived on the 

basis of such extrapolated results, could be migleading. In fact, 

as it is shown in Chapter 5 of the present investigation, such values 

may not even represent the correct. relative order for different non~ 

‘equivalent protons. 

Homer et al en have shown that maximum interaction of a dipole with 

a non—polar aromatic molecule opones when the dipole is perpendicu- 

lar to the benzene ring. This model allows the solute dipolar axis 

not only to allign along the aromatic six-fold symmetry axis but also 

= a small angle to it, ise. the solute molecules can be considered 

undergoing a wobbling motion about the aromatic symmetry kee The 

envelope of the possible orientations is a small cone with a small 

semi-vertical angle. However, in the investigations referred to 

above only simple solutes peitateite & Single proton or a group of 

equivalent protons have been considered. It is just possible that the 

considerations may not be tenable for unsymmetrical polar solutes con— 

taining more than one non-equivalent proton . In fact it was one of 

the objects behind the present investigation to examine whether the 

previous considerations are tenable for such solutes containing more 

than one non-equivalent proton. Moreover, the studies using solutes 

with more than one non-equivalen proton provide far more information 

from which to derive information about the complex-geometry than is 

forthcoming from the vse of solutes containing single or a group of 

equivalent protons. As it is shown in Chapter 5 of this work, the
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plane of vinyl bromide molecule is inclined with respect to the plane 

of benzene ring. Formation of such complexes with solute planes in-— 

: : eee aoe 
clined to the benzendring have been indicated earlier « However, 

it must be pointed out that one is not justified in thinking in terms 

of universal geometrye As it is shown in the later chapters of the 

present investigation, the actual geometry of the complex, toa 

great extent, depends on the nature of the substituents in the sol- 

ute as well as solvent molecules. 

Attempts for deciding a geometry for the complex, by measuring aroma- 

tic solvent—induced shifts for more than one non-equivalent proton,, in 

oe | ais oe oe the same solute molecule have been made earlier - But the con— 

clusions derived from these studies can not be relied upon as unsound 

methods were adopted for evaluating A. values: 

Al 
Willianset al, after extensive study have shown that for rigid polar 

solutes like steroidal ketones, the chemical shift modifications are 

quite characteristic of the position of different protons in the sol- 

ute molecule. An important generalisation the so called ‘carbonyl 

137 plane rule' has been proposed by Williams and Bhacca and indepen— 

dently by Connolly and MoCrindle 8, This rule states that in the 

specific case of an isolated carbonyl group, the benzene—induced 

solvent shift will be positive for protons lying behind a plane 

through the carbonyl carbon atom and perpendicular to the direction 

of the C = 0 bond. Protons lying in frmtof the plane will have a 

negative shift and those lying very near or in the reference plane 

will have a small or zero shift. This rule has found a Wide applica— 

tion in structural determinations.
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W.B plane 
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4.( THR STERIC EFFECTS 

To test the existance of a complex between a solute and an aromatic 

‘solvent, it has been proposed that the hindrance of this association 

by steric congestion of either member of the pair could lead to re— 

duced solvent shifts. Hatton and Richards 2° found that the solvent— 

induced shifts for dimethylformamide in various methyl benzenes de- 

creased as the number of methyl groups in the aromatic solvent species 

was increased. But, for reasons pointed out earlier (see Sece4.2) 

solvent—induced shift values obtained by these authors can not be 

treated as true 4. values and, therefore, any conclusions based on 

eo, them also do not remain valid. Sandoval and Hanna re~investigated 

the association of dimethylformamide with methyl benzenes and found 

that the equilibrium quotient (K) increased as the degree of methyla— 

tion in the aromatic molecule increased while ra had a reverse trend. 

They have tried to explain the reduction in the value of A, by sugges 

ting a reduction in the ring-current upon methyl substitution. Simi- 

lar reduction in the values of hi resulting from the methylation of 

benzene, has also been reported by other workers 1361140, Such obser— 

vations have qualitatively been explained by saying that the aromatic 

solvent molecule may not be able to approach the influenced protons 

due to steric hindrance. This steric hindrance explanation does not 

seem to represent the complete picture. Existance of other factors 

like differing extents of dipole—induced dipole interactions must also
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be taken into account. Above all, the earlier results could be mis~ 

leading as they were obtained by a thermodynamically invalid data 

evaluation procedure. 

4.8 VARIABLE TEMPERATURE STUDIES OF MOLEGULAR INTERACTIONS 

If solvent—induced shifts are indicative of specific complex formation, 

one normally expects the equilibrium quotients, derived from solvent— 

induced shift measurements, to be temperature—dependent. If the acti- 

vity coefficients of the interacting species are taken to be equal to 

unity or self-cancelling, the Gibbs Standard Free Euergy Change A G,, 

is related to the equilibrium quotient (K) at temperature T by 

oO SG, = — REInK, (4.10) 

The equilibrium quotient is expressed in mole fraction units and the 

equation assumes negligible pressure dependence in the condensed 

phase. If the value for ‘K, is deduced using the refined B-H procedure 

and. a= 0, eqn.(4.10) represents the free energy change when one 

mole of each of the reacting species combinesto form one mole of the 

complex in a large excess of aromatic solvent. The temperature de- 

pendence ofAG is given classically by the Gibbs—Helmholtz equation 

[acao/r] Au (4.11) [2(1/r) ]. 7 
combining eqn. (4.11) with eqn. (4.10), one gets the following usual 

expressions: 

re cet tee mee ne, od 

0(1/T) 

0 Ink oO : = AH 

- = (4.12)
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Hence, if 1nK is plotted against x the slope of the line at any T ? 

Ane ° 
point is equal to - 3 The value of “AH” thus obtained together 

with the corresponding values of Ke obtained from eqne (4.10) can 

then be used to obtain the standard entropy change AS° for the reac- 

tion from the relationship : 

ago u ARS TAs® (4.13) 

which refers to the reaction at constant temperature T. , 

Thus by making nem.r. measurements at various temperatures and then 

by obtaining the values of the corresponding equilibrium constants , 

the thermodynamic parameters AG’ aH? and AS° may be evaluated. 

Apart from the value of parameters in themselves, the constancy of 

AH? with temperature provides helpful evi dence *° in establishing 

the presence of a single complex. In addition, the values of A G° 

and AH® can be used to investigate the nature of the interaction. 

Laszlo and Williams ‘a1 measured the shift of steroidel ketones in tolune 

solutions as a function of temperature. The value of shift obtained by 

extrazpolation (long and of dubious significance) to T = 0°K was con 

sidered to be equal to Ae The authors have estimated the enthalpy 

changes and have found that the chemical shift measurements for the 

18 —- proton and 12d =proton inf) androstanone molecule yield the 

same value ofA Ht, though they have dismissed the results as fetus 

tious. As it is seen from the results in Chapter 6 and 7 of the 

present investigation, measurement of solvent—induced shifts for more 

than one non-equivalent protons in the same solute molecule yield, 

within experimental error limits, identitical values of AH®.
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4.9 PROCEDURE ADOPTED TO DETERMINE COMPLEX--GEOMB TRY 

The results of Jobhnson and Bovey '44 are available !° in the form of a 

comprehensive list of the calculated screenings at various points 

surrounding the benzene molecule. The co-ordinates of any point 

relative to the aromatic ring are defined with reference to two axes 

of which one, the p-axis, is in the plane of the ring and the other, 

the z-axis, is along the six-fold symmetry oy of benzene molecule. 

By determining the additional shielding of the hydrogen atoms of the 

solute due to complex formation, it is possible to fix their positions 

relative to the ring and consequently the geometry of the complex. 

However, in most of the cases there will be several different points 

which correspond to the same experimentally determined additional 

screening (A,). The procedure adopted to locate the correct posi 

tion of the solute hydrogen atom in the complex is to plot the appro— 

priate screening contributions listed against p values for selected 

values of a Using the experimentally determined values of AL: Lt. 1s 

possible to obtain co-ordinates of all points about the ring where the 

experimental and theoretical screenings ae equivalent. A graph is 

then plotted of the p values against corresponding z values to obtain 

isoshielding diagrams for all the shifts. Conditions concerning the 

molecular geometry of the eee molecule and the complex are then 

applied to decide between the various alternatives. 

However, it must be pointed out at this stage that such pictorial re— 

presentations of the collision complex should be treated cautiously, 

Since they depend on the chemical shift values given by the Johnson- 

Bovey calculations '4, These calculations are based on the Loerie
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which 

current', itself has been questioned 
aera and hence the validity 

of the J-B approach. Perhaps the magnitude ofA, for the various 

complexes is not yet fully understood. Ring current might be play— 

ing a predominant role but other factors like charge-transfer and the 

anisotropy and electric screenings of groups in the solvent molecule 

may also contribute to Ao
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5-1 INTRODUCTION 

As a result of n.em.r. studies of molecular interactions in solution, 

two parameters appertaining to the interactions are obtained, namely 

the equilibrium quotients (K) and the excess shielding ( a.) of the 

solute in the fully complexed state as compared to the free solute. 

As explained earlier (see sec.4.2). these interactions can be investi~ 

‘gated by studying the dependence of fle observed solute time-average 

chemical shift on sample composition. As the ratio of aromatic sol- 

vent to Res. increases so the chemical shift of solute protons is 

shifted markedly often upfield, due to an increase in the quantity 

of the molecularcomplex formed. Since this shift variation is a 

direct function of the proportion of the solute complexed, it is 

possible, by measuring the variation in a series of samples, to 

obtain the equilibrium quotient for the interaction and also a limi- 

ting value for the chemical shift ( 4,) (sedsec.4.2). The informa— 

tion available from the studies using a solute containing a single 

proton or. a group of identitical ‘xetine is very limited and ina— 

dequate specially in defining the geometry and the stereospecifity 

of the complexe. By measuring the aromatic solvent- induced shifts for 

a number of non-equivalent protons in the same solute molecule much 

more information about the different aspects of such complexes should 

be forthcoming. The work reported herein is directed to this end. 

Systems composed of vinyl solutes (A) in aromatic hydrocarbons (B) 

with cyclohexane (S) as inert solvent and internal reference have 

been studied. The vinyl compounds used as solutes are acrylonitirle 

and vinyl bromide. A third vinyl solute, vinyl methyl ketone, which 

contains a labile group, ~COCH, which can adopt different orientations 

with respect to the rest of the molecule due to rotation about ‘the C-C
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bond, and has got a different electronic distribution due to the 

presence of a carbonyl group, has been dealt with separately in 

Chapter 7. To avoid any complications due to permanent dipoles, 

only non-polar aromatic solvents namely benzene, p-xylene, mesi- 

tylene, p-diethylbenzene, 1,3,5 - triethyll benzene, p-diisopropyl— 

benzene and 1,3,5 - triisopropylbenzene have been used. ‘These sub— 

stances were chosen to change the polarisability of the aromatics 

and steric hindrance of approach to six-fold axis so that the extent 

of dipole-induced dipole interaction and steric hindrance, the two 

important type of possible interactions in such systems, could be 

studied. 

5.2 EXPERIMENTAL 

The benzene and cyclohexane used were spectrosol grade. Acryloni-~ 

trile (Koch-Light pure), vinyl bromide (BDH), mesitylene (BDH), p- 

diethylbenzene (Aldrich), 1,3,5 - triethylbenzene (Ralph N.Emanuel), 

p-diisopropyl benzene (Ralph N. Emanuel ) anc. 1,3,5 — triisopropyl benzene 

(Pfaltz—Bauer) were of the best commercially available quality and were 

used without further purification. The NeMele spectra did not reveal 

any impurity in the various chemicals used. 

The different solute-aromatic solvent systems studied for the present 

invesitgation were acrylonitrile-benzene, acrylonitirle—p-xylene, 

acrylonitrile-mesitylene, acrylonitirle—p—diethylbenzene, acrylonitrile-— 

ar ye eee acrylonitrile—p-—diisopropylbenzene, acrylonitrile— 

1,3,5-triisopropylbenzene, vinylbromide—benzene and vinylbromide — p — 

xylene.
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Some of the Tg spectra were obtained at 60.004 MHz and 306.6°K using 

a Perkin-Elmer R10 spectrometer. Chemical shifts were measured rela-_ 

tive to the internal reference solvezntcyclohexane using the conven— 

tional sideband techniquee The modulation signals were derived from 

a Muirhead-Wigan-D-890A oscillator and their frequencies measured 

using a Venner 3336 counter. Each shift was measured six times to 

minimise random errors and the average taken. When a Varian HA~100D 

‘spectrometer became available, spectra for the systems acrylonitrile- 

mesitylene, acrylonitirile, p-diethylbenzene, acrylonitrile~1,3,5— 

triethylbenzene, acrylonitrile-p-diisopropylbenzene and acrylonitrile- 

1,3,5-triisopropylbenzene were recorded on this instrucment operating 

at 100 MHz and 304.2+ 1K; the shift frequencies then being measured 

by an electronic counter (period “function) provided with the spectro 

metere Small ambient temperature variations on the HA-100D or the 

temperature difference between the two instruments used will not 

affect the conclusions significantly, since 4, values have been found 

to be constant, within experimental error limits, over a wide range 

of temperature (see table 6.8). Small variations in equilibrium quo— 

tient values (table 6.8) for a variation of about 2°K in the ambient 

temperature will also not affect the compariszon of results. ‘The 

chemical shift measurements can be considered accurate to + 0.25 Hz 

- the Perkin-Elmer R10 and + 0.1Hz on the Varian HA-100D spectro- 

metere 

The mole fraction of the vinyl compounds was kept low and constant at 

about 0.04 for the 60.004 MHz instrument and 0.015 for the 100Mdz 

instrument in order to minimise the self-association, the different 

values being associated with the sensitivity of the instruments. The 

values indicated represent the lowest concentration at which most of
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the lines in the ABC spectrum required for analysis could be measured 

accurately. The concentrationsof the aromatic solvent and cyclo- 

hexane were chosen to cover the high mole fraction of the aromatic 

solvent. The appropriate compositionsof the different samples of 

. various solute-aromatic solvent systems are recorded in tables 51 

to 5.9. For some of the systems, measurements were carried out over 

the whole range of aromatic mole fraction and the respective sample 

‘compositions and 4, values have been included in the appropriate bs 

tables for future reference. 

Spectra were analysed with the aid of the computer program LAOCOON 3, 

root mean square errors at the convergence and the possible errors 

in the parameter sets being usually less than 0.05. Some spectra 

were also analysed by the method employed by CG Avanaugh "|, 

KY. and A, values were obtained by processing the data on a ICL1905 

computer using the program BHCURVEFIT, the gradient and intercept 

corresponding to equation 

1 1 7 1 

sobs my Ao “5 4, 

being taken at aromatic mole fraction x, = 1.0. The values of the 

(4.8)   

corrected aromatic mole fraction and the corresponding values of ob— 

served solvent—induced shift ( A cps) for different samples, employed 

as computer input data are recorded in tables 5.10 to 5.18. In view 

of the relatively high concentration of solute, the mole fraction of 

the aromatic solvent was calculated by considering a portion of the 

solute as inert diluting solvent and making necessary bulk corrections 

to the actual number of moles of the solute (A) and the inert solvent 

(S), using the equation:
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TABLE 5.1* 

Sample composition for the acrylonitrile~benzene—cyclohexane system 

  

  

Sample is ee Sanayi ae. oes oe 
A 1.9393 0.0910 45.9708 

B 1.8884 0.2458 45-4040 

C 1.8865 0.3001 44.0768 

D 2.0184 0.4085 43.5646 

E 21409 025537 42.5819 

FB 2.2955 0.9720 37.5201 

G 1.8865 124780 33.0240 

H 222691 220117 Piel esd 

iF : ; as |Oby 2.4462 23.6442 

J 2.0354 3.0254 18.3460 

2. Oe ee es ne 15.1782 
L 1.9224 326417 1138595 

Ne 2.1862 328851 8.7725 

N 1.9449 4.0724 643593 

0 2.0501 M6205] 5 8864 

B 2.0392 4.23986 3.7238 

Q 1.9770 4.4150 263051 

R 19223 4e7106 0.4895         

* In this table as well as in some of the subsequent tables, data 

reported below the dotted line only have been used for the evalua— 

4. b10n of K. and Aa. 
. x Cc
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TABLE 5.2. 

Sample composition for the acrylonitirle—p—xylene-—cyclohexane 

  

  

system. 

Sample Moles of _, Moles of _J Moles of . 
solute / 10 p-xylene/ 10 | cyclohexane/10 

A 1.8771 0.1132 46.9475 

B 1.8922 9.2104 459339 

C 1.8903 0.2998 44.8634 

D 2.0618 0.4032 43.7025 

E 1.9223 0.5152 42.6949 

Re 2.1089 1.011 38.0002 

G 35600 1.4865 32.7852 

H 1.9431 1.9852 27-9800 

I 2.0203 2.4793 22.8125 

eee SU oe ec ee 
K 2.0580 3.5009 12.9824 

L- 2.0919 3.7547 10.6820 

M 19506 4.0417 8.0181 

H 2.1617 4.1463 6.4689 

0 1.9544 4.3683 5.0677 

P 2.0260 4.4532 3.9520 

Q 1.9827 4.4979 2.9587 

R 1.9902 4.6001 1.9879 

Ss 1.8865 4.7273 0.5181       
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Sample composition for the acrylonitirle-—mesitylene— 

cyclohexane system 

  

  

      
  

Scone Moles of _, Moles of _o | Moles of 5 
solute /10 mesitylene/10 cyclohexane /10 

A 1.1572 325044 13.5848 

B 1.1440 3.7571 10.9256 

. 1.2326 3.9946 9.4986 

D 1.2156 4.2749 6.5482 

E 1.2062 4.4958 4.2087 

F 1.2081 4.6914 2.0402 

G 1.2420 4.7634 1.5447 

H 1.2778 427958 0.9351 

I 142269 4.9803 0.5858 

TABLE 5. 

Sample composition for the acrylonitrile—p—diethylbenzene- 

cyclohexane system 
- 

  

  

— Snes Aart roe Selo eas 

A 1.2627 6.9915 8.8284 

B 1.2627 722933 6.5114 

C 1.3381 7.3998 4.5984 

D 1.3193 725026 3.8023 

E 1.2627 726837 2.8634 

F 1.3004 T1120 2.0130 

G 1.0743 78081 1.0575        
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TABLE 5. 

Sample composition for the acrylonitirle—1,3,5—-triethylbenzene— 

cyclohexane system 
  

  

        

Sample Moles of Moles of Moles of 
solute/10~4 aromatic/10~“| cyclohexane/10~4 

A 2.5066 161435 32.3075 

B 2.5631 1.1978 27.1269 

C 2.6008 1.2599 21.6017 

D 225443 1.3207 1593517 

2.5820 1.3492 13.7357 

F 265820 1.3833 8.6264 

G 2.5443 1.4081 6.0124 

H 2.7139 1.4491 2.4240 

I 2.5820 1.4713 0.8912 

TABLE 5.6 

Sample composition for the acrylonitrile-p—diisopropylbenzene— 

cyclohexane system 

  

  

Sample Moles of Moles of | Moles of 
solute/10~4 aromatic/10°f cyclohexane/10~> 

A 8.1983 3.7489 11.4294 

B 76329 4.0090 8.9568 

c 7 8025 402575 6.4092 

D 7.2748 4.3880 4.8907 

i 725952 465124 4.0435 

¥ 79533 4.7055 1.9451 

G 726894 47529 1.3890 

H 8.4432 4.5000 0.5525       
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TABLE 5.7 

Sample composition for the acrylonitrile-1 ,3,5-triisopropyl-— 

benzene—cyclohexane system 

  

  

Sample Moles of 4 Moles of - Moles of at 

solute/10 aromatic/10 cyclohexane/10 

A Au$ 305.. <3 1.8757 573075 

B 4.8624 1.9929 45.8294 

C 4.6174 2.4171 32.4857 

D 4.8247 221911 [2A 26107 

E 4.7493 262416 19.7837 

F 4.6740 222901 15.4705 

G | 4.8436 2.3550 9.8146 

H 4.6928 2.3790 6.8203 

Ap 4.8247 2.4081 5.0380 

J Ae TAT 24207 2.0615       
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TABLE 5.8 

Sample composition for the vinyl bromide—benzene—cyclohexane 

  

  

system. 

ars eee: acto ee Seine as) des 

A 2.3719 Gy1 133% 46.9558 

B 2.1288 0.2112 46.0385 

C 2.0681 0.3041 45.0083 

D 2.3822 0.4030 44.0280 

E 2.0840 0.5020 4362664 

F 1.9260 1.0130 379848 

G 1.9493 1.4934 33.0525 
H 2.0531 2.0069 27.9610 

I 1.9241 2.4915 23.3781 

J 2.0475 3.0326 18.0169 

Ke ee 5540 C.eu eS 
L 1.8895 4.007 8.0204 

M 2.0671 4.2476 5.9696 

N 2.0138 4.3956 4.0934 

0 1.7679 4.4159 209538 

P 1.8061 467575 0.4836       
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TABLE 5-9 

Sample composition for the vinyl bromide~p—xylene- 

cyclohexane system 

  

  

Scie Moles of _,| Moles of ., | Moles of & 
solute/10 aromatic/10 cyclohexane /10 

A 1.9605 0.0957 : 46.6160 

Bb 2.0680 0.2009 45 9636 

C 2b 1S 0.2987 44.9263 

D 2.0091 0.4045 43.7607 

ao 2.0792 0.5042 42.6200 

F 1.9876 1.0124 37-6877 

G 2.3298 eS 32.9884 

H 1.9483 22.0252 27-1293 

if 2.0016 2el615 23-7102 

J 1.9596 29520 18.2010 

reo ps. 7) og 130169 ee 
L 1.8801 32-7284 10.7462 

M 1.9811 - 369744 8.1904 

N 2.0325 4.1478 6.4912 

0 129409 4.3094 4.8788 

P 1.9493 444346 3.4066 
Q 129465 4.5864 2.0936 

R 1.8652 Aeleno 0.4967        
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TABLE 5.10 

Aromatic solvent mole fraction (x,) and. Anbs values at 60.00 4MHz 

and 306 .6°K for various samples in acrylonitirle—benzene— 

cyclohexane system. 

  

  

  

a. Mole fraction 4 apg (#2) 
ample 

(x;) H, Hy H, 

A - taT A 1.90 1.61 

B - 4.42 aT Ase 

C - 5.67 5 AT 4.82 

D - 740 tx 6.62 

E - 931° 973 8.38 

F - 15.52 1596 13.60 

G - 22.79 23.22 19645 

H - 27.81 28.57 23.76 

ks - 32.26 33-59 2755 

7 - 37615 38.57 31.68 

cc eee ye Oo 4 ee ce 
L 0.6991 41-79 43-92 3590 

M 0.7624 43.81 46.11 37.30 

N 0.7988 44.72 47634 38.05 

0 0.8338 45.49 48.13 38.54 

P 0.8824 46.31 A9 239 39.47 

Q 0.9152 47.27 50.60 40.13 

R 0.9624 48.51 51.61 41.00          
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TABLE 5.11 

Aromatic mole fraction (x,) and A ug values at 60.004MHz and 

306 .6°K for various samples in the acrylonitrile—p—Xylene- 

cyclohexane system. 

  

  

  

      

Sample coo A pg (HB) 

H, Hy Hy 

A ~ 2657 Sead 1.99 

B - 4.50 4036 3.73 

C ~ 6.36 6,08 5027 

D - 8.00 7062 6.82 

5 - 10.15 9.68 8.61 

F ~ 1721 16.51 14.61 

G - 23.21 R252? 19.48 

H - 28.44 27631 23.81 

I - 32.53 31.38 27 025 

J - 36.28 35.16 30.54 

LOCAL Oe om ee ee oe eee 
L 0.7834 40.30 39-27 33.82 

M 0.8354 41.84 40.85 35.06 

N 0.8607 42.43 41644. 35.62 

0 0.8905 43.32 42.48 36.41 

Pp 0.9096 4375 42.79 36.76 

Q 0.9272 44.24 43 52 37-43 

R 0.9449 44.64 43.78 37-52 

S 0.9725 45 36 44.62 38.01    
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TABLE 5.12 
. Oo 

Aromatic mole fraction (x,) and BS te values at 100MHz and 305.0 K 

for various samples in the acrylonitirle-mesitylene—cyclohexane 

  

  

  

          

system. 

io 

Mole fraction Asp (#2) 
Sample ( 

ae B 
H, Hy Hy 

ih 0.7605 67.04 61.85 55.29 

Boas, 0.8075 69.11 63.95 57.00 

Cc 0.8353 70015 — 64-97 57.93 

D 0.8847 72.32 6727 59.73 

E 0.9232 73.99 68.83 61.15 

F 0.9582 7550 710.53 62.58 

G 0.9659 15075 70.68 62.73 

H 0.9752 76.09 77.01 62.96 

Tr 0.9819 16.54 7145 63.40 

TABLE 5.13 

Aromatic mole fraction (x,) and Aj, values at 100MHz and 303.3°K 

for various samples in the acrylonitrile-p—diethylbenzene — cyclo— 

hexane system. 

  

  

  

      

Sample| Mole fraction Abas?) 

(xp) va. Hy i, 

A 0.9148 72.80 68.77 59.68 

B 0.9371 73.60 69.51 60.32 

C 0.9536 74.29 70.24 60.91 

D 0.9611 74.50 70.42 61.03 

E 0.9702 74.94 70.85 61.33 

us aL ose ise |B] 8233    
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TABLE 5.14 

Aromatic mole fraction (x,,) and Ass values at 100MHz and 303.9°K for 

various samples in the acrylonitrile—1,3,5-triethylbenzene-cyclo— 

hexane system. 

  

  

  

          

cat gem A oy.,(He) 

Hi, H, H, 

A 0.8564 66.85 59.59 53.86 

B 0.8808 67.91 60.62 54.83 

C 0.9061 69.04 61.65 55.76 

D 0.9328 710.05 62.55 56.58 

E 0.9406 10.66 63.11 57.09 

F 0.9611 71.34 63.66 57.40 

G 0.9718 71.83 64.11 58.02 

H 0.9859 12029 64.44 58.33 

I 0.9922 12.54 64.71 58.61 

- PABLE 5.15 

Aromatic mole fraction (x,) and. 4 obs values at 100MHz and 304.2°K 

for various samples in the acrylonitirle—p-diisopropylbenzene — 

cyclohexane system. 
  

  

  

amis Mole fraction Aon H) 

(5) H H H 1 2 3 
A 0.8475 63.65 58.68 51.50 

B 0.8831 ar 65429 60.24 52.95 

C 0.9170 67.09 61.93 54.50 

D 0.9366 67.86 62.63 55.09 

E G.5476 68.35 63.13 55.51 

F 0.9730 69.18 63.86 56.06 

G 0.9799 69.98 64.66 56.92          
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TABLE 5.16 

Aromatic mole fraction (x,) and A) values at 100MHz and 304.1°K bs 

for various samples in the acrylonitrile—1 ,3,5-triisopropylbenzene — 

cyclohexane system 

  

  

  

Sample Mele ne Aops (i) 

Hy He 74 
A 0.8747 65472 54.83 51.08 

G 0.9313 68.78 5715 53.70 

D 0.9476 69425 5747 54.02 

F 0.9665 70.02 58.10 5472 

q 0.9775 70.28 58.20 54.95 

H 0.9833 70.50 58.36 55011           

TABLE 5.17 

Aromatic mole fraction (x,) and A), values at 60.004MHz and 306.6°K 

for various samples in the vinyl bromide—benzene—cyclohexane system. 
  

  

  

Mole fraction Aobs (Hz ) 
Sample (x,) . 

1 2 > 

A ~ 0.89 0.60 0.38 

C 2.07 2.31 1.38 

F - 6.62 7.16 4.48 

G - 9245 10.20 6.22 

H ~ 11.65 T3022 7.87 

ite de ow ck iw Sree Fe Gee re rer as 
K 0.6614 18.32 20.56 11.47 

Ly 0.7827 20.24 22.90 12.40 

M 0.8291 20.88 23-72 12.83 

N 0.8724 21239 24; 50 13.07 

O 0.9142 21.87 25.201 1% 023 
Pp 0.9623 22239 eee 13-48          
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TABLE 5.18 

Aromatic mole fraction (x,) and Aj), values at 60,004 MHz and 

306.6°K for various samples in the vinyl bromide~p—xylene— 

cyclohexene system. 

  

  

  

Mole fraction A ops (82) 
Sample (x,) : : ; 

1 2 3 

A - 0.94 1.05 0.63 

B - 1075 1.80 Tika 

C - 2.50 2.62 1.67 

D - 3.31 3.47 252 

E : 4.22 4.23 2.74 

B * 7254 7°49 4.85 

G - 10v52 10.21 6.74 

H ~ 12.84 12.40 8.46 

t - 14.73 14.42 9.40 

J ~ 16.74 16.50 10.66 

co. Fonte Gap 18.1to el 19586. ee 
L 0.7817 19.24 18.87 12.22 

M 0.8284 19.96 19.69 12.66 

N 0.8597 20.47 20.19 12.84 

O 0.8906 20.90 20.71 13.17 

P 0.9172 27633 21.06 13.40 

Q 0.9415 21.79 21.58 13.68 

R 0.9713 22546 22.00 13.81          
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1 

  

[my-(m, + 1+ ma) ocala + Dye ry T, 

B 
where n,, Mp and NoAare y respectively, the number of moles of the 

solute (A), aromatic solvent (B) and the inert solvent (S) initially 

taken, and Vaya VR and Vg are the corresponding molar VA woes a the 

appropriate temperature. The rest of the solute, (0.005 mole fraction) 

considered to be involved in the complex formation was neglected 

while calculating the mole fraction (x,) of the aromatic solvent, since 

this assumption is implicit in the B ~ H theory itself. The densities 

of the various species forming the basis of bulk corrections are re— 

corded in table 5.19. The densities at the required temperatures were 

obtained from linear plots of the data given in the literatunes. 7, 

In the case of 1,3,5-triethylbenzene and 1,3,5-triisopropylbenzéne, 

where no reliable density data at different temperatures are available. 

values corrected for 203.0 K were used. In view of the small amount of 

correction, it is not expected to affect the results significantly. 

  

  

  

  

TABIE 5.19 — Densities of various substances at different temperatures 

Density/(107-Kem >) 

293.2°K 298.2°K 303.2°K 

Cyclohexane '4? 0.77855 0.77389 0.76922 
Benzene '? 0.87901 0.87370 0.86837 
p-Xylene |4? 0.86105 0.86669 0.85233 
Mesitylene '4? ; 0.86518 0.86111 0.85704 
p-Disthylbenzetis 0.86196 0.85794 0.85390 
1,3,5-Triethylbenzene /4° 0.8621 - . 
p-Diisopropylbenuend 0.85676 0.85290 0.84903 
1,3)5 — Triisopropylbenzene 4! 0.8545 2 

Acrylonitrile '4® 0.8060 0.8004 - 

Vinyl bromide !4914 1.4933 1.4738 134542         

@e For the liquid at saturation pressure.
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5e3 RESULTS AND DISCUSSIONS 

The values of K and 4. obtained after processing the data are 
ag 

recorded in table 5.20. A perusal of the table brings forward some 

interesting regularities which will be discussed in turn. 

5 e302 Equilibrium Quotient Values 

In a compact and monofunctional molecule like acrylonitrile or 

vinyl bromide it is rather unlikely that independent interactions 

could be taking place at the three protons. The effect of complexa- 

tion of the three sites is expected to proceed in phase and therefore, 

in different samples of the same series, the percentage complexation 

should be identitical for all the sites. This can be elucidated by 

the following calculation: 

TABLE 5.20 

The values of K. and A, for different protons in various solute— 

aromatic solvent systems 
  

  

System Proton K,. 4 (ppm) 

Acrylonitrile—benzene H, 125214 1,355 

H, 1.2553 1.572 

H, 1.8740 1.059 

Acrylonitrile—p-xylene Hy 0.996 1.533 

Hy, 0.8088 1.687 

H, 0.9718 1.305 

Acrylonitrile-mesitylene H, 0.8187 1.708 

H, 0.6791 1.779 

H, 0.7188 12525       
  

CONT.
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Table 5.20 (cont.) 
  

  

System Proton K,. A ,(ppm) 

Aorrioultii lei aatholhen iene H, Te 2Opif, lissDi 

Hy 1.1745 1-328 

H 123212 1.091 

Acrylonitrile—1,3,5,- Hy 0.8538 12583 

triethylbenzene Hy 0.8539 teAde 

H, 0.8345 14294 

Acrylonitrile-p—diisopropyl- H, 0.6365 1.817 

benzene Hy 0.6035 12734 

H, 0.5768 dO 

Acrylonitrile-1 ,3,5- H, 2.3596 1.009 

triisopropylbenzene H, 33955 0.759 

i Jebit 0.812 

Vinyl bromide—benzene H, 1.5789 0.649 

Hy 1.0275 0.863 

H, 202211 0.330 

Vinyl bromide—p-xylene H, 0.5722 1.035 

0.4131 1.281 

H 0.6308 0.608        



wi te 

Tra | and AS are the observed solvent—induced shifts for two 
obs obs : 

different protons in the same solute, for a certain sample in the 
2 

series, be and 4, are the corresponding solvent—induced shifts 

in the fully complexed states, Dy is the number of moles of the sol— 

ute initially taken, and n,,, is the equilibrium number of moles of 
AB 

the complex formed, then from eqn. (4.3) , for the first proton 
n 1 

1 AB 
Aste™ Dy . 4, (5.2) 

Similarly for the second proton 
n 

2 

A eS ee 7A, (5-3) obs A 

From equns. (5.2) and (5.3) one gets 

    

il 

be 4, 
ee D = 2 (5.4) 

A 
or = 

ieee the ratio of observed solvent—induced shifts (456) for differ— 

ent protons in the same solute will be equal to the ratio of the 

respective 4, values and should be a constant for the different 

samples in a series; a fact which is substantiated by the data re— 

ported in table 5.21. This in effect means that the equilibrium 

quotient values (K,) obtained after processing the data for the three 

different protons should be indentical.e As it is apparent from the 

data reported in table 5.20, in most of the systems studied, the K.. 

values for the three different protons are faily close to each other, 

within experimental error limits. This constancy of the ratio of 4 obs 

values for different protons throughout the series and the similar 

values of equilibrium quotients for the different protons in the same 

solute-aromatic solvent system provide. strong justification for assum— 

ingea. 131 complex formation in the systems studied for the present 

investigation and hence for the treatment of data.
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TABLE 5.21% 

Ratio of As values for the different proton—pairs in various 

samples of acrylonitrile—benzene-cyclohexane system. 

  

  

  

ievbmatic Boy totte 
Sample 

Molefraction a. a: H, +H, HytH, 

K 0.6345 0.954 12156 leeds 

L 0.6991 0.952 1.164 1.223 

M 0.7624 0.950 1.175 1.236 

N 0.7988 0.945 16175 12244 

0 0.8338 0.945 1.180 1.249 

P 0.8824 0.938 1173 16251 

Q 0.9152 0.934 1.178 1.261 

Ric "0.9624 0.940 1.183 14259           
% sed on the data reported in Table 5.10 

It must be pointed out at this stage that when any comparison of equili- 

brium quotient (K,) or 4. values for different aromatic solvents is 

made, it implies a comparison of values obtained for the same solute. 

For all the protons in acrylonitrile, the highest Puss for KY is ob 

tained by using 1,3,5-triisopropyl benzene as the aromatic Solvents 0h 

seems to be due to the fact that in this case the increased polarisa— 

bility and the introduction of bulkier side chains, which function as 

'traps' in holding the solute molecule tightly, facilitate the forma— 

tion of collision complex. This is further substantiated by the As° 

values reported in Chapter 6 of the present investigation. However, 

the dependence of K, on the nature of the aromatic molecule is obviously
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(see table 5.20) quite complicated. 

Equilibrium quotient (K,) value at a temperature T is related, by 

equation 

~AGh = RTnK, (4-10) 

to the change in standard free energy and hence to the other thermo~ 

dynamic parameters (AH? andA ) of the system. Homer and Cooke |" 

‘have shown that the interaction energy for such aomplex formations is 

related to these thermodynamic parameters. Since the thermodynamic 

parameters themselves have been studied at a later stage of the 

present investigation discussion of the equilibrium quotient values 

will be deferred until later. For the time being, the discussions 

will be based on the 4, values. - 

5De3ebe The Effect of the nature of the solute on ‘A. 

A comparison of 4, values for the different portons in acrylonitrile 

and vinyl bromide solutes, induced by benzene or p-xylene (with little) 

steric hindrance) shows that the A, value for a proton in acryloni- 

trile is much higher than the value for the same proton in vinyl bro— 

mide. In this connection it has to be noted that acrylonitrile has 

a fairly high value of dipole moment c 2.3.89 2” as compared to vinyl 

bromide c a.1.407D'?1 oe acne that highly polar acrylonitrile is 

able to polarise the aromatic solvent molecule toa greater extent 

which results in a higher electrostatic att=craction:- working on the 

solute molecule towards the benzene ring. Due to this increased electo~ 

static attraction, the solute molecule, presumably, approaches the 

aromatic ring more closely and hence provides the higher value for
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4A, with this solute. 

De3eCe The Effect of Alkyl Substitution -in the Benzene Ring on 

A, values, in General. 
  

131 
Homer and Cooke have studied the relationship between the interac— 

tion energy of solute-aromatic solvent complex formation and the polar- 

isability of the aromatic solvent. It is well known that the polari— 

sability as well as the molar volume of the aromatic fdeoge ee 

increases as the bulk aribia substituted alkyl group increases. In 

fact, there is almost a linear relationship between polarisability 

(along six-fold axis) and the molar volume (Fig.5.1). In view of 

this, it was thought worthwhile to plot A, values for the different 

protons for various acrylonitrile-aromatic solvent systems against 

the molar volume of the latter (Pige5.2). is examination of Fig (5.2) 

reveals the following regularities: 

(i) As the number of methyl groups increases in going from benzene 

to mesitylene, the A. values for all the three vinyl protons increase; 

(ii) When ethyl groups are introduced as substituents in place of 

methyl groups, there is'a sudden drop in the value.of A. But once 

again 1,3,5-triethylbenzene induces a higher value of 4, than does 

p-diethylbenzene; 

(iii) ‘he 4, values obtained with 1,3,5-triisopropylbenzene are the 

lowest; 

(iv) Since 4, for Hy H, and E, are different, it suggests some stero~ 
C} 

specifity of complex formation. 

Any effect, such as electrostatic attraction between the solute and
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aromatic setuk nolesuiss due to dipole—induced interaction, which 

can make the solute molecule approach close to the benzene ring will 

enhance the value of 4. while steric hindrance due to bulky groups 

substituted in either the aromatic solvent or the polar solute will 

have a tendency to reduce A, values. Actually, the two effects will 

compete with each other and the nett effect will be a sum total of the 

two. It would appear that both the effects, electrostatic attraction 

. (due to increased ipfiscacabilises and the steric hindrance, will be 

enhanced by the substitution of alkyl groups in the benzene ring. 

However, the enhancement of the two effects may not be proportional. 

In fact, steric hindrance will, to a great extent, depend on factors 

like length of the alkyl chain, branching in the chain etc. ‘This is 

subs Ltantiated by the variations in the A, values noticed for ft fhe 

erent alkyl substituted benzenes. 

A:progressive rise in the value of A, due to the increased methylation 

of the benzene molecule suggests that it is the increased dipole~ 

induced dipole interaction (i.e. electrostatic attraction between the 

solute and the aromatic solvent molecules) due to increased polarisa— 

bility of the aromatic solvent which is having an edge over steric 

hindrance in these cases. In fact, steric hindrance itself may not 

be very pronounced for Rot cube titacea benzenes due to the compara— 

tively small bulk and tenet of the side chain and may not change 

Significantly from one member to the next higher member in the series. 

However, when one goes from mesitylene to p-diethylbenzene, there is 

a sudden drop in the value of A, which is quite anticipated in view 

of the pronounced steric hindrance due to increased length and the 

bulk of the side chain . Which is not compensated by a proportional 

rise in the polarisability. Once again, the next higher member in the
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series, eee ites, ano a higher value of 4, which could 

be due toa sed Picant rise in the polarisability of the aromatic 

solvent molecules and therefore a closer approach by the solute while 

steric hindrance does not change much. Higher values of A, obtained 

with p-diisopropylibenzene as compared with p-diethylbenzene can also 

be explained on similar grounds. However, p—diisopropylt benzene 

induces A | which is higher than that induced by 1,3,5-triethylbenzene 

(which has almost similar molar volume). In this connection it should 

be noted that 1,3,5-triethylbenzene has substituents at three positions, 

while p-diisopropyl has only two positions substituted which are fairly 

remote (1 and 4). Since in the formation of such stereospecific com 

plexes 4, will depend on factors which affect the access of solute 

molecule to the aromatic solvent molecule, presumably, the far separa— 

ted alkyl groups in p-diisopropyl benzene offer a better chance of such 

access and hence the higher values of 4, in this case. 1,3,5—triiso— 

propyl benzene induces the lowest values of 4, for all the three pro- 

tons which appears to be a bit exceptional. However, it could not be 

surprising in view of the maximum overcrowding of the benzene Bing 11 

this case. In the end it must be said that the phenomenon is highly 

specific and complicated and precise generalisations are rather diffi- 

CULT. 

5e3ede The Effect of Alkyl Substitution in the Benzene Ring on the 

Relative Values of 4, for the Three Protons 

The order ofa, values for the three protons in acrylonitrile induced 

by various aromatic solvents is given in table 5.22.
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TABLE 5.22 

Order of 4, values for the different protons in acrylonitrile 

  

Aromatic Solvent Order for H H. and H 

  

s 3 

Benzene Hy > H, > H 

p-Xylene Hy ? H, » A, 

Mesitylene H > H, > H, 

p-Diethyl benzene Hy 7 Hy > Hy 

1,3,5—Triethylbenzene Hy > Hy Y i, 

p-Diisopropylbenzene H ? Hy > H, 

Y ? 1,3,5,-Triisopropyibenzene H 

  

It clearly emerges from the table 5.22 that it is proton Hy which is 

most susceptible to the interactions taking place in the system. It 

is very likely that this extreme sensitivity ofa. values for Hy 

could be due to its having a unique position, being farthest from the 

negative end of the solute dipole and closest to the aromatic ring. 

It is interesting to note in this connection tha $°h—xylene and mesi— 

tylene A obs values for the three protons are in the following order: 

Hy > H, > Hy 

However, as the mole fraction of the aromatic solvent in the system, 

for Hs tends and hence the percentage complexation, increase, A obs 5 

to approach ops for Hy and the corresponding A . values, obtained 

after data processing, are in the reverse order (Fig oD
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a Ao for H, 

a An tort 
C 1 rd 

8 tA for H 
= AC 3 
¢ 
‘d 

4 
oO 
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rc 

oO 
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o 
ocd 
4> 
3 
g 
oO 

= 100.0 

0.0 % complexation 

: that 
This observation is important in view of the fact, there has been a 

practice to use A obs values obtained after extrapolation to 

Xp = 1.0 in place of A, which could be misleading. The A obs 

value for any proton will depend on two factors (eqn.4.3), the per— 

centage complexation and the 4, values Since it is rather unlikely 

that T econee complexation should be different for the different 

protons, presumably, Aa. must vary from sample to sample in the same 

series bul by a small amount which is not reflected in the Aobs ratios. 

De3eee Geometry of the (Solute-Benzene) Complex 

Since the shielding values corresponding to different points around 

alkyl substituted benzenes are not yet available, determination of 

complex-geometry involving these aromatic solvents will not be attem— 

pted and the attention will be confined to the consideration of a geo- 

metry involving benzene only. Theoretically, relationshipe “~ correla— 

ting the influence of the 'ring-current' of benzene at a point (p,z) 

in a cylindical co-ordinate system, based on the centre and six-fold 

axis of benzene molecule, and solvent—induced shift 4a) permit calcu-— 

lation of spacial relationships in a postulated 1:1 stereospecific
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collision complex of solute and benzene. It has been said in earlier 

studies '-° that in such complexes, the solute molecule tends to adopt 

a preferred orientation over the benzene ring such thet the planes of 

the two molecules are co-parallel. If the two molecules have their 

planes parallel and there are no bulky substitutents in either of 

them, all the three protons will be at a distance corresponding to 

van der Waals contact between the solute and benzene molecules and 

for this 4 = 3.7028 for all of them. Using the experimentally deter— 

mined A. values induced by benzene the p-values for all the three pro-~ 

tons in vinyl bromide and acrylonitrile comcesponding tO 4 = 23.70 R 

have been obtained from isoshielding diag-ams C Pie 5.4 psee seced.9) 

and are recorded in table 5.23. If these values are correct, there 

should be a point (lying on the six-fold symmetry axis) in the plane 

of the vinyl solute molecule which can satisfy all the three distances 

(ps) to the three protons in the solute molecule. 

TABLE 5.23 

Benzene—induced A, values for the three protons in acrylonitrile and 

vinyl bromide and corresponding p-values for the co-parallel configura— 

tion (Z = 3.708 = 2.662 ring radi. 

  

  

Solute Proton 4. (ppm) p(rer.) 

Acrylonitrile i, nov: not consistent at all 

Hy Veohe not consistent at all 

Hy 1.059 not consistent at all 

Vinyl bromide H 0.649 eS 

H, 0.863 0.660 

H, 0.330 1.800       
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A search for such a point was attempted by drawing the solute mole- 

cule to the scale on the basis of molecular parameters given in the 

table 5.24'°°? !93, No such point seems to exist, showing that the 

co=parallel orientation of the solute and benzene molecules in the 

complex is not consistent with the geometry of the solute molecule 

and the experimentally determined values of 4° 

  

  

  

  

  

  

  

TABLE 524 

eee ee ae 7 OS Molecular parameters for acrylonitrile and vinyl bromide mole- 

cules 

° 
a. Bond—lengths (A) 

Compound C—H C=C C-—-C¢ C=N C — Br 

Acrylonitrile 1 +086, 1 2338 4| 4256 1 163, Lees 

Vinyl bromide 1.07 1334. - 1.89 

b. Bond-angles (radians ) 

Compound. éCCH, and LOCH, CCH, ZCCX(X = ON or Br) 

Acrylonitrile 2.094 20124 26140 

Vinyl bromide ; 2.094 2.094 Aalen 

154 As it has been pointed out elsewhere, analytically five parameters 

are required in order to fix the stereochemistry of the complex; two 

are required to specify the centre of mass of the solute, in relation 

_ to that of benzene, and three to specify the orientation of the mole— 

cule about that point. In the present case, since the number of ob-— 

servable quantities (the three solvent induced shifts) is less than
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the analytically required unknown parameters (5), a unique solution 

is not possible. More than one stereochemistry for vinyl bromide~benzene 

complex is consistent with the benzene—induced shifts (A) and the 

geometry of the solute molecule. As indicated earlier, the one geo— 

metry of the complex most likely to occur ‘will have proton Hy at a 

distance corresponding to van der Waals contact with the benzene ring 

and the electronegative Br atom projecting farthest and above the 

benzene ring so as to avoid the electrostatic repulsion from the ring 

électrons. Keeping this consideration in mind, an attempt has been 

made to determine a tentative geometry for the complex. Different 

possible sets of p and gvalues corresponding to the experimentally 

determined values ofA. for all the three protons in vinyl bromide 

have been extrapOlated from the tables given Pic canaes and iso- 

shielding diagrams (Fig.5.4) have been plotted (see sec.4.9). The 

values of p andz for the three protons in the most likely arrange— 

ment of the vinyl bromide and benzene molecules in the complex and 

consistent with the geometry of the solute molecule are given in 

table (5.25). It is difficult to represent the actual three—dimen- 

sional structure of the complex on paper. However, the arrangement 

has been illustrated (Fig.5.5) by presenting the frort and side~views 

of the solute molecule in relation to the benzene ring. 

TABLE 5-25 

Co-ordinates (p,z) for the three protons in vinyl bromide solute for 

a postulated structure of vinyl bromide—benzene complex 

  

  

Proton p(r.r.) 2(rere) 

H, 0.870 2.854 

Hy, 1.2200 2.194 

H 1.462 3-240      
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As it has been said earlier (see sece4.9) such pictorial representa— 

tions of the collision complex should be treated cautiously since 

142 
they depend on the chemical shift values given by Johnson—Bovey fr 

calculations. The authors compiled the tables considering only the 

‘ring-current' of benzene molecule and as the idea of ring 'ring— 

ee, 143,144 eee di i current’ has been questioned so must the validity of the J~B 

of acrylonitrile approach.itself. Values of A. form Ho. He-and 
172 3 

obtained with benzene and some other aromatic solvent are collectively 

(not individually) too high to assign a geometry to acrylonitirle-— 

aromatic complex, based on 'ring-current! shielding values, that is 

consistent with the experimentally determined 4. values for the 

three protons and the molecular parameters of the solute molecule. 

Perhaps the magnitude of 4. for ene various complexes is not yet 

fully understood. Whilst a ring-current might be playing a predoni— 

nant role other factors like charge-transfer and the amisotropic and 

electrical screenings by groups in the solvent molecule may also con— 

tribute to 4, ° 

Nevertheless, in view of the different values of 4, for the three 

protons induced by an aromatic solvent, it seems that the solute and 

the aromatic solvent do tend to adopt preferred relative orientations 

in the complex. Since the relative magnitude of A. for the three pro— 

tons is found to depend on the nature of the substituents in the aro- 

matic'molecule, this preferred orientation also seems to differ from 

system to system. As it is shown in Chapter 7 of the present investi- 

gation, the relative magnitude of A. for the three vinyl protons may 

depend on the nature of the substituent in the solute molecule as well 

(see table-7.11 ). All this leads one to think that such - complex 

!
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formations are highly eS. in nature. They are stereo— 

specific in the sense that: 

(i) for any solute-aromatic solvent pair, the solute tends to adopt 

a preferred time-average orientation; 

(ii) the preferred orientation may itself vary from ee aromatic sol— 

vent to the other; 

(iii) it may also depend on the nature of the substituents in the 

solute molecule. 

Under such circumstances perhaps one is not justified in thinking in 

terms of a universal geometry for all the systems. It is anticipated 

that some more Sothern will be forthccming from the consideration 

of thermodynamic parameters for complex formation and this will be 

discussed at a later stage (Chapter 6.)
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661 INTRODUCTION 

If solvent—induced shifts are iit cahie ise specific complex forma- 

tion, one normally expects the equilibrium quotients, derived from 

solvent—induced shift measurements to be ‘temperature—dependent. It 

is evident, therefore, that by performing the nemer. measurements at 

various temperatures, and thereby obtaining the values of correspon 

ding equilibrium quotients, the thermodynamic properties A q°, AH 

and as° may readily be deduced (see sece4e8)e Apart from the values 

of the latter in themselves, the constancy of A H° with temperature 

provides helpful erideies.-° in establishing thc presence of a single 

seo aitel (or isomeric complexes ) and the values of various thermodynamic 

parameters obtained throw light on the nature of the complex and the 

factors which affect its formation. 

6e2 EXPERIMENTAL AND RESULTS 

The samples (in the acrylonitrile—benzene, acrylonitrile—p—xylene, 

pony lohitrilecnseitylene, acrylonitrile=p—diethylbenzene, acryloni- 

trile-1,3,5-triethybenzene , acrylonitrile—p-diisopropylbenzene, acry= 

lonitrile1,3,5~triisopropylbenzene, vinyl bromide—benzene and vinyl 

bromide—p—xylene systems ) used in the studies at various temperature 

were the same as used in ambient temperature studies. Measurements 

were carried out at four other temperatures (in addition to the ambient 

temperature ) for all the systems except acrylonitrile-p—diethylbenzene 

and acrylonitrile-1,3,5-triethylbenzene for which measurements could be 

made at only one more temperature due to paucity of time. ty NeMeLe 

spectra were obtained using the Perkin-Elmer R10 spectrometer for the 

systems acrylonitrile—benzene,
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acrylonitrile-p-xylene, vinyl bromide~benzene and vinyl bromide—p— 

xylene, and from the Varian HA — 100D for the systems acrylonitrile 

mesitylene, acrylonitrile—p-—diethylbenzene, acrylonitrile—1,3,5—- 

triethylbenzene, acrylonitrile—p-diisopropyl benzene and acryloni- 

trile-—1,3,5 — triisopropylbenzene. At any pre-set temperature, the 

variation in temperature from sample to sample was less than + 0.2°K 

for both the instruments. 

Chemical shift measurements and the analyses of the spectra were 

done in a manner similar to that described earlier (see sec.5.2) and 

the results are reported in tables 6.1 — 6.9. Values of kK and te 

were obtained by processing the data on a ICL 1905 computer using the 

program BHCURVEFIT, the gradient and the intercept being taken at 

Xp = 1.0, after.making necessary corrections to the mole fraction of 

the aromatic solvent (see sece4.2 and Biol. The values of KY and A, 

obtained after processing the data are given in table 6.10. Values 

from table 5.20, obtained from ambient temperature studies, are also 

included in table 6.10 for compariszon. 

Values for the thermodynamic parameters, A ee AG? and AS” were ob- 

tained after processing the equilibrium quotient values at different 

temperatures on a computer program PARATHERM and are recorded in 

talbe Gel 1 ° 

6.3 DISCUSSION 

6.30a. General 

The values of A. do not show any regular variation with temperature.
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TABLE 6.1 

Aromatic mole fraction (x,) and A), values at 60.004MHz and different 

temperatures for the acrylonitrile—benzene-—cyclohexane system. 
  

  

  

  

co Sample} x, A ops (#2) 

i, Ze it, 

292.9 D - 8.18 8.24 6.97 

G = 25.00 25.56 21.47 

I - 35.07 36.26 30.05 

J - 39.85 41.43 34.13 

ae oe ea ae ee 
L {0.6992 44.98 46.78 38.03 

M 0.7624 46.45 48.75 39°57 

N  |0.7988 47.47 49.87 40.28 

0 {0.8339 48.20 50.61 40.84 

P {0.8825 49.32 52.06 41.70 

Q |0.9152 50.13 52.75 4z.34 

R  |0.9625 51.31 54.06 42.93 

32061 D ~ 6.84 6.92 5675 

G - 21.06 21.62 18.19 

I ~ 30.30 31.57 26.11 

J ~ 34.80 36.16 29.91 

eee Psy ek 3905 bo ag 
i 0.6991 3949 41.36 33.69 

M 10.7623 41.17 4333 35.20 

N 0.7987 42.15 44.46 36.00 

0 0.8338 42.88 45.42 36.63 

P jo. 8824 44.18 46 .56 37-36 

Q 10.9151 44.91 47.66 38.11 

R  |0.9623 46 .00 48.88 39.12             
COMES sou,
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TABIE 6.1 (cont.) 

  

  

  

Temperature | «nie = 4 ong: i) 

(oy) Hy Ho mS 

33067 D ~ 6.24 6.34 5.37 

G - 19.80 21647 17.07 

I - 28.49 29.70 24.48 

J - 32.94 34.52 28.21 

"ype eical 2500 [37.52 | seas 
L 0.6991 37-54 3939 31.99 

M 0.7623 3915 41.32 3341 

N 0.7987 40.22 42.36 34.16 

0 0.8337 40.89 43.31 34.80 

P 0.8823 41.99 44.56 35670 

Q 0.9150 42.81 45.49 36.26 

R 0.9623 43.91 46.67 37.20 

340.7 D - 5.81 5.92 4.85 

G ~ 18.54 19.07 15.99 

I ~- 26.97 28.09 23.07 

J - 31.18 32.88 26.88 

ee ae eee 
L 0.6990 35.64 37.68 30.52 

M 0.7622 3733 39.69 31.93 

N 0.7986 38,28 40.70 32.66 

0 0.8337 38,86 41.52 33-39 

P 0.8823 40.26 42.65 34.26 

Q 0.9150 41.00 43.96 35.04 

R 0.9623 41.90 44.97 35-56            
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TABLE 6.2 

Aromatic mole fraction (x,) and A), values at 60.004MHz and various 
bs 

temperatures for the acrylonitrile~p-xylene-—cyclohexane system. 

  

  

  

A ope tH) 
es Sample x, = : : 

1 2 3 

294.2 E - 11220 10.59] 9.30 

fa ee ne be oe ee Ge ech eee Be 
K 0.7393 A136 39691} 34-76 

L 0.7839 42.76 41.32} 35.82 

M 0.8359 44.17 42.90} 37.18 

N 0.8610 44.74 43.50} 37.58 

0 0.8909 45.87 A442} 38.34 

P 0.9099 46.07 44.77} 38.79 

Q 0.9274 46.65 45-34} 39.09 

R 0.9451 - 47.02 45.81] 39.50 

S 0.9727 47.80 46.67} 40.07 

321.6 E - 8.93 BBO P< 494 

H - 26.07 25.22 1 Bape 

eT Ret | Ose | esp a] 35.51 | tose | 
L 0.7828 37238 36.84] 31.56 

M 0.8349 38.95 38.34] 32.79 

N 0.8602 39,48 38.84] 33.33 

0 0.8902 40.50 39-75} 33.98 

P 0.9092 40.77 40.13} 34.29 

Q 0.9269 41.30 40.65} 34.69 

R 0.9447 41.70 410221 °35.11 

S 0.9724 42.37 41.81] 35.66           
  

CONT.
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TABLE 6.2 (cont.) 

  

  

  

Temperature] : A gp, (Ha) 
ample 

(°K) “B H, 2 i, 

332.6 E - 8.64 8.07 704 

H _ 24.47 23.34 20.42 

ace f 34.27 a] 33.05° | oibaerg = 
L 0.7823 35.58 34.66 29.75 

M 0.8345 37.01 36.08 30.97 

N 0.8598 37.52 36.66 31.38 

0 0.8899 38.39 te 73 32482 

P 0.9090 38.70 37298 32.45 

Q 0.9267 39.20 38.43 32.87 

R 0.9445 39-75 38.87 33017 

S 0.9723 40.42 39.85 33.85 

341.0 E ~ 8.09 7-63 6.59 

ie - 23.14 22.42 19.44 

eure ee. | eee 
L 0.7819 33.486 33-23 28.40 

M 0.8342 35.635 34.81 29.69 

N 0.8596 3589 35-16 30610 

0 0.8896 36.78 36.20 30.83 
P 0.9088 37210 36.49 31415 

Q 0.9265 3761 37.02 31.55 

R 0.9443 38.09 3743 31.80 

S 0.9722 38.66 38.33 32.43            



Aromatic mole fraction (x,) and 4A, 

—thQm 

TABLE 6.3 

values at 100.0MHz and various 

temperatures for the acrylonitrile-mesitylene—cyclohexane system. 

  

  

  

A yg (82) 

Temperature Fe) Sample a i H, t, 

286.9 A 0.7614 76 60 70.88 | 62.90 

B 0.8083 17251 72.67 64.72 

C 0.8359 78.81 74.17 | 65256 

D 0.8852 80.92 16.11 67.78 

E 0.9236 82.62 77.81 69.08 

F 0.9584 84.35 1959 70.58 

G 0.9661 84.49 719.92 | 70.71 

H 0.9754 85.10 80.36 | 71.26 

: 0.9820 85.26 80.61 71.40 

$15 4% A 0.7600 63.02 58.48 | 52.05 

B 0.8071 65422 60.67 53-72 

C 0.8348 66.06 61.56 54.68 

D 0.8844 68.17 63-56 56.50 

E 0.9230 69.85 65.26 | 57.85 

F 0.9580 71.38 66.80 | 59.19 

G 0.9658 T1271 67.11 59.45 

H 0.9751 71.95 67-38 | 59.68 

I 0.9818 72.32 67.78 | 60.00             

CONT.



  

  

  

a. Serial é #: - ope 

H, Hy H, 

349%) A 0.7593 59-31 55 025 49.01 

B 0.8065 61.42 57643 50.88 

G 0.8343 62.63 58.64 51.98 

D 0.8840 64.66 60.66 53.63 

E 0.9227 66.41 62.40 55.09 

F 0.9579 67-78 63.90 56.39 

6 0.9656 68.14 64.18 56.72 

H 0.9750 68.53 64.62 57605 

I 0.9817 68.82 64.91 57627 

339.2 A 0.7586 56.19 52.66 46.59 

B 0.8059 57294 54.41 48.00 

C 0.8338 58.95 5543 48.85 

D 0.8837 60.89 57533 50.53 

E 0.9224 62.49 58.91 51.88 

F 0.9577 63.92 60.41 53.16 

G 0.9655 64.20 60.67 52.32 

H 0.9749 64.56 61.00 53.56 

I 0.9816 64.73 61.18 53.76            



TABLE 6.4 

Aromatic mole fraction (x,) and Abs values at 100.0MHz for the 

acrylonitrile-—p-—diethylbenzene-—cyclohexane system. 

  

  

  

          
  

  

  

  

4 ope (2) 
Temperature Sample Xp 

oO (“K) H, Hy Hy 

33062 A 0.9141 62.66 60.08 Soo 

B 0.9366 63.53 60.95 bee2e 

C 0.9532 64.03 63.51 Det 

D 0.9608 64.514 6101 55.09 

E 0.9772 65.02 62.48 Da eve 

G 0.9870 65429 62.71 53.69 

TABLE 6.5 

Aromatic mole fraction (x,) and. 4 obs values at 100.0MHz for the 

acrylonitrile—1,3,5-triethylbenzene—cyclohexane system. 

A (Hz) 
Temperature S obs OK) ample Xp ‘ 

( HL, H, 

330.3 B ~ 0.8808 58.48 53.16 | 47.39 

C 0.9061 59.56 54.17 48.33 

D 0.9328 60.56 Biair {| 49.19 

E 0.9406 60.97 55250 49 57 

F 0.9611 61.73 56.16 50.18 

G 0.9718 62.22 56.61 D069            
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TABLE 6.6 

Aromatic mole fraction (x,) and Aobs values at 100.0MHz and various 

temperatures for the acrylonitrile -p-—diisopropylbenzene-—cyclohexane 

  

  

  

system. 

Temperature ae a poet 
(“K) a H, Hy H, 

292.8 B 0.8834 71.42 | 64.85 57-47 

c 0.9172 72.89 | 66.311 58.74 

D 0.9368 73-97 | 67-616] 59.55 

E 0.9478 74.39] 67.63] 59.96 

F 049732. 75019 | 68.41} 60.57 

G 0.9799 16.061 69.14] 61.25 

315.2 A 0.8470 59.36} 55.19 | 48.26 

B 0.8827 60.87 | 56.62] 49.52 

c 0.9167 62.45 | 58.10] 50.82 

D ee 63.39 | 59.02] 51.56 

E 0.9474 63.811 59.51] 52.11 

G 0.9798 65.07} 60.58] 52.94 

325.01 A 0.8466 55076 | 52.22] 45.44 

B 0.8823 57.09. | 53.431 86.52 

C 0.9164 58.83 55.03 47285 

D 0.9362 59.76 | 56.00] 48.71 

E 0.9473 60.02] 56.23} 48.91 

G 0.9797 61.09 57-31 49.79 

H 0.9883 61.61 | 57-77] 50.25            



TABLE 6.6 (cont. ) 
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a m Aopg(tz) 

tk) H, H, Hl, 

331.2 A 0.8463 53 669 50.56} 43.80 

B 0.8821 55.38 52.04} 45-16 

C 0.9163 56.81 53045} 46.37 

D 0.9361 OTe lT 54027 4705 

i 0.9472 8622 54.76 47249 

G 0.9797 59 «36 556716 48.38 

H 0.9882 59.81 56.31] 48.88 

TABLE 6. 7 
Aromatic mole fraction (x,) and Avps values at 100.0MHz and various 

temperatures for the acrylonitrile—1,3,5-triisopropylbenzene—cyclo- 

hexane system. 

  

  

  

Temperature | 5. 165 = Aopg (Hz) 

(°K) H, B. i, 

293.7 A 0.8747 69,72 5739 5410 

B 0.9018 71.206 58.45 55209 

¢ 0.9318 72.98 59.81 56.72 

D 0.9476 73239 60.11 57605 

F 0.9665 73.91 60.41 57655 

G 0.9775 74.62 60.99 58.11 

H 0.9833 14.53 61.05 58.00 , 

: 0.9866 74.42 60.77 57-78           
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TABLE 6.7 (cont.) 

  

  

  

= Aaa eeatie x, A opg(H2) 

Hy Hp H, 

311.8 A 0.8747 Gishfa 52.06} * 48e25 

B 0.9018 | 63.33 53234 49.40 

ce 0.9313 3 64.67 | 54.34] 50.58 

D 0.9476 65.04] 54.56] 60.86 

F 0.9665 65.761 55.10} 51.46 

H 0.9833 66430] 55-58] 51.98 

322.0 A 0.8747 57089} 49.29} 45.20 

B 0.9018 | 58.90} 50.18] 46.08 

C 0.9313 60.55 51649 AT 651 

D 0.9476 60.87 | 51.621. 47.61 

F 0.9665 61.62} 52.181 48.30 

G 0.9775 61.85.14 ° $2.48 1° 48,52 

H 0.9833 62.02} 52.59] 48.60 

J 0.9923 62627 52.78 48.83 

332.0 A 0.8747 535 754% b029nt 42.44 

Bn py Ones 56.40} 48.46} 44.28 

D 0.9476 56.62} 48.62} 44.41 

E 0.9577 57204 48.93 44.83 

F 0.9665 57266 | 49.401 45.24 

G 0.9833 58.12 | 49.78 | 45.65 

I 0.9866 57-95 | 49-63 | 45.50 

7 0.9923 58.20 | 49.86 | 45.79           
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TABLE 6.8 

Aromatic mole fraction (x,) and A obs values at 60.0004MHz and different 

temperatures for the vinyl bromide~benzene—cyclohexane system. 
  

  

  

    

ae pe Xp : Sous : 

1 2 3 

27922 A “ 1.14 1621 0.84 

C ai 2.80 2.80 1.99 

F - 9617 8.76 5.48 

G re 14 37 12.34 7.51 

H a 14021 15.58 9.29 

: Se 16.88 18.61 10.89 

J i 18.65 20.71 11.41 

ara eee [sue | cee 1 ar 
M 0.8300 23.92 27613 14.71 

N 0.8734 24.52 28.01 14.90 

O° ob O.9158 24.96 28,59 15.06 

P 0.9633 25.47 29.27 15.28 

290.0 A af = a OLKG 0.63 0.23 

C “ 2.32 2.55 1.81 

F = TAA 8.10 5.05 

G = 9.83 10.93 6.25 

H ss 13023 14.68 8.67 

I ‘ 15.64 17-40 10.14 

ae a pa ees eat a os weieeoS 4 F0elT. of dees 

K 0.6618 19.99 22.44 12.68 

L 0.7832 21.94 24.90 13.62 

M 0.8297 22.48 25.53 13.95 

N 0.8730 23.06 26.31 14.17 

0 0.9148 23.48 26.88 14.38 

Pp } 049629 24.06 27.66 14.55           
 



TABLE 6.8 (cont.) — 

  

  

  

  

oe suits a A ops (Ha) 

‘ Hi, H, H, 

315.9 A 2 0.81 0.91 | 0.50 

C a 2.15 2.19 | ‘1.47 

F ie: 6.28 6.96 | 4.20 

G 3 9.04 9.89 | 6.03 

H ‘ 11.48 | 12.59 | 7.50 

I - 13.68 | 15.11 | 8.80 

J ‘i 15.92 | 17.69 | 10.06 

ee i ee lot on a 
b 9+7825 19.63 | 22.11 | 12.17 

M 0.8289 20.21 22.74 | 12.53 

0 0.9139 21417 | 23.90 | 13.00 

P 0.9620 21.82 | 24.76 | 13.26 

331.1 A # 0.79 0.73 1 0.40 

C - 1.71 1.94 | 1.26 

F z 5.72 6:46 | 3.75 

G m 8.07 8.94 | 5.18 

H . Wedd-s] 11646 F 6.70 

I - 12.46 13.81 | 8.02 

J ~ 14.53 | 16.21 | 9.18 

es ee ee eal 16.35 |. ieee eee 
L 0.7820 18.15 | 20.31 | 11.20 

M 0.8282 18.71 21.14 | 11.50 

N 0.8715 19.18 | 21.72-| 11.78 

0 0.9131 19.70 | 22.17 | 11.98 

P 0.9614 20.20 | 23.00 | 12.26          
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TABLE 6.9 

Aromatic mole fraction (x,) and Aobs values at 60.004MHz and various 

temperatures for the vinyl bromide—p—xylene-cyclohexane system. 
  

  

  

se iG ws : joe 5 

1 2 2 

291.2 ie és ; 35091%) 3094 1 Byee 

H = tAedG 14.06 7 9.43 

ee ee ee “20.26 | 19.83 | 13.02 _ 
L 0.7826 1921 F 20.73 (| 13.49 

M 0.8293 21.95} 21.54 | 13.95 

N 0.8606 22.34] 21.91 | 14.26 

0 0.8913 22.85 | 22.46 | 14.54 

P 0.9178 23.39 | 23.00 | 14.75 

Q 0.9421 23.72 | 23.36 | 15.04 

R 0.9718 24:32 | 23.95 | 15.33 

321.2 D a 3:15). 3005 | eee 

H “ 11,984) 17.65 bo toe 

pose Pee See ra7ip | ete.o8 | aosoee 
L 0.7807 170941 17079 4 14.42 

M 0.8276 18.70} 18.56 } 11.87 

N 0.8589 19.24| 18.99 | 12.06 

0 0.8899 19.69 | 19.49 | 12.39 

P 0.9165 20.13| 19.85: | 12.63 

es 0.9409 20.48 20.34 12.89 

R 0.9708 20.88] 20.82 | 13.16            
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TABLE 6.9 (cont. ) 

  

  

  

ee Sample x, } apg (Ha) 

Hy Ho * 

33167 D - 2.86 2.81 1.80 

H ~ 11.23 105-96 1-34 

a - 4 Ome edit. |’ 16.08..| 1038. 7 
L 0.7800 17.05 16.89 | 10.87 

M 0.8269 1785 17.67 11.37 

N 0.8583 18.26 17.99 | 11.49 

0 0.8893 18,70 18.51 hai] 

P 0.9160 19.24 19.05 12291 

Q 0.9404 19.52 19.41 12425 

R 0.9704 19.87 19.83 142556 

34161 D ~ 2.66 2.74 1.76 

H - 10.58 10.45 6.86 

ee ie ae ee ee eR Sree 
L 0.7794 16.16 16.04 7 10,23 

M 0.8263 16.81 16.74. [4067 

N 0.8577 VPeQh FAP 10. 85 

0 0.8888 17266 17.61 11.19 

P 0.9155 18.02 1796 11435 

Q 0.9400 18.36 18.48 11.62 

R 0.9700 18.72 16.00. | 0           
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TABLE 6.10 

Values of K.. and A, at various temperatures for the different 

protons in various solute-aromatic solvent systems. 

    

  

Proton Temperature (°K) K A (ppm) 

ae Acrylonitrile—benzene-—cyclohexane system 

H, 292.9 167439 1-356 

306.6 1.5214 10323 

320.1 1.4255 1.323 

33067 1.1704 1-379 

340-7 1.0834 1.369 

H 292.9 1.3735 1.561 

306.6 162553 10572 

320.1 0.9936 1.665, 

330.7 0.9272 1.650 

340.7 0.8761 1.638 

Hy 292.9 2.0677 1.076 

306.6 1.8740 14059 

320.1 1.5022 1.098 

330-7 1.4046 1.067 

340.7 1.3063 1.067 

be Acrylonitrile—p—xylene-—cyclohexane system 

29462 

306 6 

321.6 

332.6 

= 50260 

1.0761 

0.9996 

0.9350 

0.8269 

0.7297 

14556 

14533 

1.483 

1.508 

12554 
  

CONT.
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TABLE 6.10.b (cont.) 

  

  

Proton Temperature (°K) x A (ppm) 

Hy 294.2 0.9263 1640 

306 .6 0.8088 1.687 

321.6 0.7196 1.693 

332.6 | 0.6736 1.671 

342.0 | 0.6491 1.644 

Hy 294.2 1.0932 1.300 

306 .6 0.9718 16305 

321.6 0.8629 1.302 

332.6 | 0.8199 14269 

242.0. ; 0.7769 1.255 

c. Acrylonitrile-—mesitylene-—cyclohexane system 

H, 286.9 0.8769 1-844 

305.0 a O40 O7 1.708 

31567 0.7601 1.692 

329.5 ‘te Gal ee 1.666 

339.2 0.6157 ezet 

H, 286.9 0.7122 1.959 

305.0 0.6791 16779 

31567 0.6471 16743 

329.5 . 0.5916 1.766 

339.2 0.5222 1.808 
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TABLE 6.10.c. (cont.) 

  

  

Proton Temperature (°K) K 4 (ppm) 

H, 286.9 0.8244 1.597 

305.0 0.7188 1.525 

31567 0.6832 1.494 

329 658 | 0.6480 1.473 

339.2 0.5671 1.506 

‘ad. Acrylonitrile-p-diethylbenzene—cyclohexane system 

HL, | 303.3 142657 12357 

3a 0.8829 1.403 

Hy 303.3 161745 1.328 

330.2 0.7939 16429 

H, 303.3 ta date 1.091 

330.2 0.8993 1.143 

e. Acrylonitrile-1,3,5-triethylbenzene-—cyclohexane system 

H, 303.9 0.8538 1.583 

330.3 0.6500 1.606 

H, 303.9 0.8539 1.412 

330.3 0.6238 1.499 

fi 303.9 0.8345 12294 

sees 5. 0.5700 1-418 
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TABLE 6.10 (cont.) 

  

  

Proton Temperature (°K) K A (ppm) 

f. Acrylonitrile—p—diisopropylbenzene—cyclohexane system 

H, 292.8 0.7862 ‘1.742 

303.9 0.6365 1.817 

315.2 0.6162 14730 

Be5.1 0.5941 1.666 

331.2 0.4878 1.840 

5, ee ee 0.7497 1.628 

303.9 0.6035 1.6734 

31562 O5TTT 1.679 

32561 0.5631 1.616 

Bite 0.5000 1.701 

H, 292.8 0.7636 1570 

303.9 0.5768 1.570 

315.2 0.5817 1.462 

325.1 0.5829 10374 

331.2 0.4818 1.514 

&- Acrylonitrile—1,3,5-triisopropyl>benzene—cyclohexane system. 

Hy 29367 

304.2 

311.8 

322.0 

333-0 

2.8871 

2.3596 

2.0577 

1.5587 

162737 

1.008 

1.009 

0.990 

1.026 

1.043 

  

CONT.
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TABLE 6.10.2. (cont. ) 

  

  

Proton Temperature K,. A (ppm) 

Ht, 293.7 3.6859 0.778 

304.22 303955 0.759 

311.8 2.4922 0.782 

429.0 448940 0.809 

333.0 1.6414 0.804 
H, 3 293.7 2.6350 0.804 

304.2 2.1511 0.812 

311.8 1.5335 0.864 

322.0 1.6283 0.791 

333.0 4.2292 0.832 
he Vinyl bromide-benzene-cyclohexane system. 

H, 279 2 1.6481 0.692 

290.0 1.5789 0.664 

306 6 144078 0.649 

315.9 122907 0.650 

33104 161724 0.635 

H, | 279 2 1.1924 0.913 

290.0 1.1693 0.869 

306 .6 : 1.0275 0.863 

3159 0.8552 0.913 

$314 0.8033 0.878 

  

CONT.
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TABLE 6.10.h. (cont. ) 
  

  

  

Proton Temperature (°K) K A (ppm) 

Hy 279.2 3.2899 0.335 

290.0 Scien 0.324 

306.6. : 2.2211 0.330 

315.9 5 723.0059 0.334 
33141 13607 0.361 

ie Vinyl bromide~p-xylene—cyclohexane system 

H, Soe 0.6686 1.024 

306.6 0.5722 . 1.035 

32122 : 0.5357 1.018 

Satst 0.5135 0.997 

34161 0.4655 1.004, 

Be 291.2 0.4492 16311 

306 66 0.4131 1.281 

321.2 0.3662 1.320 

33157 0.4016 Tete 

34161 0.3149 1.340 

Hy 29142 0.6775 0.643 

306 .6 0.6308 0.608 

a21.8 0.6021 0.593 

339.7 0.5619 0.587 

341.1 0.4872 0.613 
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TABLE 6.11 

Values of thermodynamic parameters at 298.2°K for the complexes 

formed by acrylonitrile and vinyl bromide: with benzene and alkyl 

substituted benzenes 

  

{ Proton —AH°(kJ mole!) AG (ki tole): AS GK “wacle 
  

ae <Acrylonitrile—benzene-—cyclohexane system 

H, 8.297 1.276 23-548 

H,, 8.414 0.669 256974 

H, 8.427 1.678 22.627 

be Acrylonitrile-p-xylene-cyclohexane system 

H, 6460 0.163 21.125 

Hy 6.188 0.322 21.845 

H, 90937 0.109 19 6539 

ce Acrylconitrile-mesitylene—cyclohexane system 

H, 075 ~0.448 18.531 

Hy 4.544 —0.925 18.351 

H, 5.289 -0.674 20.012 

ad. Acrylonitrile-~p—diethylbenzene-—cyclohexane system 

H, 116146 0.770 34.794 

H 124117 0.602 38.627 

H, 11.903 0.887 36.936 

  

CONT.
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TABLE 6.11 (cont. ) 

  

‘ me “4 ] 
Proton -AH°(kJ mole . -~AG°(kI mole ‘4 Se ge mole. 

  

ee Acrylonitrile—1,3,5-triethylbenzene-cyclohexane system 

H, 8.619 ~0.230 29.677 

H, 9.920 0.205 33-970 

i, 12.046 -0.222 41.150 

f. Acrylonitrile-—p-diisopropylbenzene-cyclohexane system 

H, 6.268 --0.8C3 30.435 

Hy 7-289 -0-946 27-631 

H, 7-460 —0.950 28.213 

&- Acrylonitrile-1,3,5—triisopropylbenzene— 

cyclohexane system 

By 176272 26427 49.785 

Hy 16.820 2-983 46.413 

H, 152121 2.096 43.668 

he Vinyl bromide-benzene-cyclohexane system 

H, 5.188 0.937 14.255 

Hy 6.427 0.100 21-213 

a 13.004 2.276 35-978 

i. Vinyl bromide—p-xylene—cyclohexane system 

H, 50519 : -1.159 22.418 

Hy 4.749 —2.071 22.874 

H, 3 4.891 -1.017 19.824 
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They may of course vary slightly but perhaps the variations have 

been masked by experimental errors. 

The values of Ky show a regular fall with rise in temperature, 

the 
except in a few isolated instances. In fact, K, values in them- 

selves are usually small and will be highly sensitive to experimen— 

tal errors and the isolated cases of irregular behaviour of KY. 

values with temperature could be due to this reason. 

As illustrated by a typical diagram (Fig 6.1) the plots of log K,. 

against the reciprocal of absolute tempereture are apparently linear 

in all the systems studied and therefore indicate that, over the 

temperature range studied, the enthalpy of association (An°) is 

practically independent of temperature which suggests that only 1:1 

complexes are being formed. 

The values of A o. AH? andAS°® are of the order of magnitude 

expected for the formation of weak complexes. It is most Signifi- 

cant that the values of thermodynamic parameters obtained after pro— 

cessing the data for the different protons in the same solute mole-— 

cule are similar, within the limits of experimental error, a fact 

which provides further justification for assuming that only one type 

of complex is being formed (i.e. of the type 1:1). 

A comparis zon of AG° values for the different protons in the two gol- 

utes, acrylonitrile (dipole moment = 3.89D 2°) and vinyl bromide 

(dipole moment = 1e41D'?'), obtained by using benzene (or p-xylene) 
see oO : as aromatic solvent shows that theAG values are in the same order
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as the respective dipole moments of the solutes, for all the protons 

except * in vinyl bromide. The values of Aobs for - in vinyl 

bromide are of very small order of magnitude (10Hz) and are there~ 

fore highly sensitive to experimental errorse It is not unlikely 

that the irregularity shown in the thermodynamic parameters for 

this proton could be due to this, specially in view of the extreme 

sensitivity of the data processing procedure for the evaluation of 

Ke The correlation between AG° values and the solute dipole moments 

is in accordance with the view put forward by Homer et ai >! and 

indicates that dipole—induced dipole interactions are playing a sig-~ 

nificant role in complex formation. 

A perusal of the table 6.11 shows that, for acrylonitrile, as one 

goes from benzene to mesitylene all the three parameters, SH Ac’ 

and As". have a tendency to become less negative. However, when 

measurements are made with alkyl benzenes containing bulkier groups, 

the thermodynamic parameters show a tendency to become more negative 

againe The values of the thermodynamic parameters are plotted (Fig.6.2) 

against the molar volume of the aromatic solvent which is almost 

linearly related (see sec. 5.3.c. and Fig 5.1) to its polarisability. 

The plot (Fig.6.2) shows some sort of alternating behaviour. Values 

of-A G° for the different alkyl-substituted benzenes are in the follow-— 

ing order: \ 

benzene } p-xylene > mesitylene € p-diethylbenzene ? 1,3,5— 

triethyl benzene ) p-diisopropyl benzene ¢ 1,3,5—triisopropyl 

benzene. 

Values of-A G° for the other solute vinyl bromide, obtained with
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benzene and p-xylene as aromatic solvents, show a similar order, 1+€. 

benzene > p-xylene. 

The other two thermodynamic pemteres we and ARS tend to 

become more neeative as the equilibrium quotient for the complex 

formation increases which shows that the solute and the aromatic sol— 

vent ere subject to more physical restraint as the equilibrium quo 

tient INCTEASES o The order of AH® oe values for different aroma~— 

tic solvents with a particular solute is similar to that observed for 

AG? but departures from the behaviour in isolated cases have also 

been noticed. This once again emphasizes the pwoposals put forward 

Ed that A G° (not AH?) should be treated as a true by Homer et él 

measure of the interaction energy. However, AH? andAs®, among them~ 

selves, vary in a similar fashion from one aromatic solvent to the 

other. 

6e3ebe Analysis of the Fquilibrium Quotient Values 

In fact, in the formation of such collision complexes, the extent of 

complex formation, ieee KY and therefore the thermodynemic parameters, 

may depend on the probability of the solute molecule approaching the 

solvent molecule, within a certain ‘sphere of influence! around it 

and spending, on the average, some time in a preferred orientation. 

This probability will itself depend on a number of factors, e.g., the 

polarisability of the aromatic solvent molecule, dipole moment of 

the solute molecule, the steric environments of the aromatic solvent 

and solute molecules, etc. It is just possible that a certain aro- 

matic molecule may have a higher polarisability than another but the
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chances of complex being formed could be in the reverse order if the 

former aromatic solvent has a steric environment which can not be 

penetrated by the solute molecule. Even-among the alkyl substituted 

benzenes, the presence of substituents in suitably orientated loca-— 

tions (the suitability depending also on the geometry of the solute 

molecule) may help in holding the solute molecule for a longer time 

over the aromatic solvent molecule rather than inhibiting its approach. 

All this leads one to think that the polar solute-aromatic solvent 

interactions are going to be highly specific in nature and the equili- 

brium quotient and the thermodynamic parameters may show some sort of 

alternating behaviour for the different alkyl-substituted benzenes. 

It clearly emerges from what has been said the values of equili- 

brium quotients for the different solute-aromatic solvent systems 

may consist of mainly two terms; first a polarisability term (x) which 

will make a positive Sontribution towards the value of the eguilibrium 

quotient and can be weighted according to the respective molar volumes, 

Since polarisability has been shown to be linearly related to the corres— 

ponding molar volumes (see Fig. 5.1), and second the steric term due 

to the presence of substituted alkyl groups in the aromatic solvent 

which can be weighted in proportion to (V,-V,)) the difference in the 

molar volume of a particular aromatic solvent and benzene. The steric 

term itself can be considered to have two types of contributions, first 

a positive contribution (y ) due to the ‘trap' effect of the alkylgroups 

and second a negative contribution (%) due to steric hindrance (block— 

ing effect) experienced by the solute molecule in approaching the 

solvent molecule. Thus, the equilibrium quotient for any solute— 

aromatic solvent system can be expressed in the form :



eT i= 

R=. Vy, St Gy, - V3) (y - is) (6.1) 

Since the steric effect is being measured in relation to benzene, 

it can be considered zero for benzene and the corresponding equili- 

brium quotient expression reduces to 

K, = 0.903x (6.2) 

For p-xylene and mesitylene, the methyl groups do not project sig~ 

nificantly above the benzene ring and the 'trap' effect due to them 

can be considered negligible. The corresponding equilibrium quotients 

can, respectively, be expressed as 

K 
2 

SS 

16250x + (1.250 — 0.903)z | (6.3) 

1.405 x + (1.405 — 0.903)z (6.4) 

For p-diethylbenzene, 1,3,5-triethylbenzene, p-diisopropyl_benzene 

and 1,3,5-triisopropyl_benzene all the terms in eqn. (6.1) will be 

non—vanishing and the corresponding equilibrium quotient values are 

respectively 

Ky = 1.572x + (1.572 - 0.903) (y — z) (6.5) 

Ke = 1.882x + (1.882 - 0.903) (y - z) (6.6) 

Ke = 1.913x + (1.913 - 0.903) (y - 2) (6.7) 

Ko m 2.392x + (2.392 — 0.903) (y — z) (6.8) 

Values of the factors x,y and z can be evaluated and compared from 

the equilibrium quotient values at 306.6°K obtained for proton H, in 

acrylonitrile with various aromatic solvents. Eqns. (6.2) - (6.8) 

take the form 

1.521 = 0.903x (6.9)
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1.000 = 1.250x - 0.3472 (6.10) 

ae = 1.405x - 0.5022 _ —«. (6.11) 

1.217 = 1.572x + 0.669(y-z) (6.12) 

0.854 = 1.882x + 0.979(y—z) (6.13) 

0.636 = 1.913x + 1.010(y-z) (6.14) 

2.360 = 2.392x + 1.489(y-z) (6.15) 

From eqn. (6.9) 

x = 1.684 (6.16) 

By substituting x = 1.684 into eqns. (6210) and (6.11) respectively 

% = 3.814 (6.17) 

and 2 i 3.082 (6.18) 

It is significant to note at this stage that fairly close values of 

z obtained for two different aromatic solvents indicate the soundness of 

the approach. After substituting an average value of 2% ca. 3.133 

into eqns. (6.12) - (6.15), the values of y for p-diethyl benzene, 

1, 3, 5 — triethyl benzene, p-diisopropyl benzene and 1, reer ~ 

triisopropyl benzene are, respectively 

y = 0.996 (6.19) 

y = 0.768 (6.20) 

y = 0.753 (6.21) 

and y = 2.013 (6.22) 

Once again the values of y obtained for the first three aromatic 

solvents can be considered fairly close, in view of the fact that some 

other interactions might also be playing a minor role which has been 

neglected in all these calculations. Other interactions seem definitely 

involved in the case of 1, 3, 5 - triisopropyl benzene and could be the 

reason for its exceptional behaviour. 

An average value for y, 0.839 was obtained from eqns. (6519). (6221)
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and the three different contributions to the equilibrium quotient 

values for proton Hy in acryloritrile with various aromatic solvents 

were caluclated and are given in table 6.12 

Table 6.12 

Various contributions to the equilibrium quotient values for H, 

(at 306.6 °k) in acrylonitrile , obtained with various aromatic 

  

  

solvents. 

Aromatic Solvent} Polarisa—|'Trap! Blocking | Calculated] Experimental 

. bility factor | Factor K K 
factor 

Benzene 15521 0 0 feel epi 

p-Xylene 2.105 0 —1.087 1.018 1.000 

Mesitylene P3560 0 -1.573 0.793 0.819 

p-Diethyl— 2.647 0.561 —2.096 1.112 Veet |, 
benzene 

1,3,5-Triethyl- 32169 0.821 ~3,.067 0.923 0.845 
benzene 

p-Diisopropyl-— 3eee] 0.847 | -3.164 0.904 0.636 
benzene 

1,3,5-Triiso-— 4.028 1.249 | -4.664 0.613 22360 
propylbenzene             

A graph of the various oontributions, and the caluculated and the 

experimental equilibrium quotient values Sent the molar volume 

of the aromatic solvent was plotted (Fig 6.3). The two values of 

the equilibrium quotients are fairly close except in the case of l, 

3, 5 ~ triisopropyl benzene which can ett tndetatoad at this stage. 

6.3.C. Analysis of the A Values. 
Cc 

Sometimes the value ofA, for a solute-aromatic solvent complex has



Fig.’ 6.3 
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120 180 240 

molar volume({0© m3) 

The polarisability factor, the blocking factor and the 

‘trap' factor @ , and the experimental © and calculated 

X values of the equilibrium quotient for the proton Hy in 

the acrylonitrile solute obtained with different aromatic 

solvents (numbered as in Fig. 6.2.b.)-
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been taken as a measure of the sieee se of the interaction. As is 

apparent from Figs 5.2 and 6.3, the curve representing the variation of 

bo values for a particular solute proton obtained with different 

aromatic solvents is almost a mirror image of the curve representing 

the variation of the corresponding equilibrium quotient (and related 

thermodynamic) values. Under such circumstances, the previous con— 

tentions concerning the strength of interactions become quite misleading. 

Of the various factors involved in these interactions, the polar— 

isability of the aromatic solvent is expected to enhance the 4, 

values while the steric effects should tend to reduce it. In fact, 

x is expected to Mec cee to a certain extent, on the time the 

solute molecule spends in a particular orientation. For example, a 

proton in a solute molecule which is held too rigicly in a particular 

orientation with respect to the aromatic solvent molecule may have lower 

values of i. than in a complexed state where it has greater freedom 

to adopt a variety of orientations in the time averaging process which 

lead to the enhanced shielding. The arguments in the preceeding 

section illustrate the importance of steric effects and these may be 

the reason for the almost inverse variation of  . and K 
x 

values with the molar volume of the aromatic solvent. 

The point can be illustrated in quantative terms by expressing the 

4, values for one of the protons, say a, in acrylonitrile obtained 

with various aromatic solvents, as a sum of three terms (as for Ks 

a positive contribution (x") from the polarisability of the aromatic 

solvent weighted in proportion to the molar volume of the aromatic 

solvent, a 'trap' factor (y’) andp blocking factor (2’) which is
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expected to make a negative contribution towards Ao The latter two 

factors are weighted in proportion to the difference in the molar 

volumes of the particular aromatic solvent and benzene, i.e. 

a ae + (" ) Fea ca) (6.23) c 

After substituting the actual values of i. (from table 5.20) for 

benzene, p-xylene, mesitylene, p-diethyl benzene, 1,3,5 -— triethyl 

benzene, p-diisopropyl benzene and 1,3, 5 — triisopropyl benzene, the 

egne (6.23) can respectively be written as 

1.355 = 0.903x + (0.903 - 0.903) (y’ -2' ) (6.24) 
1.533 = 1.250x’ + (1.250 - 0.903) (y’ ~ 2) (6.25) 

1.708 =-1.405x' + (1.405 - 0.903) (y’ - 2’) (6.26) 

1.357 . =1.572x’ + (1.572 ~ 0.903) (yy) ~ af) (6.27) 

1.583 = 1.882x' + (1.882 — 0.903) (y’ =*s') (6.28) 

TOL) w iis + (1,913 —-0,903)(y  — 2) (6.29) 

1.009 = 2.392x" + 25509. 0,003) {ye a"): (6.30) 

From egne (6.24) 

x. =) 1.501 

Since the methyl groups in p-xylene and mesitylene do not project 

significantly above the benzene ring, the corresponding 'trap' factors 

(y’ ) can be considered negligible. After substituting x = 1.501 in 

eyns. (6.25) and (6.26) one gets for p-xylene and mesitylene respectively 

0.988 Z WW 

Z I 0.797 

An average of the two values for z. cae0.8925 is substituted in eqns 

(6.27) - (6.30) and the values of 'trap' factors, v4) Yes Ye and ee for 

p-diethyl benzene, 1,3,5 — triethyl benzene, p-diisopropyl benzene and 

1,3,5 - triisopropyl benzene, respectively, are
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yi : 0-603 

Ye = 06375 

Ye = 0.151 

Ye = 0.840 

Negative values for y" in the a, eae net as opposed to the 

positive values for the corresponding term in the kK. expression are 

quite anticipated in view of the opposite behaviours of es and K.. 

with the molar volume of the aromatic solvent. ‘The negative values of y’ 

in eqme (6.23) emphasize the fact, stated earlier, that the loss of 

freedom of movement for the solute in the complex tends to reduce the 

values of 4, by precluding regions of higher shielding. It is 

rather difficult to correlate the values of y! for the various aromatic 

solvents as it will involve specific and different effects of the 

substituents in complex formation.
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7e1 INTRODUCTION 

Chapters 5 and 6 deal with the study of molecular interactions 

between aromatic solvents, and vinyl bromide and acrylonitrile. 

These solutes are simple in the sense that they have a rigid struc 

ture and do not have any possibility of conformational changes. 

However, if the vinyl solute possesses a group, like COCH, in vinyl 

methyl ketone, which can adopt different orientations with respect 

to the rest of the molecule, due to rotation about C-C bond, further 

interesting observations associated with complex formation are 

expected. By the measurement of chemical shifts in tolune at diff~ 

erent temperatures, the possibility of conformational changes for 

vinyl methyl ketone, as a result of solute-aromatic solvent interac— 

tion, has been suggested. '> It is difficult to decide the nature 

of the interactions causing the conformational changes. However, 

in view of the fact that eine is a polar solvent, it is possible 

that the observed confirmational changes are due to dipole-dipole 

interaction or simply due to a dipole—induced dipole interaction. 

Therefore, it was thought worthwhile to study the interaction of 

vinyl methyl ketone with the non-polar aromatic solvent benzene to 

investigate, amongst other things, the importance of the dipole-— 

induced interaction. Apart from conformational differences, vinyl 

methyl ketone differs further from the two previously studied vinyl 

solutes in the respect that it has a slightly different type of 

electronic distribution due to the presence of a carbonyl group in 

the molecule. In view of these points, it warranted separate con— 

Sideration.
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7e2 EXPERIMENTAL 

The benzene and cyclohexane used for the studies were spectrosol grade 

and vinyl methyl ketone was obtained from Kodak and used without fur- 

ther purification. The nem.r. spectra did not show evidence of im— 

purities in any of the solutions. A series of samples, containing 

different proportions of benzene and cyclohexane but a constant low 

mole fraction cae 0.04 of vinyl methyl ketone, wag prepared gravime— 

trically. The compositions of the different samples are recorded in 

Table 7.1 

\ 

The a spectra were obtained by using a Perkin— Elmer R10 spectro— 

meter operating at 60.004MHz and 306.6°K « The spectra were calibra~ 

ted by the usual side band technique using a Muirhead—Wigan D-890A 

oscillator and a Venner 3336 frequency counter. A minimum of six scans 

were taken for each sample and the frequencies used for analysing the 

spectra represented an average of these measurements. 

Measurements were also made at four other temperatures namely 301.2%, 

291.2, 324.7 and 33940 ee 

The ABC spectra from the solute were analysed using the computer program 

LAOCOON 3, the total root mean square (RMS) error and the probable 

errors in the parameters being bellow 0.05. The chemical shifts (in 

the form of A a) obtained by this procedure are given in tables 7.2— 

766 

The parameters K and 4, were evaluated by processing the data on the 

computer program BHCURVEFIT, the gradient and the intercept being taken



-179— 

TABLE 7.1 

Sample composition for the vinyl methyl ketone—benzene-— 

cyclohexane system. 

  

  

        

oe Miko ie a eo “8 

A 2.0474 0.2087 46 6932 - 

B 1.8419 0.2960 44.9822 - 

C 2.0845 0.4080 43.8474 - 

D 2.0374 0.4860 42.9765 i 

E 1.9760 0.9877 37-9075 _ 

F 1.9346 4.4816 33.1096 e 

G 2.0174 1.9827 27.6961 . 

H 1.8719 2.5081 22.9539 : 

I 2.0745 2.9907 18.0478 2 

pe ca | aoe” cose | Or eese 
K 2.0431 3.7820 10.2602 0.7282 

j 1.9418 4.0256 8.1476 0.7785 

M 2.0374 4.1284 6.5233 0.8119 

N 2.1059 4.3332 5.0986 0.8461 

0 1.9732 4.4436 30(559 0.8786 

P 1.8947 4.5916 240758 0.9194 

Q 1.9760 4.7370 0.4967 0.9580 
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TABLE 7.2 

vinyl methyl ketone—benzene—cyclohexane system. 

values at 60.004MHz and 281.2°K for various samples in 

  

  

  

          

A og t2) 

Sample 
Hethyl Hy He a 

J 17.30 9.48 22.43 19.77 

K 18.13 9.60 23.40 20.65 

: 18.68 9.68 24.420 21.34 

M 18.88 9.73 24.74 21.75 

N 19.13 9.59 25.15 22.10 

0 19.57 9.62 25.63 22.43 

P 19.89 9.46 26.10 22.82 

Q 20.07 9617 26.55 23.20 

TABLE 7.3 

4obs values at 60.004MHz and 291.2°K for various samples in 

vinyl methyl ketone—benzene-cyclohexane system. 

  

  

  

Anns (Ha) 
Sample 

Hethyl Hy He ae 

J 16.71 9.02 20.99 18.26 

K 17237 9.15 22.19 19.19 

: 17.93 9.35 23.00 19.92 

M 18.07 9.30 23.38 20.25 

N 18.40 9.27 23.90 20.51 

0 18.72 9.26 24.32 20.94 

P 19.06 9.13 24.95 21.49 

Q 19.23 8.98 25.32 21.67          
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TABLE 7.4 

4 obs values at 60.004MHz and 306.6°K for. various samples in 

vinyl methyl ketone-—benzene—cyclohexane system. 

  

  

  

Ang (He) 
Sample 

Tnethyl " a 5 

A x 0.99 1.66 1.44 
B * 1232 2.44 2.15 
C x 1.68 3.14 2.75 
D x 1.94 3.66 B23 
E * 3.71 6.84 5.98 
F x 5.18 9.92 8.64 
G x 6.30 12.57 10.92 
H 12.59 7.46 15.23 13.24 
I 13.99 8.09 17.21 14.90 

ets 1 ee ae eer 19300; af HB a 
K 16.18 8.68 20.43 17235 
L 16.81 8.93 21 621 17.97 
M 16.93 8.97 21.51 18.31 
N 17.16 8.90 21.97 18.62 
0 17.60 8.94 22.48 19.00 
P 17.87 9.00 22.97 19.38 
Q 18.14 8.80 23.45 19.70           

* Could not be measured due to overlap with cyclohexane 

Spinning side bands.
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TABLE 725 

a, values at 60.004MHz and 321.7 K for various samples in 

vinyl methyl ketone~benzene—cyclohexane system. 

  

  

  

        
  

Ang (HA) 

Sample 

A ethyl Hy He a 

J 14.18 8.11 17.80 ID 25 

K 14.96 8.58 18.86 16.07 

L 15651 8672 19.56 16.68 

M 15.97 8.64 20.11 16.89 

N 16.16 8.69 20.56 difieee 

0 16.37 : 8.80 21.01 17.64 

P 16296 8.78 21.55 17.94 

Q 17-07 8.67 21.91 18.29 

TABLE 7.6 

A obs values at 60.004MHz and 335.0°K for various samples in 

vinyl methyl ket one~benzene—cyc]l ohexane system. 

  

  

  

Apel) 
Sample 

Methyl Hy = = 

J 13224 7284 16.77 13679 

K 14.00 7-86 17065 14.60 

fi 14.49 POT 18.49 15.12 

M 14677 8.19 18,86 15.45 

N 15.01 8.31 19.22 15.82 

0 15429 8.36 19.76 16.12 

P 15.68 8.45 20.41 16.49 

Q 15.95 8.32 20.65 16.82          
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TABLE 7-7* 

Values of K and A, for the vinyl methyl ketone—benzene complex 

  

  

Proton Temperature (°K) Se | A, (ppm) 

Haethy! 281.2 2.2939 0.487 

291.2 1.9595 0.492 

306.6 1.6230 0.497 

32457 165687 0.475 

335.0 1.4886 0.452 

HL 281.2 164313 0.766 

291.2 124248 0.731 

306 .6 161435 0.747 

2167 1.0425 0.732 

33540 7 0.8935 0.749 
i, 281.2 1.8933 0.600 

29162 1.7339 0.580 

306.6 164895 0.559 

337.7 1.2896 0.552 

335.0 142030 0.523         
* As values for H could not be processed 

to give meaningful values of Ky. and Ao:
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corresponding to xp = 1.00, and the values obtained are given in 

Table 7.7e For reasons explained earlier, the benzene mole fraction 

required as input data was obtained after including a portion of the 

solute as inert solvent (see sec. 5.2) and making the necessary bulk 

corrections (eqn. 5.1). As reliable density data for vinyl methyl 
Vv 

ketone at different.temperatures were not available, = values at 
B 

293.2°K were used throughout the calculations. However, in view of 

a very small amount of vinyl methyl ketone being present in the system, 

this is not expected to affect the results significantly. The molar 
V 

volume ratio, +. » for benzene and cyclohexane remains fairly con— 

stant within the temperature range studied. therefore the value at 

293.2°K was also used throughout the calucations. Data necessary for 

the bulk corrections are given in Table 708491 19°, 

TABLE 7.8 

Densities of various substances used 

  

  

Compound Dens ity/ (1 0 Ke a ) at 293. °K 

Bensene* 0.87901 

Cyolchezane | 027855 

156 
Vinyl methyl ketone 0.8636 

  

7e3 RESULTS AND DISCUSSION 

7-3-a The Values of As and the Possibility of Conformation Changes 
  

A perusal of the Tables 7.2 — 7.6 shows that as the proportion of the
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aromatic solvent in the mixture and therefore, the amount the complex 

formed, increases, Ants values for the different type of protons 

(except H, ) increases progressively. By reducing the temperature , 

the A values increase, obviously due to enhanced complex obs 

formation. However, for the proton Hiy the A oid values do increase 

in the initial stages but at very high mole fractions of the aromatic 

solvent they become constant or even start decreasing, a tendency 

‘which becomes more marked if the A ae apa is reduced (Fig.71.) 

This behaviour is clearly illustrated by considering the ratio of 

Aobs Bas: for different protons given in table 7.9. 

The S055 ratios for the different proton pairs in various samples 

for vinyl methyl ket one—benzene~cyclohexane system. 

  

      

Pample| Fethy1*#y) Ho*H, | 4,28, HoH ethyl | 43*Bnethy1 | Mo * Hy 

J 1.799 | 2.249} 1.926} 1.251 1.071 1.168 
K 1.863 | 2.353] 1.998] 1.263 1.072 1.178 
: 1.882 | 2.375 | 2.012 | 1.262 1.069 1.180 
M 1.887 | 2.397 | 2.041 | 1.271 1.082 16175 
N 1.928 | 2.469 | 2.093 | 1.280 1.085 14.180 
0 1.968 | 2.514] 2.125 | 1.277 1.080 1.185 

Pp 1.986 | 2.553 | 2.154 | 1.285 1.085 1.185 
Q 2.061 | 2.664 | 2.238 | 1.293 1.086 | 1.190             
  

* Based on the data reported in Table 7-4 

As it is apparent from the Table 7-9, the Aobs ratios, except those 

involving Hy show only small variations (the Significance of this is
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explained at the end of this section). However, the Bin ratios 

involving H and any other proton show a significant variation from 

sample to sample due to the fact that Aine for y tend to decrease 

after reaching a mxaimum value while the A obs values for the others 

continue rising (almost proportionally). This behaviour of Ais, 

ratios involving H, indicates that, perhaps, vinyl methyl ketone 
1 

molecule is undergoing some conformational changes which will now be 

discussed in detail. 

Homer et a? have established that in solute-aromatic solvent com- 

plexes of the type considered here, the solute has a tendency to 

adopt a time-average orientation over the benzene ring such that the 

dipolar axis of the solute molecule lies along the six-fold symmetry 

axis of the benzene ring and the negative end of the dipole is far-~ 

thest from the benzene ring. Evidence given in the earlier chapters 

lends support to this idea. By microwave spectral studies '?!, it 

has been shown that though there are four possible orientations of 

the dipole moment for vinyl methyl ketone, the one almost along the 

C=0 bond is the most plausible. It has also been indicated by infra- 

158 
red studies that vinyl methyl ketone may exist as a mixture of 

different conformers at room temperature; two co-planar forms, s—trans 

(Fig 7.2.a) and s—cis (Fig7.2.b) together with other non-planar forms. 

On the basis of considerations just mentioned one would expect the 

following order of aromatic solvent-induced shift values for the diffe-— 

rent protons for the s—trans structure. 

OY tome natin) 7 

and for the s—cis structure
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H > Hq ethyl az Hy > ae 

If the actual structure is a mixture of the two conformers, the 

order of aromatic solvent—induced shiftswill depdend on the relative 

contribution of the two forms. In the present investigation, H 

has been found to-have the least value of aromatic solvent—induced 

70 
shift which, according to the proposals of Homer et al indicates 

that the s-trans structure is making the major contribution to the 

actual time-averaged structure of the complex. Since this small 

value of 4, . for H, tends to decrease as the mole fraction of 
b 1 

the aromatic solvent in the system increases, it seems that the 
a 

Z a : ‘ 
s-trans character increases with the mcle fraction of the aromatic 

in the system. Such conformationa). changes by changing the nature 

159,160 
of the medium have been attributed to the difference in the 

dielectric constants of the solvents. The proportion of the more 

polar conformer is expected to be higher in a medium of higher di- 

electric constant (€). It has been indicated previously} °dnat of 

the two vinyl methyl ketone conformers, the s-trans is more polar. 

In view of this, some shift in conformational equilibrium towards 

the s-trans form is quite anticipated, when the proportion of ben- 

zene (€= 2.284146 

146) 

) in the mixture increases against cyclohexane 

(€= 2.023 - Decreasing the temperature has a similar effect, 

presumably, due to the fact that the s-trans form is energetically 

155 
a favoured one « The actual order of 4, values for the protons 

Hy and. i can not be predicted from these considerations unless 

the direction of the dipolar axis for vinyl methyl ketone molecule 

is precisely known. 

It is significant to note at this stage that the order of aromatic
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solvent—induced shift values for the different protons present in 

the two structures of vinyl methyl ketone, obtained Uy enidaee 

tions just described, is in conformity with the one predicted on the 

basis of an empirical rule, the carbonyl plane rule, given elsewhere |?!1 

138. According to this rule if a reference plane is drawn through 

the carbon of the C = 0 bond (Fig Tie), benzene complexes preferen— 

tially behind the reference plane because the negative oxygen of the 

‘carbonyl group inhibits complex formation with it. On account of 

the shielding effect of benzene, protons on the opposite side of 

oxygen show an upfield (+ ve), those on the same side as oxygen a down— 

field ( - ve} and those very near the plane show a small positive or 

negative arowatic solvent—induced shift and are very sensitive to any 

conformational changes. In view of this rule the proton Hem vine 
1 

methyl ketone molecule is expected to have the smallest (+ve) solven’s 
shift(a ) 

~induced,for the s-trans conformer and the highest (+ve) A. for 

the s-cis conformer which supports the conclusions based on the pro-— 

10 
posals of Homer et al. 

If such conformational changes do indeed occur they are expected to be 

affected by any steric hindrance due to bulky substituents in either 

the solute or the aromatic solvent. To investigate this and substan-— 

tiate the present conclusions, one sample each in p-xylene and mesi~ 

tylene was prepared and the chemical shifts for the three vinyl pro- 

tons in vinyl kethyl ketone were measured from samples containing the 

same mole fraction ca. 0.96 of the aromatic solvent. Table 7.10 re— 

cords the A obs values at 60.004 MHz. 

It is apparent from the table that the H, shift ( 4 ns) in mesitylene 

is greater than that in
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TABLE 7.10 

Aromatic solvent induced shifts ( A a? at 60.004MHz for the differ— 

ent vinyl protons in vinyl methyl ketone 

  

  

  

A (Hz ) 

Aromatic Solvent GOR 

H, Hy H, 

Benzene 8.80 23.45 19.70 

pe Xylene 12.69 21-79 20.56 

Mesitylene 13.00 19.91 19.86         
p-xylene hich is again greater than in benzene, indicating that there 

is a small conversion to s—trans form in mesitylene and p-xylene, pre-— 

sumbly due to restricted rotation in presence of the alkyl substitu- 

entse ‘This reduced s—trans character cannot be due to reduced diel 

ectric constants since the extent of s—trans character and the diel 

ectric constant ( : ) for p-xylene (t= 2.3271?) and mesitylene 

(6s 2.2484) are in the reverse ordere 

Though the variation of 4 obs ratios between H, and any other proton 

with the mole fraction of the aromatic solvent is indicative of con— 

formational changes, any ‘change in conformational equilibrium over a 

narrow range of aromatic mole fraction is probably small. This is sub- 

stantiated from the fact that i. ratios involving protons other than 

the sensitive H, show only small changes (see table 7.9). In view of 

this is can be assumed that only one type of complex ise. 1:1 ( but 

with isomers) is being formed and 4, values for. H,, H, and i bs aa. thyl 

can be processed to derive meaningful values for the parameters he
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and. A, (the meaning of these "average" parameters will be discussed 

later.) Marked variations reflected in the ratios involving H, (which 
1 

is closest to the carbonyl group) are perhaps due to the fact that 

4 obs for H, itself is small and even small changes in it will be 

significant. Since the A values for H, tend to decrease at high 
obs 1 

mole fraction of benzene, they could not be processed to yield mean— 

ingful values of K.. and. A: 

The values for KY. and Ay? obtained after processing the data are 

given in table 7.7. Though these values represent only a time-average 

of the values for the two isomeric complexes, they can be used for the 

determination of a time-average configuration for the complex. From 

such a time-average structure it is possible to estimate the relative 

contributions of the two isomers which can be subsequently used in 

evaluating the K.. and A; parameters for the individual complexes. 

7-3-b. The Time-Average Geometry of the Complex 

It has been shown earlier (see sece 523-d and 5 e3ee) that the order 

of 4, values for the different protons in the same solute, therefore 

the geometry of the complex, depends on the nature of the aromatic 

solvent. The study of the vinyl methyl ketone—benzene system shows 

that the complex geometry may depend on the nature of the substituents 

in the solute as well. 

The orders of A. values for the different protons in acrylonitrile, 

vinyl bromide and vinyl methyl ketone, induced by benzene, are given 

in table 7.11
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TABLE 7.11 

Order of A, values for the different protons in acrylonitrile, 

vinyl bromide and vinyl methyl ketone. 

  

  

Solute Order of 4, values 

Acrylonitrile H, ? H, Me H, 

Vinyl bromide H, > 4H, > H, 

; % Vinyl methyl ketone H, > H, > Hie thy 2 H, 

  

* The maximum observed value 

The difference in the relative values of A, for vinyl methyl ketone 

benzene suggests that the vinyl methyl ketone—benzene complex has a 

time-avewage geometry different from the vinyl bromide—benzene and 

acrylonitrile-—benzene complexes. This is not surprising in view of 

different contributions from the two rotamers. On the basis of the 

70 137, arguments put forward by Homer et al’ and the carbonyl plane rule 

138 it has been concluded, qualitatively, that the solute molecule 

has predominantly s—trans character. Now an attempt will be made to 

estimate the relative contributions of the two rotamers in quantita— 

tive terms. 

In the case of vinyl methyl ketone, the oxygen forms the negative end 

and the positive charge is predominantly localised on the carbon of 

the carbonyl group. After complexing with benzene, for obvious reasons, 

the oxygen tends to lie as far from the benzene ring as possible and 

Hy and H, closest to it. This arrangement may be used as a criterion
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in attempting to find a tentative time-average configuration for the 

complex based oe the experimentally observed values of As given in 

table 7e7- Isoshielding diagrams (Fig Sh) corresponding to the ex— 

perimentally determined values of 4, Lor Hoy H, and se) have been 

plotted as described earlier (see sec. 4.9 and also 5.3.e). ‘The values 

of p and z co-ordinates for the different protons in the most likely 

arrangement of vinyl methyl ketone in the complex are given in table 

7-12. For the methyl protons, free rotation about C-C bond has been 

assumed and the co-ordinates represent the centre (projection of C-C 

line on the plane containing methyl protons) for the three protons. 

As the actual molecular parameters for the vinyl methyl ketone mole— 

cule were not available in the literature, the values given in the 

table 7.13, based on the values .reportea!>- for similar molecules 

acrolein (CH, = CH — CHO) and acetone (CH, - CO - cH), were used 

in the calculations 

TABLE 7.12 

Co-ordinates for the various protons in vinyl methyl ketone solute 

for a postulated structure of vinyl methyl ketone—benzene complex. 

  

  

Proton p(r.r.) 2(rere) 

H, 0.68 3014: 

Hy 1.32 2020 

H, 1.48 2032 

H methyl 1.36 2.76 
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TABLE 7-13 

Molecular parameters for vinyl methyl ketone used in the calcula~ 

tion of complex geometry. 

ae Bond-lengths (2) 

  

  

  

b. Bond angles (radians) 

  

All Lo Se
 

tl CH STO fea OF 
  

2.059 2.129 1.911 

  

It was found that in the postulated time—average configuration the 

plane containing the oe group deviates from the planar s—trans 

structure by about 1.134 radians which in effect means that the time— 

average contribution of the s—trans . in the complex is about 

64%; zero deviation is equivalent to 100% s—trans character and 

deviation by 247radians is equivalent to zero contribution from the 

s-trans form. These results confirm the qualitative interpretations 

made earlier. 

eseCe Values Of Kang A 
x C 

  

The K,. values for Hoy H, and H 1 given in table 7.7 are in fair 
methy. 

128, 162 that if more agreement. It has been pointed out elsewhere 

than one isomeric 1:1 complex is being formed, the experimentally 

observed equilibrium quotient K is a sum of the equilibrium quotients
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for the individual complexes, i.e. 

K s = K, C71) 

As it has been described in the previous section, in the fully com- 

plexed state at room temperature. s—trans form makes about 64% con— 

tribution to the actual structure of vinyl methyl ketone in the com— 

plex, which in effect means that the equilibrium quotient for the 

complex formation with the s-trans structure is 64% of the observed 

equilibrium quotient and that with the s-cis structure is 36% A 

higher equilibrium quotient with the more polar s—trans structure of 

the solute once again emphasizes the importance of dipole—induced di- 

pole interactions in such solute-aromatic solvent systems. 

It has also been said in the previous stifies °* that rr) values 

corresponding to the different isomeric 1:1 complexes are related to 

the experimentally observed As value by the relationship 

Expt = kK AL. 
a ore eee) (7.2) 

c x 
a i 

Unfortunately the 4, values for the individual isomeric complexes can 

not be obtained simply on the basis of this equation even if the indi- 

dun) K; are known. The problem can be illustrated by taking a con— 

crete example of proton Hy for vinyl methyl ketone—benzene system. The 

observed K (at 306.6°K) and A. for the proton are, respectively, 

121435 and 0.747 ppm. Keeping in view that the s—trans and s-—cis 

structures are making, respectively, 64% and 36% contributions to the 

actual time-average structure of the complex, eqn. 7.2 takepthe form 

0.747- = (1.1435 x 0.64) APS 4 (1.1435 x 0.36) Ao*® (7.3) 
é trans cis 

which means that an infinite set of values for oc and. co are
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possible. 

Te3ede Studies at Various Temperatures 

Values of Ky and A. obtained by processing the Aobs data at differ— 

ent temperatures are given in table 7.7. ‘The values of K, show a 

consistent decline with rise in temperature indicating a reduced 

complexatione The values of a, are almost constant within the 

limits of experimental error. In view of the presence of confor— 

mational equilibrium, one would have expected some dependence of A, 

values on temperature. However, such variations may not be apparent 

if the relative proportions of the rotamers do not change signifi- 

cantly, specially when the GSH values for the different isomers do 

not differ much. Presumably, this is the situation in the present 

casee This contention is also supported by the fact that in an 

155 
earlier study , the rotamers could not be separated even by vary— 

ing the temperature over a wide range. 

A plot of log KY. against the reciporcal of absolute temperature is 

apparently linear (Fig 7.4), within the limits of experimental error. 

The values of KY at various temperatures have been processed using 

the computer program PARATHERM to obtain the thermodynamic parameters 

AK, AG° and AS°. Values of these parameters, given in table 7.14, 

are once again indicative of formation of weak complexes. Values of 

parameters obtained after processing the data for the various protons 

are of similar magnitude which shows that only isomeric 1:1 complexes 

are being formed.
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TABLE 7.14 

Thermodynamic parameters at 298.2°K for the vinyl methyl ketone — 

benzene complex. 

  

  

Broken == AEE mole” |). Adee moles ~AS (I x Role) 

fa 6.167 1.561 156456 

H, 70138 0.561 22.050 

H, 6.832 1.176 18.979 

  

In situations where more than one isomeric complexes are being formed, 

the apparent AH’ has been saia’>? to be related to the actual ai.* 

values for the individual isomers and corresponding K. values by the 

relationship 

Bee at, 
Oo 

AH = (7.4) 
Sx 

i 

However, in systems where the proportion of different isomers does not 

change significantly with temperature the calculations will eventually 

lead to identitcal 4 H° values for the different isomeric complexes 

which will also be equal to the experimentally observed value. 

Therefore, no attempt to calculate AH® for the individual isomers 

was made.



CHAPTER 8 

SPIN-SPIN COUPLING CONSTANTS 
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AN 
In the recent past, interest has been shown fe the study of 

solvent and temperature effects on the spin-spin soupling constants 

é9* Some regular variations have been noticed for H~F coupling 

constants. However, studies of solvent and temperature srtette on 

proton—proton coupling constants have received comparatively little 

attention, perhaps, due to the fact that Jun values in themselves are 

small and any variations in them are liable to be lost in the experi- 

mental errors. Normally, rigid molecules are used for the study of 

such effects in order to avoid any variations due to the rotation: 

abound C-C bonds. The solutes used here in Hades investigation fall 

in this category and offer an opportunity to study the variation of 

proton—proton coupling constants with solvent and temperature. 

163 
In a previous study of some vinyl compounds (CH, = CHX), the 

various proton—proton coupling ophsteets Ger found not to show any 

regular and significant variation except the geminal coupling 

constant, Yom (H, - H, ) which showed some tendency to decrease 

in going from cyclohexane (€ = 2.02) to dimethylformamide (€ = 36.70). 

The variations were said to be an effect of the dielectric constant 

of the medium. Values of the coupling constants obtained under 

different conditions during the present investigation are reported 

in tableg 8.1 -— BeOs 

A perusal of the tables 8.1 - 8.3 shows that, apparently, there is 

no significant variation in the values of the various coupling constants 

with temperature. This seems to be due to the fact
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TABLE 8.1 

Values of spin-spin coupling constants (J) for different proton 

pairs in acrylonitrile obtained under various conditions. 

  

Coupling constant (Hz) 
  

  

        

Solvent Temperature 

| ("K) Pe Tete edn 

Cyclohexane” 292.9 11.67 1113 1.08 

306 .6 11.62 "18.02 1014 

320-1 11.47 17.82 1615 

330-7 11.49 17-86 113 

340.7 11.60 17.87 1.14 

Benzene” 292.9 11.69 17°79 14.05 

306.6 11673 18.00 0.97 

320.1 11.59 17298 0.95 

330.7 11.70 17.87 0.95 

340.7 11.66 17.87 0.99 

p-Xylene® 294.2 11.66 18.02 + 

306 66 11.67 17.85 1.05 

321.6 11.76 17.97 1.06 

332.6 11.68 17287 1.03 

342.0 11.065 18.01 1.02 

Mesitylene® 286.9 11.67 17.78 1.02 

305.0 11.58 17.81 1.02 

31567 11.62 17.88 1.08 

329.5 11.58 17.81 1.02 

339.2 11.62 1786 1.05 

  

CONT.
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Coupling constant (Hz) 
  

    

Solvent Temperature 

(°x) segura naa, Cal ape 
p—Diethylbenzene® 303.3 11.60 17.82 1.05 

330.2 11665 17-80 1.03 

1,3,5-Triethyl- 
benzene? 303.9 11.59 1779 0.99 

330.3 11064 17284 1.05 

ys eee Pye 292.8 11.65 17.92 1.07 
benzene® 

304.2 11670 17.91 1.06 

31542 11.665 17.83 1.03 

3051 11.61 1789 1.06 

331.2 11.55 17.82 1405 

1,3,5-Triisopropyl] 293-7 11.61 17.87 1.06 

benzene" 304.2 11261 1786 1.03 

115 11.66 17085 1.05 

322.0 11465 17.87 0.99       
    
ae 4 mole% solution of acrylonitrile in cyclohexane 

be Sample R in table 5.1. 

d.. Sample [.in table 5.3 

£f. Sample I in table 5.5 

he Sample J in table 5.7 

Sample n 

Sample S in table 5.2 

in table 5.4 

&e Sample H in table 5.6
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TABIE 8.2 

Values of spin-spin coupling constants (J) for different proton 

pairs in vinyl bromide under various conditions. 

aoe Waite aactaiee Coupling constent (Hz) 

("«) J ois J teang + scam 

Cyclohexane® 291.2 7026 15 606 =1.59 

306.6 7.22 15.11 -1.60 

321.2 7013 15.04 1.52 

S3iv7 7.16 15.16 =1.52 

Benzene” 27962 7031 14.95 -1.90 

290.0 7026 1475 -1.85 

306.6 709 14.95 -1.86 

3159 735 14.85 -1.84 

341.1 731 15.01 ~1.80 

p-Xylene® 291.2 7.00 15.06 ~1eBi 

306 .6 Is2t 15.05 -1.72 

321.2 To21 15.05 —1.72 

33167 7205 15.08 —1.74 

341.01 7.14 15.09 -1.71           

ae 44 mole% solution of vinyl bromide in cyclohexane 

be Sample P in table 5.8 Ceo Sample R in table 5.9
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TABLE 8.3 

The values of spin-spin coupling constants (J) for different 

proton pairs in vinyl methyl ketone under various conditions. 

  

Spin-spin coupling constant (Hz) 
  

  

Solvent Temperature 

(°K) J ois Jirans a en 

-Cyclohexane™ 281.2 10.70 «: ATARI 1.09 

294028 10679 17282 1.09 

306 .6 10.73 17672 1.40 

Ie es 10.77 17.91 1.16 

335.0 10.70 1740 1.22 

Benzene” 281.2 - 10.68 Visi 0.86 

291.42 10.61 17.69 0.99 

306.6 10.70 if. 7T 0.98 

ay, 10.77 Vall 0.92 

335.0 10.67 17.91 1.02 

p-Xylene® 304.2 10.72 47,97 1.04 

Mesitylene® 304.0 10.71 17.70 1.05 

  

ae 4 mole% solution of vinyl methyl ketone in cyclohexane 

be Sample Q in table 7.1 

c. 3 mole% solution of vinyl methyl ketone in p-xylene (96 mole%? 

and cyclohexane (1 mole%) 

de 3 mole% solution of vinyl methyl ketone in mesitylene (96 mole%) 

and cyclohexane (1 mole%)
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TABLE 8.4 

Values of spin-spin coupling constants (J) at 306 .6°K for the 

different proton pairs in acrylonitrile for various samples in 

the acrylonitrile—benzene-cyclohexane system. 

  

  

  

  

Coupling constant (Hz) 
Sample * 

Jois Jtrans J som 

A 11.61 17.88 1.19 

B 11.60 18.16 +613 

C 11.58 17284 1.24 

D 11.68 17292 1.06 

E 11.59 18.03 0.99 

F 11.68 17.89 1.07 

G 11.65 17076 1.13 

H 11.60 17065 1243 

i 14671 17.82 1.02 

J 11.64 17.87 4) 

K 11.68 17295 1.02 

L ¥¥ 303 1780 0.98 

M 11.54 17.84 0.94 

N 11.66 17.86 1.03 

0 11.68 17273 0.95 

P 11.82 17288 0.89 

Q Aisi? 17286 0.85 

R ee 18.00 0.97       
* Refer to table 5.1
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TABLE 8.5 

Values of spin-spin coupling constants (J): at 306 .6°K for the differ— 

ent proton pairs in acrylonitrile for various samples in the acrylo— 

nitrile-p-xylene—cyclohexane system. 

  

  

  

  

EE constant (Hz) 
Sample * 

Jois Jerans 4 pein 

A 11.42 17-69 1.20 

ae 11.67 17.86 10 

C 11.54 17283 1.14 

D 11.62 17.85 3 

E 11.66 18.04 pes 

F 11.67 17.94 1.13 

G 11.65 17289 1.09 

H 11.65 17.91 1.08 

I 11.63 17.84 1.06 

J 11.63 17289 1.10 

K 11.64 17.98 1510 

L 1157 17.84 0.96 

M 11.67 17.94 1.15 

N 11:73 17.93 1.02 

0 11.60 17.82 1540 

P 11.60 17:55 1.05 

Q 11.75 17.94 1.05 

R 11.67 17.86 1.01 

Ss 11.67 17.85 1.05       

* Refer to table 5.2
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TABLE 8.6 

Values of spin-spin coupling constant (J) at 306.6°K for the differ- 

ent proton pairs in vinyl bromide for various samples in vinyl 

bromide—benzene—cyclohexane system. 

  

  

  

Coupling constant (Hz) 
Sample * 

Tois Spans d te 

A 7.30 15.29 A166 

c 7225 15.08 195d 

F teat 14.89 =1.59 
G %o31 14.87 =1 83 

H 7.06 14.94 64 

I 7.21 15205 -1.68 

K 7.03 15.07 -1.68 

L 7231 14.88 a 

P 7.09 14.95 -1.86         
* Refer to table 5.8
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TABLE 8.7 

Values of spin-spin coupling constants (J) at 306 .6°K for the 

different proton pairs in vinyl bromide for various samples in 

vinyl bromide—p-xylene—cyclohexane system. 

  

  

  

Coupling constant (Hz) 
Sample * 

Jois vt rans J gem 

A 6.99 15.02 -1.40 

B 1625 15611 -1.58 

C Lets 15646 —1.56 

D 7.16 15.08 —1.56 

E 7024 15610 =1.55 

F 7204 1520 -1.61 

G 7.30 15.05 1.61 

H 7.19 15.14 -1.61 

I 7.07 1512 -1.66 

J 72 15.06 -1.69 

K 7.10 14.97 ~1.72 

L 7219 15.09 -1.66 

-M P20 1509 -1.73 

N 7.16 15.02 -1.69 

0 705 14.99 -1.66 

P 7205 15.12 -1.80 

Q 625 15-10 -1.78 

=e Tse 1505 —1.72       
  

* Refer to table 5.9
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TABLE 8.8 

Values of spin-spin coupling constants (J) at 306 .6°K for the 

different proton pairs in vinyl methyl ketone for various 

samples in vinyl methyl ketone~benzene-—cyclohexane system. 

  

  

  

Coupling constant (Hz) 
Sample * 

cts Jerans to 

A 10.77 17672, Pa 

B 10.72 17679 1615 

‘ | 10.71 ATs19 1.07 

D | aay 3 1776 1.16 

E 10.76 17685 1.08 

F 10.11 17678 1.09 

g 10.77 17-78 1.09 

H 10.71 17675 1.09 

I 10.70 i771 1.05 

J 10.67 17.73 1.09 

K 10.64 17686 1.05 

L 10.65 17.82 1.09 

M ) 10.74 17675 0.98 

N 10.75 17-76 1.03 

0 7 10.68 LE: 1.00 

P 10.78 17673 0.95 

Q 10.70 17677 0.98       
  

* Refer to table 7.1
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that the thermal excitation of the vibrational or torsional modes , 

over the small range of temperature used for the present studies, 

may not be significant particularly when the solute is present in a 

Ans 
complexed state 

Te and Design do not show significant variation even with the 

change of the solvent and whatever variations are noticed (table 8.1. = 

8.8), they seem to be within the limite of experimental error. How— 

ever, J gem shows a tendency to decrease in going from cyclohexane to 

an aromatic solvent. There is, apparently, no significant variation 

in the coupling constant values obtained with the variougaromatic 

solvents (see table 8.1 - 8.3). The behaviourseems to be consistent 

with the dielectric constant view mentioned earlier. While the di- 

electric constant for cyclohexane is appreciably different from that 

for any of the aromatic solvents, it does not differ much from one 

aromatic solvent to the other (see table 8.9) 

TABLE 8.9 

Values of the dielectric constant (€) for various solvents 

  

  

Solvent € 

Cyclohexane 2.02 

Benzene 2.28 

p—Xylene 2.24 

Mesitylene Zee 

p-Diethylbenzene 2.24 

p-Diisopropylbenzene 2.22 
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GENERAL CONCLUSIONS 

From the ‘H nem. studies reported herein of molecular inter- 

actions between polar solutes containing more than one non-equiva— 

lent proton and aromatic solvents, several facts regarding the 

various aspects of such interactions, eeg. their nature and strength, 

the stoichiometry and geometry of the complexes formed and the steric 

factors which influence complex formation, have emerged. 

The almost similar values of equilibrium quotients and related thermo— 

dynamic parameters for the different non-<quivalent protons in the 

same solute obtained with a particular aromatic solvent, and the 

constancy of AH° values With temperature strongly indicate the 

formation of only one type, 1:1, complex. However, the possibility 

of isomeric 1:1 complexes, in the case where conformational changes 

are possible, is not ruled out. 

Different values of BG for the different non-equivalent protons 

in the same solute obtained with a particular aromatic solvent indi- 

cate that the solute tends to adopt a preferred time-average orienta-— 

tion over the aromatic ring such that the negative end of the solute 

dipole is farthest away from the aromatic ring. However, this time 

average orientation seems to depend on the nature of the substituents 

in the aromatic solvent ag well as the solute molecules. 

The values of the thermodynamic parameters obtained for the various 

polar solute-aromatic solvent systems are indicative of, Formation Of 

weak complexes. The idea of estimating the strength of the interaction
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from A, values seems to be misleading. 

As the analysis of equilibrium quotient and related thermodynamic 

parameter values as well as A, values shows, dipole—induced dipole 

interactions appear to be playing an important role in the formation 

of polar solute-aromatic solvent complexes (increasing both K. and 4, 

with the plarisability of the aromatic. ) However, dipole—induced 

‘dipole interactions are not overwhelmingly important. Steric effects 

due to the presence of alkyl groups substituted in the aromatic ring 

play very significant roles. The steric effects may affect the 

equilibrium quotient values in two ways; they can enhance it due to 

a ‘trap' effect as well as reduce it by blocking the approach of the 

solute molecule towards the aromatic solvent molecule. The values of 

4, usually show a fall (relative to the benzene complex) due to enhanced 

steric effects. The steric effects seem to be highly specific in nature 

and together with the polarisation effect give rise to an alternating 

dependence of the value of various parameters on the molar volume of 

the aromatic solvent. 

The spin-spin coupling constants for the vinyl proton pairs are found 

not to show any significant variation with concentration or tempera— 

ture except d gom which tends to decrease on changing from cyclohexane 

to an aromatic solvent.
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