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(i) 

SUMMARY 

The investigations described herein concern the proton magnetic 

resonance studies of complexes transiently formed by nitroform and 

the haloforms with benzene and its methyl homologues. 

The association constant for each of the complex equilibria in 

cyclohexane, and the difference between the solute proton screening 

in free and fully complexed situations are determined at a number of 

temperatures from the solute proton shift dependence on solution 

composition. 

The chemical shift difference is used to estimate the average 

position of the proton in each complex which is found to be in 

contact with the aromatic ring on its six-fold symmetry axis. The 

distance between the solute proton and the aromatic ring for most of 

the complexes is found to be slightly less than expected from the 

sums of the proton and aromatic ring Van der Waals radii. Parallel 

compression of the W-system is independently indicated. 

The nature of the associative bond between solute and aromatic 

molecules is found to be consistent with a dipole-induced dipole 

interaction. Two models for describing the nature of the complex 

are suggested but that favoured has the solute proton fixed in the 

position mentioned above with the remainder of the solute "wobbling" 

relative to the aromatic. 

As. AH, and AS° for complex formation are deduced. The 

enthalpy changes are found to be independent of temperature within 

the range investigated and indicate the exothermic nature of the 

formation of each complex. The entropy changes indicate in each 

case the expected increased order on complex formation. The free 

energy changes are correlated with calculated interaction energies 

for the favoured model. 

 



(ii) 

Published dipole moment dataare used to determine the solute- 

aromatic inter-dipole distances. From these and the complex 

geometries, the location of the solute equivalent point dipole is 

deduced.
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CHAPTER 1 

An Introduction to Nuclear Magnetic Resonance Spectroscopy 

1:1 Historical 

For nuclear magnetic resonance (N.M.R.) to occur an interaction 

must take place between a nucleus and externally applied magnetic 

fields. This implies that the nucleus possesses magnetic properties 

i.@€. a magnetic moment. Recalling the fact that all nuclei possess 

a positive charge it is reasonable to imagine that the magnetic 

moment arises from the rotation of the nucleus with a certain spin 

angular momentum, about the magnetic moment vector axis. 

The first indications that some nuclei possessed angular 

momenta and magnetic moments were given by Pauli in 1924 (1). He 

postulated that the so-called satellites of bands observed in 

atomic spectra were caused by coupling of electron and nuclear 

angular momenta. In 1939, experiments were carried out by Rabi (2) 

along the lines of the classic experiment of Stern and Gerlach (3) 

in 1921. <A molecular beam was passed successively through two 

oppositely inclined magnetic fields of similar gradients. 

Molecules which were influenced by the first field causing the beam 

to become diffuse were brought to focus again by the second field 

onto a detector. The situation was then changed so that when 

travelling between these two fields the molecules passed through a 

third uniform magnetic field, and a coil energised by a radio- 

frequency (R.F.) signal. The coil was so placed that the 

oscillating magnetic component of the R.F. signal was perpendicular 

to the main magnetic field. Those nuclei which possessed magnetic 

moments precessed at their Larmor frequency in the central steady 

field, and when the applied R.F. signal corresponded to this, nuclear
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transitions occurred altering the individual nett moments of the 

molecules passing through and thus diminishing the intensity of 

these at the detector. 

N.M.R. effects in bulk matter, as known today, were first 

detected in 1945 by Purcell, Torrey and Pound (4) in paraffin wax and 

by Bloch, Hansen and Packard in water (5). 

1:2 Nuclei in a Magnetic Field 

Not all nuclei are found to possess magnetic moments, but for 

those that do, the magnetic moment and angular momentum behave as 

parallel vectors related by (see fig. 1 - 1) 

M=lt i a 

where Vis an empirical constant, known as the magnetogyric ratio, 

characteristic of each nuclear species, 4 is the reduced Plank! s 

Constant h/29t , and I is the nuclear spin quantum number. Juclear 

angular momentum is quantised, and the maximum measureable component 

of angular momentum in a particular direction, is always on integral 

or half integral multiple of K governed by the value of I. In fact, 

the angular momentum is more strictly represented by (I es eh. 

The number of allowable energy or spin states is limited and 2I+1 

levels are possible with spin values from +I to -I. 

Tiel =O, then J = O, and no magnetic effects are observed, but 

ify bois non-zero, AL has a finite value and is parallel to I. The 

quantisation of the values of I necessarily places the same restriction 

on AL which thus possesses only discrete components, corresponding to 

different orientations of AA to the reference axis. This axis is 

invariably taken as the direction of the applied magnetic field q. i.e. 

the z direction, For a particular orientation of M. to the H.
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direction, characterised by an angle 0 (see figure 1 - 1), the 

energy of the nucleus is given by 

Ke Ey ~ Eo i $ a 

where Ey is the energy in the absence of a field and EK Hoe The 

change in energy when H, is imposed is thus 

E. = - Cos 0. Hy 1S 

The values oe fj»? the component of Ain the z direction are 

governed by the allowed values of I which can be described by nm, 

the nuclear magnetic quantum number which is allowed the values 

mM = Ss Ie-l, ooo oooe ~I+l, oJ ab $ A 

It follows, therefore that Cos 0 = m/I and consequently 

Be, ~ mt Lag 

and gE. ee mM H dete 

In the absence of a magnetic field, therefore, the different 

levels are degenerate, but the application of qo causes separation 

in a manner analogous to the Zeemann Splitting of electronic levels. 

The energies of each level, characterised by their values of m, are 

~ PH,» zhled) Ho: eooo00 reeee(T=2) fis PA, 

and the energy between any two adjacent levels is 

AE Bees de ey 

a 

For the simplestcase when I = , as for example for the proton, 

the. splitting may be represented thus: 

  a a a } acne cL Re m i AE = WE, 2g sf oe +A, 
cp o a 

cementing! 

Ye ek H 
Nice cali T2 ~M O 

Zero field H, field
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The basis of the N.M.R. method is to induce transitions of the 

nuclei between the lower and higher energy levels and to detect the 

nett change in energy. The frequency which corresponds to energy 

absorption is determined by the Bohr frequency condition AB = h’y. 

Transitions are only permissible for Am = - 1, (6) thus a given 

nucleus, however many energy levels it may have access to, has only 

one characteristic resonance frequency in a given field, whose value 

is 

©
 yy. An a H 1 o oa 

A particular nuclear species has constant values of JX and I and hence 

Y is directly dependant on Ho 

For protons, two typical conditions are 

Hy 2 14,092 gauss 32% = 60.000 MHz 

Hy ss 23,490 gauss $Y-= 100.00 MHz 

Other nuclei have different values of 7 » and at the above field 

strengths, have different characteristic frequencies. 

1:3 Classical Concept of Nuclear Resonance 

An understanding of the mechanism of resonance absorption can 

be obtained by a classical treatment of the nuclear dipole. The 

effect of Hy on the dipole is to alter the value of 9, but because 

the nucleus is spinning, it precesses instead about the Hy direction 

at its Larmor Precessional Frequency, Y o» With angular velocity @.. 

This motion is described by the vectorial equation 

AL ee. ee ge 

The vectorial equation describing the simu] taneous orienting 

effect of the EH, field is 

a wo {Me HL t .2 30



    

  
FIG. I-I THE RELATIONSHIP BETWEEN THE MAGNETIC MOMENT) 

AND THE SPIN ANGULAR MOMENTUM | 

      
FIG. 1-2 VECTORIAL REPRESENTATION OF THE CLASSICAL 

LARMOR PRECESSION



Hence it can be shown that 

OO, = 0-H, Bead 

The precessional angular velocity and thus the frequency is therefore 

governed solely by the value of the imposed static field. 

From equation 1 : 3 it is evident that the energy of the nucleus 

is dependant on © and any energy change of the nucleus will involve a 

change in Q. This can be achieved by applying a field Hy 

perpendicularly to Eo which will exert a torque on M. » In order to 

have any appreciable effect, Hy must rotate at a frequency close to 

Yo: and to have the optimum effect must rotate at —, and be in 

phase with the rotating nuclear vector. When these conditions are 

fulfilled, A is tilted towards the XY plane (see fig 1 - 2) and 

transitions between different orientations are possible. 

The rotating field Hy is obtained by applying an R.F. voltage 

to a coil surrounding the sample so arranged that the oscillating 

magnetic component of the R.F. field produced is perpendicular to 

the H direction in the manner required for resonance. This 

sinusoidally varying linear field can be regarded as consisting of 

two superimposed contra~rotating magnetic fields each having half 

the amplitude of the unresolved field. One field will be rotating 

in the opposite sense to the nucleus and will therefore have little 

effect on it, whereas the other component can be used to perturb its 

precessional motion. The resonance condition can be obtained either 

by varying the precessional frequency (by varying H,) while main- 

taining the irradiating frequency constant or vice versa. The 

choice is usually made on technical grounds. 

1:4 Nuclear Energy Level Distribution 

When a group of nuclei is» at the resonance condition, the
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probabilities of transitions occurring by absorption or emission of 

energy are identical and the factor which governs the nett effect is 

the distribution of nuclei between the various energy levels. In 

the absence of the radiofrequency field Hy» there is a thermal 

Boltzmann Distribution between the various allowed energetically 

different nuclear levels. Thus the number, Ns» of nuclei in a 

particular level with energy Ey and at thermal equilibrium at a 

temperature T is given by 

es 
oe Sa tev ie 
n » de 

kr 
2 

In the general case of 2I+1 levels, the probability of a given 

nucleus occupying a particular level,of magnetic quantum number Mis 

ak Me AH 
= O ees oS 

2T+1 e CF 27 ro 

Since pH /kt is small under normal operating conditions, this 

  

approximates to 

as m H 
eee 1 +(2° Meo L 3 ee 2I+1 [ (: ne) 7 

There is thus an excess of nuclei in the lower states. In the 

case of the proton, the excess in the lower of the two allowed states 

is of the order of 1 in 100,000 for a field strength of 10 K Gauss. 

1:5 Relaxation Phenomena 

If the numbers of nuclei present in the upper and lower states 

are n, and ny, respectively, and the probability of an absorption or 

an emission is P, the nett change at resonance is (7) 

Pony ns Pon, = eee cata 

which corresponds to an overall absorption of energy.
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During resonance Anata oe O and the phenomenon known as 

saturation of the system occurs (section 1:8). After the 

resonance condition is passed, however, pp increases once again 

to its thermal equilibrium value. This is brought about by inter- 

action of the system of nuclei with the lattice (18) during which 

radiationless transitions occur which have higher probabilities for 

emission than absorption. These natural relaxation processes occur 

continuously and during resonance compete with the stimulated 

absorption and, furthermore, are responsible for the establishment 

of the Boltzmann Distribution in the first instance. 

Spin lattice relaxation, a$ it is called, occurs because neigh- 

bouring nuclear magnetic moments are in continuous motion by virtue 

of their thermal energy. The magnetic field produced by this 

fluctuating environment has components at the resonant frequency and 

causes transitions in the same manner as He 

A mechanism for spin-spin relaxation (8,9,10,11) also occurs 

when adjacent nuclei interact. Each precessing nucleus produces a 

field at adjacent nuclei which has both static and rotating components. 

If the precessing component has the same frequency as that for a 

nearby nucleus of the same type an exchange of spins can occur. 

This relaxation takes the form of a loss of any phase relationship 

of a precessing nucleus with its neighbours. 

1:6 Equilibration of Population Levels 

nen @ sample is inserted into a magnetic field the approach 

to the thermal equilibrium distribution of nuclei between the various 

levels can be expected to occur over a finite time. For two 

two relaxation transitions P and P 
HIGHER —>LOWER LOWER—> HIGHER which 

| 

adjacent levels it will be governed by the probabilities for the



een Bee 

are non-equivalent, together with the number of nuclei initially 

present in both levels. At equilibrium 

Bet ey a hk Lic 

Rearranging, and using equation 1 : 13 for the ratio of ny to ny 

the following expression is derived: 

ceaey ° ME, 

Pest ee = ee 1. 348 
oat Ty 2 Ne 

kT 
e 

= H 
aie 

(i) 
e 

ee ee et 1 
Ik? 

If P is taken as the average value of Py bl and Pye t it is 

possible to derive the expressions 

Py _st, = Pe. and PLE = Eye He ene 

21kT 2TkT 

The movement of a nucleus to the upper state will decrease the 

excess population in the lower state by two and hence the differ- 

ential equation describing the rate of increase of the number of 

nuclei (n) in the upper state is 

dn en .P 
at Mi 

—e2n L -5H HHL 

Substituting from equation 1 : 20 

gn 
at eo

 = -2P.(n, - n) a 22 
q 

where A is the equilibrium value of the excess number of n given 

by 

  

n = fa 
eq ao : ( + n_) 1 <3 

TkT "E . 

Integration of 1 : 22 leads to



i 9s 

Jena" * - i soe he nh Oe (n, - 

where n; is the initial value of n. The characteristic time for 

equilibration, which is the spin lattice relaxation time qT, is seen 

to be 

m = dE Eli : 25 

and gives the time for a 65% return to equilibrium conditions. 

1:7 N.M.R. in Macro Samples 

Approaching N.M.R. from a macroscopic viewpoint, Bloch 

(12,13,14) was able to describe the bulk magnetisation of a sample 

using a series of phenomenological equations. In a static field 

Ho» it is possible to define a susceptibility a 

Me es TF 26 

where My is the bulk magnetisation in the direction of the static 

field. When an oscillating magnetic field, Hy» is applied in a 

manner suitable to cause resonance the total magnetisation of the 

sample, M, becomes time dependent and by analogy with the equation 

of motion of a single precessing nucleus (equation Lig 10) 

= Y.M.E 1 27 

where H is the vector sum of H and His which may be resolved into 

its constituent parts along the co-ordinate axes. 

Hq, = Ey Le 028 

H. = Hy- cos ©, cc de eee. 

= -~ i to ° E H, sin 1 % Le 58 250) 

where or is the angular velocity of Hy 

The components of the bulk magnetisation, M, vary according to:- 

d My = UM H, + MoH -sin@, +) dea 
dt 

ar 

 



- 10°= 

aM : y = ¥ (Ah B, + M.-H, .cos @, + ) <5 
dt 

BM oie Be Y(-M,-H, sin®,t - MH) cos Gt) 1 + 33 dt 

Apart from the effects of the applied field, the relaxation 

mechanisms described above are present and are regarded as following 

an exponential law. Spin lattice relaxation, governing the 

distribution of nuclei in the parallel or anti-parallel orientations 

with respect to the z direction will clearly affect M, alone and for 

this reason is called the longitudinal relaxation time defined by 

aM 
2 = -(M a M a5 . 

at EL 42 ye 34 
1 

  

The time dependance of My. and My. follows a similar relationship 

governed by T, which is called the transverse relaxation time 

because it governs relaxation in the XY plane. The equilibrium 

values of MY and M, are zero in the absence of the Hy field and 

  

therefore :- 

d MY eS MM 

aa T, 2S 

aM Phas a 
at T, Ate 

By combining equations 1 : 31 to 1 : 36 the final equations are 

obtained:- 

aM : a = = 1-H, + MH). sin@, +) - M,  4e°97 

15 

aM 2 a ; ie i ¥ (M.-H, cos, t - M.H) ou, a. ja 98 

a 
2] 

aM : - : ‘ UN = ¥(-u,.H,.sindo,t ~ M+Hy «cos G, t) -(M, = M) 

a 
1



  

cel lee 

These are the Bloch Equations, and the solutions of these which 

are of importance in N.M.R. spectroscopy are those for which M, is 

constant and for which transverse components of M in the XY plane 

rotate with Hye It is found that M, contains components which are 

in-phase and out-of-phase with HY and this leads to the concept of a 

complex susceptibility, xs which is a function of xX: 

X= x . hes t Ae 

The expression for M, is, in fact, 

M, = X 2H, cos co, t + X . 2H sin@, t Lee aec Ad: 

The /signal shape is dependant upon the rate of absorption of energy 

per unit volume as (WO, = ~,) changes i.e. upon H,.dM,/dt and from 

equation 1 : 41 only upon x the component of “Xout-of-phase with 

the rotating field. ae and x are both plotted as a function of 

(2, - ) in fig. 1 - 3. ‘The out-of-phase component (the V-mode) 

represents the absorption line shape and the in-phase component a 

represents the dispersion mode (the U-mode), both of which can be 

detected. 

The area under an absorption curve can be obtained by the 

integration of the corresponding susceptibility texm (X’) over all 

values of ©, ~ C2, The result is directly proportional to Xx, 

the susceptibility in the z direction, which is, in turn a direct 

function of the number of nuclei (N) per unit volume. ‘The area 

under each resonance is therefore a direct indication of the number 

of nuclei of a particular type undergoing resonance, and this 

feature is of particular importance in the analysis of N.M.R. 

spectra. The area under an absorption signal is 

wes (141) ee : : 

3IkT(1+ fH, 7,25)" 
42



  
  

x! 

  

  
FIG. 1-3 THE ABSORPTION LINE SHAPE (THE V MODE) 

AND THE DISPERSION LINE SHAPE (THE U MODE) 

OF _N.M.R. RESONANCE 
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1:8 Factors Affecting Line Widths 

Because of the less complex shape of the V-mode this is almost 

invariably used in N.M.R. spectroscopy and will be considered 

exclusively hereafter. An important characteristic of any resonance 

line is its width and this is often defined as the width at half 

height and is expressed either in terms of applied field or 

frequency. Half height line widths vary from i07* milligauss in 

some liquids to several gauss in solids. The shape usually found 

in liquids for single lines under high resolution is Lorentzian (15). 

The broadness of the lines are determined by various factors but 

are primarily influenced by qT, and The These will now be con 

sidered. 

Spin Lattice Relaxation 

As explained earlier, the fluctuating magnetic field produced 

by the environment of a nucleus can cause transitions of that 

nucleus and this places some uncertainty on the lifetime of a nucleus 

in a particular energy state and hence in the transition energy. 

The uncertainty principle requires that 

AE. AT “b/27 tee 43 

Since OE =» hAYV Pie Ad 

the uncertainty in the absorption frequency AYis (1/2 1%. AT) 

which is P/29f, and since P is equal to (1/2t, ) 

Le se Leet th 
~ ART, 
  

where qT, is the spin lattice relaxation time. Small values of T 

will therefore lead to line broadening. 

Spin Spin Relaxation 

N.MeR. line widths in solids are almost invariably very broad 

and of the order of gauss. These in principal arise from magnetic



Ts. 

dipole-dipole interactions. The static field produced by a dipole 

is 

2 Sa 62-15 14 46 

at a point, distance R from the dipole, and lying on a line inclined 

to the dipolar axis at an angle 0, In the solid state, adjacent 

nuclei maintain approximately the same orientation with respect to 

each other and over the whole sample, if amorphous, all values of 9 

between O and 27 are allowed. Consequently, the effective field 

(Ho + H) is spread out by this effect and resonance occurs over a 

range of frequencies. If a single crystal is examined the total 

field at atoms of a particular chemical type will depend on the 

orientation of the crystal to the applied field and so more than one 

absorption line may be observed (16). 

The precessional motion of individual nuclei will produce 

oscillating fields at adjacent nuclei and this affords a mechanism 

of spin exchange and equilibration. Any phase coherence of the 

precessing nuclei is lost in a time T For spin exchange to 5 

occur, the energy change of each nucleus must be identical and it 

is therefore clear that only essentially equivalent nuclei can be 

involved in this. Because the nuclei will frequently be precessing 

at identical frequencies this form of relaxation is very efficient 

and hence tT, is much shorter than Ty and line widths are correspond- 

ingly larger. As the temperature of a sample rises and thermal 

motion increases, the averaging of the local oscillating fields by 

molecular motion makes the mechanism of phase loss of the precessing 

nuclei less efficient. 1, therefore diminishes (17) until in the 

liquid state it is of the same order of magnitude as T) and the 

and TT; for observed lines are very narrow. Typical values of qT, 2
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protons in liquids lie between 0.1 and 10 seconds. 

Spontaneous Emission 

A possible factor contributing to line width could arise from 

spontaneous downward transitions reducing the lifetime of the upper 

state. This was investigated by Bloembergen, Purcell and Pound (18) 

and found to be negligible. 

Electric Quadrupole Effects 

Nuclei having values of IY 1 possess electric quadrupole 

moments. If the environment of an atom, possessing such a nucleus 

undergoing resonance, produced an electric field gradient across the 

nucleus, the interaction of its asymmetric charge distribution with 

the electric field facilitates pseudo spin lattice relaxation (17) 

which increases the resonance line width. A large splitting of the 

energy levels also occurs which leads to very broad lines. 

Saturation 

If the applied R.F. field is large in amplitude, (i.e. several 

milligauss) the excess number of nuclei in the lower energy state 

will be removed before the resonance line has been traversed, the 

effect of the various relaxation mechanisms being inadequate to 

maintain a ground state excess. The absorption of R.F. energy will 

decrease as the excess in the lower energy level diminishes until 

an equilibrium situation is achieved and saturation occurs which is 

characterised by the so-called saturation factor 

Bee whet x te, a ce re Raz 

This expression is the maximum saturation value applying at the 

centre of the absorption band. At the edge of the band, saturation 

is much less and hence line broadening is observed. If sufficient 

R.F. power is applied the signal may disappear entirely. Values of 

Ty and T, may vary for different nuclei within one molecule giving 
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rise to differing saturation effects for different lines in the 

same spectrum (19). 

Magnetic Field Inhomogeneity 

This is a technical factor causing apparent line broadening. 

If the magnetic field is non-uniform over the volume of the sample 

used the observed line is a super-imposition of the true lines 

produced by resonance of magnetically identical nuclei in different 

parts of the sample. Modern instruments have reduced this 

contribution to negligible proportions except in unusual cases. 

1:9 The Chemical Shift 

The nuclei of a molecule rarely experience the true value of 

the externally applied magnetic field, because this is always 

modified by structural features within the molecules themselves (20) 

and to a lesser extent by effects arising from the surrounding 

medium. The effects have their origin in the various diamagnetic 

circulations of electrons in the molecule, together with those 

associated with individual atoms. The local field is altered by 

a factor ©, the screening constant, so that the actual field 

experienced by a nucleus is given by 

Hy cal Hy (ive BS) 1 Fo 88 

© is dimensionless and most commonly positive. The reduction in 

qo reduces the Zeemann splittings and for the specific case of 

I = # this is illustrated below (21). 
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The reduction in the effective value of H means that a high extemal 

field must be applied to secure resonance at a particular frequency. 

The differences in the screening of nuclei are known as ‘chemical 

shifts'. 

It is extremely difficult to measure the resonance condition 

of a nuclear species absolutely in terms of field strength (or 

frequency) to the accuracy required for narrow line N.M.R. To 

remedy this, reference compounds are used which give single sharp 

lines, and chemical snifts (8) are measured from these in terms of 

a fraction of the field (or frequency), the units used being parts 

per million (p.p.m.). 

H - Ho x 10° PePM. bdo 

= 

The normal method of calibration of spectra is described in Chapter 2 

  

and involves measurement of frequency differences. These are, of 

course, directly proportional to magnetic field measurements and $ 

may be redefined as: 

$ V-Vp x 10° D.p.m. 

Vr 
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These two definitions of eee to the convention that nuclei 

which are less shielded than the reference have negative chemical 

shifts. The commonly accepted reference for proton studies is 

tetramethylsilane (T.M.S.) (22), whose resonance is a clear sharp 

line occurring to high field of most resonances of interest which 

have, as a result, negative values of ;: To remedy this incon- 

venience, the ' J -scale' has been defined (22) such that the 

‘Tvalue of a resonance is equal to (b+ 10) PoPele Because of the 

possibility of solvent effects the scale is defined only for infinite 

dilution in carbon tetrachloride and (values are only strictly
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obtainable by extrapolation to this condition. A recent publication 

(135) investigates the errors introduced by the use of other solvents 

and provides a list of corrections enabling an accurate JT value 

to be ascertained. 

1:10 The Origins of the Chemical Shift 

Intra-Molecular Screening Effects 

The factors which determine the magnitude of nuclear screening 

and hence of the chemical shift within molecules can be resolved 

into a number of terms (23), which are usually conceived to 

rationalise the details of rigorous theoretical treatments (24, 25,26) 

of chemical shifts in terms of acceptable classical concepts. The 

terms are defined to provide reasonable estimates of the contribution 

to shielding arising from electrons localised in atoms and in 

chemical bonds. For a resonant nucleus A in the neighbourhood of 

nucleus 
another equivalent or non-equivalent, /B, the screening of A may be 

written as (27):- 

CG = ott? a on™ < y o E ote oe ey 

A AA AA BéA AB A 

The various terms in this will now be discussed briefly. 

Diamagnetic Electron Shielding (ont) 

This arises from induced diamagnetic currents on A and its 

magnitude depends on the electron density around A. 

eor8) 

AA 

This term is regarded as arising from the mixing of ground and 

Paramagnetic Contribution to Shielding (0 

electronically excited states (28,29) which is induced by the applied 

field Hj). The precise evaluation (30,31) of this is difficult since 

this requires a knowledge of the energies and wavefunctions of both 

the ground and excited states for the molecule.
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Inter Atomic Shielding (S73) 

This term, arising from induced currents in adjacent magnetically 

anisotropic electron groups, may be diamagnetic or paramagnetic in 

character (23). The electron groups may be considered to be those 

in the individual atoms but for convenience are often taken as 

isolated bonds (32). 

Delocalised Electron Shielding (or 
  

This arises from electron circulation induced by Hy in, fully: 

conjugated orbitals such as exist in the benzene molecule (33). 

If the orbital consists of a closed loop, diamagnetic currents 

circulate, and the accompanying magnetic field contributes to the 

screening of adjacent nuclei. Those nuclei in atoms situated in 

the vicinity of the symmetry axis of the loop experience a decrease 

in Hy while those lying in the plane experience the reverse effect 

(9x). The very large diamagnetic anisotropy of hexamethylbenzene 

crystals was attributed to this effect by Pauling (34). 

Differences in any of the terms referred to above for two 

resonant nuclei contribute to the observed shift between them and the 

various contributing terms are thought to have different magnitudes 

for different nuclear species (35,36). For example, in the case of 

fluorine chemical shifts the electric fields produced by the polar 

bonds are thought (32) to be the most significant, thus altering 

oo and @ P98", In the case of proton shieldings, however, 

electric field effects are commonly supposed to be negligible, and 

observed chemical shift differences have been attributed to bond 

anisotropies (47,38) and therefore, to variations in O7 More 
AB* 

recently, it has been shown (39) that proton shifts can be 

rationalised in terms of apparent bond anisotropies which are thought 

to accommodate variations in nuclear screening arising from electro-
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negativity, electric field and real anisotropy effects. 

Inter-Molecular Screening Effects 

As in the case of the intra-molecular screening effects, the 

influence of the medium is conveniently resolved into a number of 

components resulting from various types of inter-molecular inter- 

action and may be given by (49) 

Oy 8 OF Oe Ot Oo, ee 1 a. Be 

As in the case of intra-molecular effects, differences between any 

of the terms for different nuclei contribute to the shift between 

them which, as indicated earlier, are measured relative to some 

convenient reference nucleus. So far as medium effects are 

concerned both the solute and reference will be subject to these 

terms and if they are affected differently a correction to the 

recorded chemical shift is necessary in order to provide an accurate 

shift value free of medium complications. The reference compound 

may be dissolved in the liquid under examination or, if this is not 

possible, may be contained in a small capillary tube within the main 

sample tube. The medium effects on the measured shifts can be 

different for two reference situations and in the light of this the 

various effects will be outlined here and a more detailed investigation 

given in Chapter 3. 

Bulk Magnetic Susceptibility (S53) 

When an external reference is used, the difference in the volume 

susceptibilities of the solute and reference liquids leads to 

difference shieldings of the solute and standard. The effective 

field at a molecule in a medium of volume susceptibilityXis (40) 

H = *| 2 + (47 aX | Lt 8 
3 

where Qis a shape factor for the sample container; this is equal
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to 29 for a cylinder with its length large compared to its diameter. 

Because sample tubes with accurately known dimensions (which are most 

commonly cylindrical) are difficult to make, it is the practice, 

whenever possible chemically, to employ an internal reference 

compound which will experience the same susceptibility effect as the 

solute under investigation so that AC, a Oe 

Solvent Anisotropy Effect (o7,) 

In the case of solvent molecules which exhibit anisotropy in 

their magnetic susceptibility this may become significant in 

affecting the field experienced within the sample by individual 

molecules. This term will arise particularly when a solute molecule 

adopts a preferential orientation with respect to the solvent 

molecules, perhaps by reason of steric or other specific interactions 

(40). If an external reference is used, considerably difficulties 

in providing a correction arise because the precise nature of any 

sereening contribution has proved difficult to predict. An internal 

reference compound can be expected to reduce this term considerably 

and in the absence of any evidence to the contrary the effect is 

often neglected. 

Electric Field or Reaction Field Screening (S3) 

When a solvent molecuie experiences the electric field of a 

polar solute molecule an electric dipole is induced in it. The 

electric field of this induced dipole modifies the electron 

distribution (41) of the solute molecule causing a change in the 

sereening of the nuclei within it. 

Van der Waals or Dispersion Screening (S),) 

This effect is similar mechanistically toOp, and arises from 

Van der Waals or dispersion interaction forces which act when any 

molecular species come together. When two molecules approach each
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other the time varying electric dipoles in each polarise the other 

molecule and this polarisation, in turn, modifies the electron 

distribution in the original molecule (42,43). This modification 

to the free movement of electrons is, like the reaction field effect, 

effectively paramagnetic. 

eat 
Apin-Spin Coupling 

High resolution experiments on samples whose molecules contain 

two or more chemically shifted resonances frequently reveal that a 

band assigned to one type of nucleus is split into two or more peaks 

(44,45). This is attributed to intramolecular interaction between 

the nuclear magnetic moments and is called spin-spin coupling which 

is characterised by a line splitting of J(Hz). 

Characteristics of Spin-Spin Coupling 

Spin coupling interactions exhibit several important features 

(45) which help to distinguish them from chemical shift effects. 

(a) Coupling constants are independant of field strength and also 

of temperature. 

(b) Spin coupling effects are mutual i.e. the splitting observed in 

one band is identical to the splitting in the band of the interacting 

nuclei. 

(c) Coupling is not observed between nuclei in a magnetically 

equivalent group. Nuclei are described as magnetically equivalent 

when they have the same chemical shift individually, and have the 

same coupling constants to all other nuclei in the molecule. 

(ad) Coupling can occur between nuctéi of different types. 

(e) The magnitude of J values generally decreases as the distance 

between the interacting nuclei increases. 

(f) J values increase with the atomic weight of the nuclei concerned. 

Spin-spin coupling occurs because the basic energy of a
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nucleus is modified by interaction with other nuclei to allow 

resonance at different conditions. This modification arises 

from the perturbations caused by the energy states of other nuclei. 

An assembly of identical nuclei can have different total energies 

because of the different possible ways in which individual nuclear 

spins are orientated with respect to the applied field. In the case 

of protons where I = 4, a single nucleus has, of course, two energy 

levels and the resonance line of an adjacent nucleus would be 

observed as a doublet, each line having equal intensity. Two 

identical nuclei have 3 possible total energies and give 3 lines of 

equal spacing for adjacent nuclei. In general, n equivalent nuclei 

with spin I can cause adjacent nuclei to show 2nI+l1 lines having 

intensities that follow a binomial distribution. 

These rules of line intensity and spacing are only strictly 

applicable when the chemical shift between the interacting nuclei 

is large compared with the coupling constant. When this is not the 

case, second order spectra occur in which the simple intensity and 

spacing rules are no longer valid and additional lines appear in the 

spectrum. This situation has not been encountered in the work 

reported herein and will therefore not be considered further. 

The Mechanism of Spin Coupling 

The simplest generally accepted mechanism of spin-spin inter- 

action involves the effect of electrons in the intervening bonds 

between nuclei. A physical interpretation (46) of the mechanism 

envisages magnetic interaction between each nucleus and the bonding 

electron spin of its own atom together with the exchange coupling of 

the electron spins with each other. Because the spins of electron 

bond pairs lie anti-parallel, the spin orientation and hence the 

energy state of a nucleus will be detected by an adjacent nucleus.
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Ramsey (47,48) has given a general theoretical expression for spin- 

spin coupling which, however, cannot be evaluated accurately even in 

simple cases. Approximate calculations (49,50,51) show that the 

electron spin mechanism described above is the most important texrm 

although in general all magnetic interactions could play a parte 

Description of Nuclear Systems 

Because of the presence of spin coupling fine structure, it is 

convenient to distinguish between groups of interacting nuclei with 

large chemical shift separations which will exhibit first order 

effects and those with small shifts where second order effects can 

occur (21). Nuclei with small shift separation of the same order 

of magnitude as the coupling constants involved are designated by 

letters close together in the alphabet, e.g. A,B,C,D, and are called 

a basic group of nuclei. Other basic groups within a molecule 

separated from the A,B,C,D, group are designated by letters placed 

together in some other part of the alphabet, e.g. P,Q,R or X,Y,Z. 

Magnetically equivalent nuclei are designated by the same symbol and 

the number present is indicated by a suffix. Thus acetaldehyde, at 

60MHz, is described as an AX, system (or A3X). If the applied field 

strength were reduced in this case to a level where the chemical 

shift difference was of the same order of magnitude as the coupling 

constant the ren would then be described as an ABs indicating 

that the spins were "strongly coupled" and that the spectrum was no 

longer first order. 

1:12 The Effect of Chemical Fxchange on N.M.R. Spectra 

When an atom containing a resonant nucleus is involved in 

chemical exchange, the appearance of the spectrum may be modified 

depending on the rate of exchange (52,53). If this is very slow
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the N.M.R. spectrum will exhibit features characteristic of each 

allowed chemical environment. However, if for example the atom 

experiences two different chemical environments for time periods short 

in comparison with the reciprocal of the chemical shift difference 

(Hz) that it would have if fixed in both situations, a time average 

of the chemical shifts is observed. 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 (54,55). 

If, therefore, two molecules in solution are in dynamic 

equilibrium between associated and non-associated states, the 

observed chemical shifts of nuclei in the molecules can result from 

time averaging as described above. A particular example where this 

occurs is that of chloroform and benzene in a solvent such as 

cyclohexane (56) where the non-bonded molecules are in equilibrium 

with a specific chloroform-benzene complex. In this case, the 

result of the two molecules bonding together is to enhance the effect 

especially for the chloroform, of the inter-molecular screening 

constants above because of the relatively close and long lasting 

contact between them. The main contribution arises from the 

anisotropic shielding by the aromatic ring arising from the electron 

circulation in the carbon JT-orbitals. The form of the well 

authenicated chloroform and benzene complex is illustrated in 

fig. 3-1. 

Dipole~induced dipole complexes of this type, formed between 

polar solutes and aromatic molecules, can be investigated by studying 

the dependance of the observed solute time averaged shift on sample 

composition. Investigations of this type form the basis of the work 

reported herein, which was directed to the determination of the
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stereochemistry and thermodynamic parameters of various complexes.
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CHAPTER 2 

Practical Considerations 

231 The Requirements of an N.M.R. Spectrometer 

In order to produce high-resolution spectra from. which the 

maximum amount of information may be derived, all spectrometers mast 

incorporate the following basic features. 

(a) A high intensity magnetic field possessing high stability and 

homogeneity. 

(b) A ‘probe’, which is essentially a sample holder supporting the 

irradiation and, if desired, detection coils, and having provision 

for sample spinning. 

(c) Facilities for linearly sweeping either the magnetic field 

or the irradiation frequency. 

(a) An R.F. source of high stability (of the order of 1 part in 107), 

(e) An R.F. receiver and amplifier system designed to produce high 

gain with low noise. 

(f) Presentation facilities utilising an oscilloscope and/or 

recorder. 

2:2 The Magnet 

Both electro-magnets and permanent magnets find use in N.M.R. 

spectrometry and their differing characteristics determine their 

usefulness in different applications. 

The electro-magnet is often preferred because of its high degree 

of flexibility, and the field strength can typically be set at any 

value up to about 24,000 gauss or in the case of super-conducting 

magnets, 50,000 gauss. This facility permits the examination of all 

magnetic nuclei at more than one resonant frequency and is of great 

assistance when interpreting spectra containing multiplet bands of
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uncertain assignment. ' To this end, variation of field strength may 

assist in distinguishing features arising from chemical shift effects 

(proportional to H,) from those due to spin-spin interaction 

(4, independent). Other factors in favour of electro-magnets are 

the high resolution which can readily be attained and the generally 

more advanced state of electro-magnet technology. The principal 

disadvantages of the electro-magnet are its high cost and relatively 

short life-time. Furthermore, present day high performance electro- 

magnets do not always take advantage of the field variation feature 

but are designed to work at the highest feasible field strength, and 

different nuclei are examined at different frequencies. 

The principal assets of the permanent magnet are its high field 

and resolution stability and negligible running cost. Because the 

field strength cannot be varied by more than a fraction of 1°, 

different nuclei require different operating frequencies. However, 

because of the present usage of electro-magnets this can no longer 

be considered a disadvantage. 

Field homogeneities obtainable from the two types of magnet are 

comparable and are of the order of 3 parts in 107, 

2:3 Optimising Magnet Perfdrmance 

N.M.R. resonance line widths are frequently less than 0.01 p.p.m. 

and it is important that the performance of the magnet both in terms 

of field stability and resolving power should equal and preferably 

exceed this natural specification. 

Resolution 

In order to achieve high performance in this respect the pole 

pieces of the magnet must be optically flat (57) and strictly 

parallel. The ratio of pole piece diameter to pole gap found
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necessary is generally about 8:1 (58) for electromagnets but is 

considerably lower (4:1) for permanent magnets. 

An effective sample volume of 0.1 c.c. is generally found to be 

the largest permissible if high resolution is to be achieved and the 

variation in field strength over such a sample is about 1 p.p.m. 

when placed in the most uniform part of the field. This is improved 

by the use of printed circuit current carrying shim coils (59,60) 

which can be manipulated to remove residual field gradients, in 

particular the barrelling effect of the field. By these means the 

observed line width may be reduced to the equivalent of a few hertz. 

The final improvement to resolution is brougttabout by spinning 

the sample (61,62,63), in a precision drawn cylindrical glass tube 

about an axis parallel to the pole faces. 

In this way, if the field varies by an amount JH over the 

sample, then a molecule during each time interval t+ will be exposed 

to AH. As the spinning becomes quicker and t smaller a given 

nucleus effectively sees a time averaged field which removes the 

inhomogeneity. This becomes effective when 

t= 1 
Yau 

The observed line width after spinning can be as low as 

0.005 p.p.m. or less and this compares favourably with line widths 

which commonly occur. 

The smaller diameter pole pieces necessary on permanent magnets 

make shim design very critical and generally more shims are needed than 

with an electro-magnet. Resolution is more difficult to achieve 

but often lasts much longer for a magnet which has "settled in". 

The more rapid loss of resolution of electro-magnets is nowadays 

effectively removed by automatic shims which continuously optimise 

peak height.
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Field Stabilisation 

For accurate measurement of chemical shift differences it is 

essential that great attention be paid to the stability of the field. 

Permanent magnets are readily stabilised by extensive lagging 

(64,65) which also ensures high stability of resolution. Even so, 

the sensitivity of the N.M.R. technique is such that careful ambient 

temperature control is also necessary if the use of pre-calibrated 

chart paper is intended. Ambient field disturbances are commonly 

minimised by mu-metal screening or by a field sensing device (66) 

which applies a correction at the pole gap by means of field 

compensation coils. 

Electro-magnet stability is more difficult to control because 

it depends critically on the stability of the current passing through 

the coils and on the temperature of the cooling water (67). The 

commonest method of control of the gross current is to pass it 

through a small resistance and to compare the voltage drop with a 

stable reference voltage, and after amplification utilise the voltage 

difference for correction purposes. Instabilities of the order of 

1 pepem. frequently occur within the reference cells used and this 

sets a limit to this method of stabilisation. A further complication 

arises from the use of the D.C. amplifier which is difficult to 

design with drift free characteristics. 

Further correction of field drift is achieved by the use of a 

flux stabiliser (68). In principle, this often consists of detector 

coils, wound round the pole pieces, in which an induced voltage 

occurs as a result of flux changes across the pole gap. This 

voltage is amplified and integrated by a galvanometer amplifier and 

the resulting signal is used to apply a correction through a pair of 

compensating coils, with the result that the original error is
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removed. Flux stabilisers are not normally sensitive enough to 

compensate for slow steady magnet field drifts, but these can be 

minimised by reference to the change in the position of N.M.R. 

signals scanned repetitively. An artificial error signal is 

introduced to the flux stabiliser until the observed drift is 

removed. 

The problem of field drift in electro-magnets has, more recently, 

been solved in a more satisfactory manner by the introduction of 

so-called field/frequency lock techniques. In the first applications 

(69,70,71) of this technique, a separate control sample containing 

water was situated in the vicinity of the test sample and irradiated 

by a frequency adjusted to cause resonance. The sharp signal was 

detected in the dispersion mode which has zero amplitude at exact 

resonance. Any variation of the field created an error signal 

(see Fig. 1 ~ 3) which was used to apply a correction either to the 

field or to the frequency used for spectral observation. The 

spectrum was observed by linearly varying the observing frequency. 

A present day refinement (72,73) of this technique uses a strong 

sharp peak in the sample under investigation for correction purposes. 

The signal from this is differentiated from the required normal 

spectrum by phase sensitive detection techniques. 

2:4 The Probe Assembly 

This is supported centrally in the air gap between the magnet 

pole pieces on a carriage which allows both vertical and horizontal 

adjustment in order that it may be placed in the most uniform part 

of the field. The R.F. coil is wound on a vertical glass former and 

usually consists of 3 or 4 turns of fine copper wire. The small 

number of turns is all that is necessary to enclose the volume over



  

Ta haat 

which high resolution can be obtained. Larger sample volumes and 

greater numbers of turns are used when nuclei of lower sensitivity 

are to be examined but, naturally, the resolution attainable is not 

the highest. 

The sample, in its cylindrical glass tube (typically 5 mm.o.d) 

is inserted down the inside of the vertically placed glass former and 

is supported at the top and bottom by bearings to faciliate spinning 

for the purpose of improving resonance line width. 

The probe assembly frequently incorporates other units closely 

associated with the function of the probe. These include the R.F. 

bridge, shim coils, sweep coils and preamplifiers. 

2:5 Scanning the System 

The difficulty of providing an R.F. signal which is both stable 

and capable of linear variation over large frequency ranges led 

early instrument manufacturers to use magnetic field sweep for 

spectral scanning in conjunction with a highly stable crystal con- 

trolled R.F. source for sample irradiation. The field sweep may be 

conveniently derived from the output of a saw-tooth generator which 

is amplified and fed to a pair of Helmholtz coils wound either on 

the pole pieces or mounted with the probe assembly. The spectrum 

can thus be swept repetitively and the sweep rate and sweep amplitude 

can be conveniently altered (74). If the saw-tooth generator 

governs the time base of an oscilloscope, simultaneous display of 

the signal is possible. The field sweep can also be derived from a 

motor driven potentiometer linked to a recorder to produce a 

permanent record of the spectrum. 

The above methods can be used for both permanent magnets and 

electro-magnets. However, when it is necessary to apply permanent
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field shifts the two types of magnet require different methods. 

Permanent magnets need simply, additional pairs of coils which carry 

current to produce pre-calibrated field shifts. With an electro- 

magnet this is not really possible with the field under high stability 

flux stabiliser control and instead the flux stabiliser is used to 

vary the field by the introduction of a false error signal in a 

manner similar to that described above. Calibration is carried out 

by a method described later (2:7). When a field/frequency lock 

device is used, manipulation of the frequency is all that is necessary 

and chemical shift measurements are made by direct read-off from 

calibrated charts or by measuring the beating of the irradiating 

frequency at resonance and the locking signal. 

If an absorption line is traversed rapidly, the relaxing nuclei 

produce a signal which beats with the irradiating frequency. The 

shape and duration of this beat signal may be used as a good 

indication of field homogeneity. Having achieved resolution it is 

necessary, in order to obtain accurate line shapes and to distinguish 

very small chemical shifts, to sweep the spectrum slowly. 

Unfortunately, a slow sweep rate emphasises any field instabilities 

and may also lead to signal saturation and line broadening, so, in 

practice, a compromise is necessary. For wiggles to be absent the 

following condition mst be satisfied (75):- 

SKK bu,)° 2 

where bn. is the line width expressed in field units. 

eo
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] 

2:6 The Facilities Used 

For the investigations reported herein a Perkin-Elmer model R10 

spectrometer was used. This utilises a permanent magnet having a 

field strength equivalent to 14,093 gauss. This permits proton
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resonance studies at 60.004 MHz. 

The Magnet 

The effective field is produced in an air gap between pole 

pieces, of approximately 5 inches diameter, separated by about 1 inch. 

Coarse adjustments of its strength are made by means of a mechanical 

shunt but field adjustments required when the machine is in use are 

made by pairs of Helmholtz coils in the manner described previously. 

There is a steady drift of the magnetic field of about 0.1 p.p.m. per 

hour arising principally from temperature changes of the environment. 

No rigorous attempt is made to correct for this, but rapid magnetic 

disturbances arising in the vicinity of the magnet are minimised, 

using a field compensator. This device incorporates a sensing head 

situated at a magnet field node outside its console which detects 

flux changes. A compensating field is applied at the pole pieces 

by means of a spare pair of Helmholtz coils. Disturbances 

originating more than 15 feet away can be accurately eliminated. An 

additional pair of coils allow computer controlled field shifts to be 

made when necessary. 

The probe assembly is mounted on a bar, traversing the air gap, 

and carries the nine shim coils necessary to obtain good resolution. 

The magnet assembly is totally enclosed and surrounded by thick 

layers of expanded polystyrene containing temperature sensing devices 

and heating elements. These enable the magnet to be thermostatted 

to an acouracy of = 0.001°C at 33.4°C. 

Detection and Presentation of the N.M.R. Signal 

The overall schematic diagram of the spectrometer is shown in 

Migs Gee 1, The R.F. signal for proton resonance studies is derived 

from a crystal controlled oscillator operating at 5.000 MHz. with a 

high harmonic content. The second harmonic (15 MHz), is selected by
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FIG. 2-1 SCHEMATIC DIAGRAM OF THE PERKIN-ELMER MODEL R./O 

N.M.R. SPECTROMETER.  
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a tuned circuit and multiplied to 60.000 MHz. A separate crystal 

controlled oscillator (4 KHz) provides a signal used for modulating 

this R.F. signal in a single side-band unit which essentially 

displaces the R.F. signal by 4 KHz. while suppressing the original 

carrier and the unwanted side-band. After amplification and 

automatic gain control the supply passes via a variable attenuator 

to the bridge and probe. The overall stability of the frequency 

source is of the order of 1 part in 107, Detection is by means of 

the single coil method, the sample coil forming part of a twin-T type 

R.F. bridge circuit. After a sample has been inserted into the 

probe the bridge is balanced to an exact null using phase and 

amplitude controls, care being taken at that time to avoid the 

resonance condition of any nucleus. 

At resonance the inductance of the sample coil changes and the 

bridge circuit is no longer balanced. The N.M.R. signal (at 60.004 

MHz), with phase and amplitude characteristics is passed to the R.F. 

amplifier in the main operating console. After preamplification it 

is mixed with a 60.000 MHz. homodyne reference derived directly from 

the R.F. source. After three further stages of amplification the 

mixed signals pass through a diode detector whose output is the 

beating signal at 4 KHz. 

After further amplification the signal passes to a phase 

sensitive detector (76) where its phase is compared with part of the 

original 4 KHz acting as a reference signal, of variable phase. The 

reference phase is aatudted manually to obtain the desired mode of 

presentation. The output of the phase detector which is now a D.C. 

level can be supplied to the oscilloscope or recorder. 

To assist in improving the quality of the final spectrum, a 

series of condensers in an RC circuit can be selected which cut down
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the response time of the circuit and improve the apparent spectral 

signal-to-noise ratio. 

By passing the signal through a circuit containing a D.C. 

amplifier connected across a condenser, an integral of the 

absorption spectrum can be obtained. Because the amplitude of an 

N.M.R. signal is directly proportional to the number of nuclei 

involved (section 1:7) an integral provides valuable information 

about the relative numbers of hydrogen atoms (or other atoins) * 

present in the different groups in the molecule. 

The N.M.R. spectrum is scanned by a linear variation of the 

field derived from an oscilloscope time-base or a recorder driven 

potentiometer as described earlier. 

2:7 Accurate Chemical Shift Measurement 

The calibrated charts and field shift controls of the R10 allow 

quite accurate chemical shift measurements to be made routinely, but 

for work of the highest accuracy some improvements are possible and 

indeed necessary in this work. 

If the irradiating frequency (60.004 MHz) is modulated at (say) 

a few hundred hertz, each resonance line will be accompanied by two 

sidebands, because each frequency will require a separate value of Ho 

for resonance. The frequency separation of the lines is identical 

with the modulation frequency, and so the spectra may be readily 

calibrated. In the systems under examination the calibration side- 

bands of a strong reference peak were used to encompass the peak of 

interest by varying the modulation frequency in set increments as the 

latter peak was traversed. The advantage of this method, where each 

spectrum is independently calibrated, is that minute by minute changes 

in field (or frequency) drift are accounted for. Provision is made
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on the R10 for this method to be used and the audio-frequency (A.F.) 

signal necessary was obtained from a Muirhead-Wigan D-890-A 

oscillator and the frequency of this ascertained using a Venner 43336 

counter. 

238 The Accessory for Variable Temperature Studies 

The normal probe described above works at the temperature of the 

magnet enclosure and precautions are taken to ensure that as little 

thermal disturbance as possible occurs in the region of the probe 

assembly. It is however, very useful and, in the work to be 

reported, necessary to study the effect of temperature changes on 

N.M.R. spectra. 

The facilities available for the R10 allow any temperatures from 

-100°C to +200°C to be readily attained. One of the most important 

parts of the accessory is the small dewar flask which is positioned 

in the magnet gap, replacing the standard assembly, and effectively 

insulating the magnet from the environment of the sample tube. 

This, in turn, is surrounded by a water jacket at 33.4° which 

completes the thermal isolation of the magnet from the sample. To 

raise the temperature of the sample, air is drawn in through a large 

copper block and heated electrically before passing to the probe. 

This minimises any temperature gradients in the hot air stream. To 

reach temperatures below that of the magnet a supply of liquid 

nitrogen droplets and gas, boiled from the liquid, is mixed with 

dry air, and the mixture is heated as above to obtain the desired 

temperature. Within 0.5 om. of the R.F. coil is a platinum 

resistance thermometer which monitors the sample temperature in order 

that automatic correction to the pre-set temperature can be made. 

Very steady temperatures can be achieved repetitively with the
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device and this feature makes it particularly useful in the 

determination of thermodynamic data. In order to determine the 

temperature to 0.1°C an independant copper constantan thermocouple 

is incorporated in the probe and the e.m.f. it produces can be 

monitored by means of a potentiometer (fig. 2 - 2) and reference 

to an e.m.f. - temperature table. 

2:9 A Device for Improving the Signal-to-Noise Ratio 

For reasons which will become apparent in subsequent chapters 

it was desirable to use the solutes under investigation at as low a 

concentration as was practical. Because of the very small excess 

number of hydrogen nuclei in the lower energy levels at 14,093 gauss, 

resonance lines arising from proton concentrations less than 1% molar 

cannot readily be observed using the R10 spectrometer. In an attempt 

to overcome this problem, several methods of improving the signal-to- 

noise ratio (s/n) were examined. The method adopted by commercially 

available equipment is the spectrum accummlation technique (77) in 

which a computer digitises each spectral run and adds them together. 

Over a period of time the random noise tends to zero while the signals 

continually add, even though on a single scan they are not observable. 

The improvement after N accummulations is proportional to /N. 

Although this method is the most suitable it appeared prohibitively 

expensive and a number of cheaper alternatives were considered. 

One method (78) which has been used is to cut dow the response 

time of the presentation circuit by the use of a large condenser in 

the RC circuit but the disadvantages of this method lie in its 

susceptibility to saturation distortion. A better method, based on 

an idea of Crutchfield (79) involves the use of the integration 

Cimonit: If the spectral scan is halted on a resonance line while
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the integration circuit is in use, the integral of the N.M.R. signal 

accumulates while the noise oscillates about a mean value. There is 

thus an ‘upeeaae in S/N over a period of time and this can be 

displayed as a vertical deflection of the pen on the chart paper. 

After the integral has been cancelled the pen returns to the base 

line, the spectral sweep is resumed for a short interval then 

stopped, and the cycle is repeated. Gradually, the spectrum appears 

as the scanning continues. Because of the way most integrals are 

presented the spectrum will appear upside down but with the R10 

this is easily remedied by inversion of the reference voltage. 

The apparatus which was devised (know as a MOUSE) performed 

the above cycles repetitively by means of a closed loop of timers 

which operated a series of relays opening and closing the necessary 

circuits. A full description of the details of operation of the 

MOUSE including its schematic diagram are to be found in the 

Appendix of this thesis. 

It was found that a S/N improvement was possible using this 

device but because of the rate of field drift an unacceptable degree 

of error in the calibration of each spectrum was anticipated and it 

was decided ultimately to accept a concentration of 1% molar as the 

lowest practical concentration for study and to reduce random errors 

in the calibration by running the same spectrum a number of times.
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CHAPTER 3 
The Determination of the Structures of Some Complexes and The 

Stability Constants for théiFormation 

3:1 Introduction 

The work described in this and subsequent chapters is based on 

examinations of the collision complexes formed by interactions of the 

haloforms and nitroform (hereinafter referred to as the solutes) 

with benzene and with some methylbenzenes. The systems studied are 

listed below:- 

Nitroform and:- Chloroform and:- 

Benzene Benzene 

Toluene P-Xylene 

0-Xylene Bromoform and:- 

M-Xylene Benzene 

P-Xylene P-Xylene 

1, 3,5-Trimethyl benzene Todoform and: - 

(Mesitylene) Benzene 

1,2,4,5-Tetramethyl benzene P-Xylene 

(Durene) Fluoroform and:- 

Pentamethylbenzene (P.M.B.) Benzene 

Hexamethylbenzene (H.M.B. ) P-Xylene 

The ability of the N.M.R. method to critically study this type 

of complex stems from the freedom of the J{-electrons of the 

aromatic molecule to circulate and provide unique shielding 

characteristics, as explained in section 10 of Chapter l. It has 

been well-known for many years (80,81,82) that when chloroform is 

dissolved in benzene a pronounced upfield shift of the chloroform 

proton resonance occurs, relative to its position in most other 

solvents, because of specific interactions with the benzene (81,83,
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84,85,87). Bearing in mind the direction of the induced magnetic 

lines of force around the aromatic molecule in an applied field 

(87,88) it is readily apparent that the chloroform proton lies on or 

near the six-fold symmetry axis of the benzene ring. That this 

hydrogen atom is intimately concerned in the interaction of 

chloroform and benzene is indicated by infra-red studies (89,90,91) 

which show that the C-H bond (or C-D) (90) stretching band of the 

chloroform increases in intensity many times due to the presence of 

the benzene. Copious other evidence of the interaction of chloroform 

and benzene is available from other techniques (92,93,94,95, 96,97, 98, 

99) which also substantiate the existance of a 1:1 molecular complex. 

It was anticipated that the other haloforms and nitroform would 

complex with benzene and it homologues in a similar manner to 

chloroform and evidence is available that this is so (100). 

The objective of this study was to determine as accurately as 

possible, the structure of the complexes formed, the thermodynamic 

parameters relating to the formation of the complexes, and also the 

effective point of action of the electric dipole in the various 

dipolar solutes studied. 

By measuring the overall chemical shift change of the solute 

proton in passing from the free to the complex state it is possible, 

by reference to tables (102) or by calculation (101), to determine 

the effective position of the proton in relation to the aromatic ring. 

From the dependance of solute proton shift on aromatic con- 

centration the stability constant for complex formation may be 

deduced and thus the thermodynamic parameters, enthalpy and entropy, 

may be derived by determination of the stability constants at a 

number of temperatures. 

The results of the N.M.R. studies can be compared with those of
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dielectric investigations, carried out in this department and 

elsewhere (103), which afforded determinations of the apparent dipole 

moment of the haloforms when dissolved in various aromatic solvents. 

The results of the latter investigations clearly show that a small 

dipole is induced in the aromatic molecule because the apparent dipole 

moment of the solute is invariably larger than its value in a non- 

complexing solvent such as cyclohexane (104). From theoretical 

considerations developed by Frank (105) it is possible to deduce the 

distance (R2) between the centre of the induced dipole and the 

effective point of action of the inducing dipole. Comparison of 

this value (R2) with the distance of the proton (Rl) from the ring 

deduced from the N.M.R. studies, together with a knowledge of the 

structure of the complex, enables the effective dipolar centre of the 

solute to be located. 

4:2 The Nature of the Complex 

Because N.M.R. chemical shifts depend: partly on the disposition 

of electric charges within and around molecules, which may be 

disturbed when chemical action occurs, it is important, when 

interpreting shift variations caused by complex formation, to 

consider possible contributions to these by the formation of bonds 

and the general re-distribution of electric charge in the system when 

the complex forms. However, little information is available con- 

cerning the nature of the intermolecular bond in species of this 

type. Of the various possible explanations of the bond type, two 

are most probable. The first of these would require charge transfer 

between the aromatic and the solute and the second, purely electro- 

static attraction between the participant species. In order to 

resolve which of these postulates might be valid, the system p-xylene/
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nitroform/cyclohexane was examined by U.V. spectroscopy. Using 

the equilibrium constant for this system (derived from N.M.R. chemical 

shift data as described later), a sample was made up containing 1% 

molar free p-xylene and 1% molar free nitroform plus complex dissolved 

in cyclohexane. This was inserted into the observation arm of a U.V. 

spectrometer. On the reference side were placed at the same time 

separate cells containing 1% molar p-xylene and 1% molar nitroform 

dissolved in cyclohexane. An absorption peak was observed at 350 TAL 

with an absorbance of 1.5. This was attributed to the complex and 

indicated an extinction coefficient of about 50. This is of the 

order expected for normal intra-molecular perturbations (106), since 

genuine charge transfer complexes produce extinction coefficients of 

the order of 10,000 (107). It is evidente from these results that 

charge transfer can be considered insignificant in the type of 

complex formation as studied herein. 

This lack of evidence for migration of charge from the vicinity 

of the aromatic ring is very important because such migration would 

drastically alter the screening effect arising from the 7{-electrons 

in the vicinity of the ring. The observed shielding change of the 

solute on complex formation, which can be readily calculated on the 

basis of undisturbed H -electrons circulation, could not then be 

confidently related to the observed shielding effect. Any minor 

re-distribution of electric charge occurring wholly within the 

aromatic molecule can be readily interpreted as a movement of the 

TJ -system as a whole. That some re-distribution of charge does 

occur is evident from the apparent increase in the dipole moment of 

the solutes when measured in aromatic solvents e-8. M, of nitroform 

in cyclohexane is 2.52 Debye (104) whilst in benzene it is 2.61 Debye 

(108). This increase is attributed to a dipole moment induced in
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the aromatic molecule when complexed and must arise from electronic 

re-distribution within the aromatic molecule. This is mot likely 

to occur in the 7J-system because of the geometry of the complex. 

The concept of a dipole induced dipole bond of purely electrostatic 

origins is therefore tentatively adopted. 

To provide a basis for subsequent discussion it is proposed that 

on complex formation the solute approaches the aromatic ring along 

its six-fold axis and that the pezmanent electric dipole moment of 

the former molecule induces an electric moment in the polarisable 

aromatic molecule to form the basis for electrostatic bonding 

between the molecules. A further assumption is that the solute 

dipolar axis and aromatic six-fold axis are coincident (see 

figs..3x=.1)5 

In greater detail, it is envisaged that the electric field of 

the dipolar molecular has a large gradient in the vicinity of the 

hydrogen atom (109) and that this field polarises the J{-electron 

system of the aromatic ring. The fact that association occurs with 

aromatic systems and not to any obvious extent with inert solutions 

can be attributed to the presence of vacant low-lying anti-bonding 

p- 9* orbitals of the aromatic nucleus which will hybridise readily 

with the oceupied bonding oxbitals of the aromatic in the presence of 

the electric field of the solute. No hybrid orbitals extending over 

both participating molecules are anticipated because none are avail- 

able on the H atom or C-H bond of the solute with energies low enough 

for interaction to occur. Thus charge transfer of the type occurring 

in metal-ligand complexes can reasonably be regarded as absent in the 

type of complex studied here. Charge transfer complexes involving 

aromatic rings do occur (110,111) but generally only with other



  
  

FIG 3-1 THE POSTULATED ARRANGEMENT OF 

THE COMPLEX, THE DEFINITIONS OF THE DISTANCES 

Ri AND R2 AND THE DIRECTION OF THE INDUCED 

MAGNETIC FIELD IN THE VICINITY OF THE AROMATIC 

RING.
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J- delocalised systems. 

A further factor which must be considered, is whether sub- 

stituents around the aromatic ring are likely to modify the basic 

WA -electron density. For this reason investigations herein are 

restricted to the methyl homologues of benzene in order to minimise 

any such disturbances. Previous investigations (172,315,134) of the 

shielding effects of substituents have been largely confined to 

groupings where large interaction with the 7{-system can be 

anticipated e.g. to the groups “HO, 1-CHO,-OCH, -NH.» Spiesecke and 

Schneider (115) have investigated such systems and interpreted the 

shifts of the o-, m-, and p- hydrogens in terms of inductance and 

resonance effects, the latter of which implies interaction with the 

TN-system. It was, however, also necessary to invoke bond 

anisotropy considerations to obtain full agreement. In the case of 

methyl substituents it is anticipated that this effect is the pre- 

dominant one and this is supported by the small value of the shift 

(about 0.15 p.p.m. in the case of one methyl group) and by its 

similarity in magnitude to the effect produced by methyl substitution 

on the resonance position of the ring hydrogens of cyclohexane 

=%0.1 p.p.m.). Therefore it is assumed that the presence of methyl 

groups does not appreciably influence the magnitude or disposition of 

the W-system. 

3:3 Theoretical Approaches to Shielding Around the Aromatic Ring 

It is evident that in attempting to determine the precise 

magnitude of the induced magnetic field in the vicinity of the 

aromatic ring arising from the 7{-electron motion, it is essential 

to develop a model which is demonstrably accurate and at the same 

time convenient to use. A rigorous treatment involving consideration
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of the shape of the W-orbitals would necessarily be extremely 

complicated and a number of simpler models have been conceived and 

had varying degrees of success in use. 

Pople (33), following Pauling (87), considered the H-electrons 

to move in the carbon plane and to produce a ring current, magnitude 

I, given by 

Is ne“H, Cos @ 

~ 4 me 

where n is the number of circulating @-electrons, m is the mass of 

the electrons, c is the velocity of light, and Cos 0 is a term 

allowing for the time averaged orientation of the ring with respect 

to the H, (z) direction. The current can be considered to produce a 

point magnetic dipole (m) acting at the ring centre, which has 

magnitude 

ie nee H, Cos 0 

Amo” 

where a is the aromatic ring radius. This causes a magnetic field at 

the aromatic proton, distance R from the centre of the ring of 

(expressed as a screening) 

22 2 
Onor = -ne a Cos 9 5 
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Using n = 6, a = 1.395 £, Cos 0 = 1/3, and R= 2,465 2, Snopae 

calculated to be -1.83 p.p.m. which may be compared with the 

experimental value of -1.48 p.p.m. (101). (For details of the other 

data used see Table 3-1). This latter value is the observed 

chemical shift difference, in an inert solvent, between the proton 

resonance of benzene and the olefinic proton resonance of 1, 3=-cyclo- 

hexadiene, which is not a molecule possessing a delocalised 7 -system 

capable of allowing the free flow of electrons as occurs in the 

benzene molecule, but is similar to it in other respects. The
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difference of -1.48 p.p.m. is, therefore taken as the screening 

contribution arising from the motion of the 7~-electrons alore. 

TABLE 3 - 1 

The Values of Some Constants Used in Calculations 

  

Avogadro's Number 6.023 x 1072 molecules per 
Gm - molecule 

Mass of the Electron 9.107 x 4Q°<° gms. 

Charge of the Electron 4.8029 x 1077° e.s.u. 

Velocity of Light 2.998 x conse on wes 

Pladikte: Genetant 6.62 x 107"! erg - sec. 

Radius of the Benzene Ring 1.395 8 

Length of the C-H bond 1.07 &       

It was considered worthwhile to extend Pople's treatment to a 

two point dipole model, which is a closer representation of the 

accepted aromatic structure, characterised by two regions of high 

m-electron density above and below the carbon plane. By 

resolving the magnetic contributions, by the two dipoles, at the ring 

protons in directions parallel and perpendicular to the Hy field it 

can be shown that 

& = ne- - ne~ a Cos 0 x8; ~ - ig 
HOR Ae 2(n24 ie tneaaey¥? S 

where 2d is the separation of the two point dipoles which are 

equidistant from the plane of the ring and situated on its six-fold 

axis. Equation 3 : 4 can be seen to reduce to equation 3 : 3% when 

d = 0. For a value of d = 0.648 (which arises from subsequent 

considerations) equation 3 : 4 gives a value for oor = 1.255 DeDels 

which is much nearer to the experimental value than that predicted by 

the single dipole model.
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Shortly after Pople's work, Waugh and Fessenden (120) produced a 

more rigorous approach and deduced an expression, using elliptic 

integrals, for determining the magnetic field at the ring protons by 

considering the current to circulate in a loop of radius equal to 

that of the aromatic ring. Their first attempt still considered the 

av~electron circulation to take place in the plane of the ring and 

in this way they obtained the poor result of -2.7 p.p.m. for 7 oR* 

However, by considering three vr-electrons to be circulating in each 

of two loops in a manner analogous to that for the two point dipole 

model described above, they obtained good agreement when a loop 

separation of 1.2 was used. More recently, Johnson and Bovey (101), 

in similar calculations, have shown that by taking the separation of 

the two conducting loops representing the regions of maximum 

m™electron density as 0.918 ring radii i.e. (1.288), the calculated 

shifts for a wide range of aromatics (including poly-nuclear 

compounds) are in excellent agreement with the observed values. ‘This 

clearly indicates that a two loop model of electron circulations can 

be considered reliable when estimating gy-electron shielding effects 

in the plane of the ring. It is reasonable, therefore, to extend 

the use of this model for the calculation of shielding in the 

direction of the six-fold symmetry axis of the ring. By use of 

simple electromagnetic theory, equation 3 : 5 can be derived to give 

the shielding effect of the two loops along the six-fold axis, and 

at a distance Rl from the plane cf the aromatic ring. 

2 2 
Qo~ ne" Br Cod: Oe al iE 

2 
3 Bey 

meee 4 mo* [(ra-a)* + a” |% [(ri4a)? + a” |e 

Se 

Whilst tables have been published (102), based on Johnson and * 

Bovey's work, giving shielding values at various positions around the 

ta i oe can ee
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aromatic ring, the use of the above formula allows of more precise 

determinations between observed shifts and complex structure and also 

enables an assessment of the effects on the shielding, along the 

six-fold axis, of varying the value of d. 

The value O7 vert Can be determined experimentally as the 

difference between the solute proton shift in the complex ( § ) 
comp 

and unassociated ( § ) situations. Because measurements in the 
free 

gas phase were not practicable, solution shifts had to be used and 

suitable corrections for medium screrning effects made. 6 can 
free 

be taken reliably (subject to medium screening effects) as the 

observed shift in a non-bonding solvent such as cyclohexane. 

However, the observed shift of nitroform in the presence of aromatic 

solvent is not usually a because of incomplete association. 

The next section sets out a method which takes these facts into 

consideration. 

3:4 The N.M.R. Method for Investigating Complex Formation 

In 1962 Creswell and Allred (56) proposed a procedure for 

determining equilibrium constants and total shift due to complex 

formation, for systems similar to those considered here, in which the 

interactions were examined in solution in cyclohexane. 2 

They described the association 

a : OX, oh ico —_—— CX,H eooee B 4S 

between a dipolar molecule OX,H (or generally, A,) and an aromatic 

molecule, B, by an equilibrium constant, K, expressed in terms of 

mole fractions (m.f): 

K ss [ox,n sessreee BY 5 

de 
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e
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where for a sample j, E45: P]5) and [5], are the initial numbers of 

  

moles of solute, aromatic and solvent respectively and [cl], is the 

number of moles of the complex present at equilibriun. This assumes 

that only 1:1 molecular complexes are formed and this can be sub- 

stantiated for chloroform by reference to the work of Reeves and 

Schneider (81) among others (121,122). 

Although the solute proton will experience the effect of two 

distinct environments in the liquid system these are for the reasons 

given in section 1:12 of Chapter 1 essentially time averaged and only 

one line attributable to it is observed. The resulting chemical 

shift observed is, therefore, the wéighted average of the shieldings 

experienced between the two extreme values and is conveniently 

expressed in terms of these values by an equation whose form was first 

given by Gutowsky and Saika (123). The relevant form of this 

expression is:- 

cl]. ie eee, 
obs j ee, comp Bee 

which can be modified to 

CO, 

Re Ba Cc; Le "= yee = 8 ee 3°70 
iF 

From these equations it is clear that for a series of samples with a 

range of concentrations of reactants, a plot of S$ versus 

), 

tentatively identified with Cl ert’ [c], cannot be determined 

obs j 

[c], z Jal, will be linear and of gradient ( os 
Oo: . Shee 

explicitly and trial values of K must be chosen to evalue [<c], /[], 

for each sample. Calculated values of [c, /{a], which lie between 

O and 1 can then be plotted with the corresponding values of § obs j  
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and only when the correct value of K is chosen will the plot be 

linear and represent equation 3 : 10, can then be obtained and 
vert 

after various corrections inserted into equation 3 : 5 to obtain Rl. 

The accuracy of the stability constant obtained by the above means 

may be subject to error because of the unproven assumption that the 

activity coefficients of the various species in solution are unity 

or cancel each other out. This assumption will be held for all of 

the work subsequently reported herein. 

Examination of the interaction in a non-bonding solvent such as 

cyclohexane has several important advantages. Firstly, studies can 

be carried out on solid dipolar and solid aromatic materials. 

Secondly, it allows the concentration of the polar solute to be 

maintained at a low and constant value so that the effects of 

possible self association of the solute can be minimised. Thirdly, 

cyclohexane is particularly suited to the investigations because it 

possesses a single relatively sharp resonance well clear of the peaks 

of interest, which can be used conveniently for internal reference 

measurements and which remains narrow down to the freezing point. 

The solute resonance lines also are found not to suffer from viscous 

broadening at low temperatures. 

In order to be able to rely on the shifts measured relative to 

cyclohexane it is of course necessary that this molecule does not 

take part in any chemical interactions that can appreciably modify 

its shift. To verify this, the spectra were obtained for two four- 

component systems containing low concentrations of tetramethylsilane 

(which is most unlikely to be involved in specific interactions with 

other components of the medium) and chloroform with different benzene/ 

cyclohexane contents. From these it was evident that only 

§ T.M.S. - CHCL varied between samples and, more importantly 
3
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3:5 Factors Which Influenced the Choice of Sample Composition 

In making up the samples it is necessary to avoid conditions 

where interactions, other than that under investigation, as well as 

other possible complicating factors are likely to be present. 

The sensitivity of the R10 spectrometer precluded the use of a 

mole fraction of the solute less than 1% and it was therefore, 

necessary to ascertain whether such dipolar molecules are appreciably 

self associated at this concentration. To study this Jumper, Emerson 

and Howard (124) measured the shift change of the chloroform resonance 

in increasing quantities of cyclohexane and attributed it to the 

formation of a chloroform dimer. They reported an equilibrium 

constant of 0.16 mets" They were in some doubt as to whether the 

observed shift was due to the reaction field effect between the 

chloroform and the medium affecting its resonance position but 

calculations* have now shown that the shift change due to this 

would be an order of magnitude smaller, so the association affect may 

be genuine. The self association constant is, however, still an 

order of magnitude lower than the values found in these studies and is 

therefore unlikely to be significant when the chloroform (or the 

bromoform or iodoform) is only present to 1% mole fraction. 

The solutes fluoroform and nitroform could conceivably be 

exceptional because of their larger dipole moments and consequential 

greater tendency to self associate. The N.M.R. shifts of nitroform 

were examined for any indications of self association, in various 

dilutions in cyclohexane with mole fractions between 0.05 and 0.005. 

No change in chemical shift outside experimental error was detected 

* See Table 3-9, 
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and therefore self association was considered to be negligible at 

this concentration level. Fluoroform is normally a gas liquifying 

at -82°C ind appreciable self association is unlikely. 

The behaviour of benzene itself has been studied by Bothnexr~By 

and Glick (1314) who observed that when it was progressively diluted in 

carbon tetrachloride the single absorption line moved progressively to 

lower field (measured against an external water reference). They 

suggested that this was due to the breakdown of weak intermolecular 

forces between the aromatic rings. If this is indeed that case, 

the interaction must be very weak because the observed shift, as the 

mole fraction of benzene decreases, deviates only slightly from the 

strict linearity characteristic of non-interaction. 

Probably more important than these considerations of self 

association of the solution components is the question of '‘ideality' 

of the mixtures studied. Because of the interactions being studied, 

the mixtures cannot be regarded as perfect. However, because little 

or no information is available concerning the Raoult activity co- 

efficients of components in three components mixtures in general, and 

certainly not for the system studied here, it must be assumed that in 

equation 43 : 7 the various activity coefficients are mutually 

exclusive. 

As a result of these foregoing considerations the samples for 

investigation were prepared using a constant mole fraction (0.01) of 

the solute with varying ratios of the aromatic and cyclohexane mole 

fractions. 

3:6 Ixperimental 

Preparation and Purification of Materials 
  

Nitroform, the principal dipolar substance used, was prepared by
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a method reported by Young, Holt and Walker (104). It was stored in 

solution in petroleum spirit in a refrigerator and portions were 

removed as required and the nitroform precipitated by further cooling 

in an acetone carbon dioxide mixture. 

Chloroform and iodoform were purified by the methods 

recommended by Vogel (125) and examined by G.L.C. and U.V. respect 

ively. 

A commercial sample of bromoform when examined by G.L.C. and 

N.M.R. was found to have no detectable impurities. 

Fluoroform, stated to be 98% pure was taken directly from a 

commercial lecture bottle. 

Cyclohexane, which was obtained commercially in a high state of 

purity was distilled from sodium and stored over the same metal. 

The G.L.C. trace indicated that no detectable impurities were then 

present in it. 

All the aromatic compounds studied were "AnalaR" quality where 

obtainable and G.L.C. traces indicated the absence of any detectable 

impurities. Although only single G.L.C. peaks were observed for 

each of the three xylene samples it was recognised that there might be 

small amounts of the other xylenes present in samples of the 

individual isomers. This was not considered likely to be a serious 

source of error because it was anticipated that the three xylenes 

would have very similar complexing characteristics with the solutes 

and this was borne out by the results. Furthermore, the N.M.R. 

spectra of the separate materials did not reveal any detectable 

impurities to be present. 

Sample Preparation 

No estimates of the equilibrium constants to be encountered with 

nitroform were available so an arbitary system of sample preparation
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was used at first which was designed to allow variation of the ratio 

of aromatic and cyclohexane while keeping the solute constant at 

about 1% mole fraction. 

The expression for the mole fraction of solute in each sample 

iss- 

  = 0.01 OP el 
[4], 

Alp en * TG 

‘. (1, 
a ee 

a series of samples can be made up by varying x from 0 to 1 and the 

ie o8 tly We 

molar quantities required can be derived from the proportionality 

iC : oc | { [Aly at En - 
3 Hipage" 

  

The quantities were miltiplied by a common factor to give a 

final total volume of about 5 c.c. from which a sample was removed 

for N.M.R. investigation. 

Nitrofrom Samples 

Nitroform is slightly hygroscopic and ideally should be handled 

in a dry-box. Unfortunately, one of suitable dimensions was not 

available and sample preparation had to be carried out in the open 

air, although the nitroform for immediate use was kept at hand in a 

dessicator. Because of this, the procedure adopted was that now 

detailed. 

A small conical flask was weighed and to this was added quickly, 

using a glass spatula, an appropriate amount of nitroform (about 

0.08 gms). This was quickly weighed and the flask fitted immediately 

with a "Suba" seal and reweighed. Cyclohexane was then added by
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injection through the seal using a fine syringe wntil the correct 

quantity was delivered. The aromatic (if liquid) was added last 

in a similar manner. After careful agitation to ensure that the 

nitroform was completely dissolved and uniformly distributed through- 

out the liquid, the seal was removed and a portion of the liquid was 

transferred to an N.M.R. tube sufficient to fill it to a depth of 

about 60 mm. After prompt sealing the tube was stored in the 

freezer of a refrigerator. If the aromatic used was a solid, this 

was weighed in first and followed by the nitroform and cyclohexane 

as described above. 

Two series of nitroform samples were, in fact, prepared during 

the course of the studies. The first series was used at 33.4°C and 

afterwards stored in the refrigerator to await the arrival of the 

variable temperature equipment. After some time these samples were 

checked and it was found that the nitroform peak had diminished in 

intensity and in some cases had completely disappeared. These 

samples were discarded and a new series were made up immediately 

prior to the variable temperature studies and were stored, when not 

in use, in solid carbon dioxide or liquid nitrogen. 

Chloroform and Bromoform Samples 

The procedure adopted for making up the samples was broadly 

similar to that used for the nitroform samples. Because of the 

relative volatility of the two haloforms they were added last to the 

mixture. In order to obtain shifts covering a wide range, samples 

containing large fractions of benzene had to be used. 

Todoform Samples 

Todoform is not soluble to the extent of 1% molar in cyclohexane 

and samples could only be made up in a narrow range where benzene was 

present in large proportions. Considerable trouble was experienced 
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with discolouration of freshly made samples after sealing but this 

was obviated by preparing the samples in subdued light and taking 

care to keep the inside walls of the upper parts of the tubes 

uncontaminated. 

Fluoroform Samples 

Various attempts to secure a suitable mole fraction of fluoroform 

dissolved in cyclohexane, benzene and p-xylene were made by bubbling 

the gas through these solvents, and also by mixing in the gas phase 

and subsequent cooling, but none proved successful to the extent 

required. 

It was therefore decided that, in order to prepare samples on a 

reliable quantitative basis, fluoroform would have to be dissolved 

under pressure in the required mixtures. To carry this out, 

weighed quantities of benzene (or p-xylene) and cyclohexane were 

placed directly into an N.M.R. sample tube. After attaching the 

tube to a vacuum line via an adaptor, it was immersed in liquid 

nitrogen and when the contents were solid, was immediately evacuated 

(to avoid accumulation of liquid oxygen). After isolation from the 

remainder of the vacuum line, fluoroform was introduced in sufficient 

quantity to provide a 0.01 molefraction solution (about 4 c.c. at 

atmospheric pressure). The fluoroform condensed on top of the solid 

mixture and with the bottom of the N.M.R. tube still immersed in 

liquid nitrogen, the top was sealed by an air-coal gas flame. The 

sealed tube was removed to a safe place and allowed to warm up. By 

this method it was found that several per-cent of fluoroform could be 

dissolved in cyclohexane, benzene or p-xylene. 

Although an approximate idea of the amount of fluoroform in the 

sample tube could be obtained from a knowledge of the volume at 

normal pressure introduced to the sample tube, spectral integration
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was used to give a more accurate estimate of the amount of fluoroform 

actually in solution. The integrations were carried out on the high 

field peak of the intense central pair of the fluoroform quartet. 

This was well clear of any other resonances in the spectrum. The 

aromatic peak of the spectrum was chosen as integral reference for 

the fluoroform as it was almost invariably nearer in intensity, 

than the cyclohexane, to the fluoroform peak. The measurement of 

the reference peak was carried out on a lower instrument sensitivity 

than the fluoroform peak but comparison of integrals of the same peak 

at different sensitivities showed that deflections were proportional 

to the sensitivity ratio to within a few per-cent. To counteract 

any inaccuracies from integrator instability several integrals were | 

taken for the fluoroform. Allowing for the fact that the benzene 

peak represented six protons (four in the case of p-xylene) and the 

fluoroform peak 0.375 of a proton, the numbers of moles of fluoro- 

form present in each sample were estimated. The results are set 

out in Table 3-2. 

Results and Data Processing 

All N.M.R. shift measurements were carried out using the 

frequency modulation side-band technique described in Chapter 2. 

The solute shifts measured at 33.4°C are presented in Table 3-4 and 

3-4, together with the corresponding numbers of moles of the 

different sample constituents and the final computed values of 

( Cc, / [4], ), the fraction of the initially free solute 

complexed for each sample. The aromatic shifts for each sample 

were also measured to estimate changes in 7T-cloud distribution, 

mentioned in section 333 to allow of corrections which are dealt with 

later. These shifts are dlso included in the Tables referred to 

above. Because of the small changes between these shifts the



  

  

  

  

  

TABLE 3-2. The Deta Used in the Estimation of Fluoroform Concentrations in the Aromatic/Cyclohexane Solutions 

| sample Integral Sensitivity | = On Sens. 8 Integral Nor. Moles Moles % 

Deflections (mm) Deflections (mm) | CHF , x 10 CHF 

(Cc, Hy) ( CHE ae in Samples 

0/9H/E - 103.2 0.125 66,048 a7 0.0375 3.75 

A 99.4 2 398 4.3 0.4842 0.50 

B 142.0 1 1,136 7.5 0.5657 0.56 

C 146.7 0.5 2,347 22.3 2.376 2.3 

D 98.3 0.25 3,144 13.5 1.628 1.6 

E 85.5 0.25 2,736 17.5 3.215 2.8 

F 127.7 0.25 4,085 19.4 4.658 4.0 

q 139.3 0.25 4,458 19.0 2.693 2.8 

H 160.1 0.25 5,122 29.0 4.871 5.4 

J 165.6 0.25 5, 300 38.2 3 9.036 )                   

Ww  



  

  

TABLE 3-2 (contd) 

  

      

147.8 1 

121.1 0.5 

144.4 0.5 

162.8 0.5 

149.5 0.5 

112.7 0.25   

1,183 

1,938 

2,310 

2,605 

2,392 

1,803   

22.4 

25.6 

22.2 

20.0 

36.8 

21.2   

2.063 

1.872 

1.666 

1.477 

3.888 

3179   

6.6 

1.2 

21 

2.6 

2-4 

feu 

4.2 

2.9   
  

a. Measured Relative to Cyclohexane. 

values have had to be estimated by comparison of peak heightwith samples of similar concentrations of 

fluoroform. Ce 

b. Due to breakage before integral measurements could be made 

Average of 12 Deflections on Sensitivity 8. 

WI 
\9o 

these 

 



  

  

TABLE 3-3. Sample Composition and Observed Shifts Measured at 33.4°C for the Nitroform - Aromatic - 

Cyclohexane Systems 

  

Chemical Shifts (Hz w.r.t. CH.) 
  

  

              

Samples |Moles (x10) | Moles (x104) | Moles (x10*) = 
C/a (x10) 

[Benzene | Nitroform Aromatic Cyclohexane Nitroform Aromatic 

0 3.79, 0.0 374.6 0.0 -339.65 

K 1.57, 1.01, 100.0 6-%g BOT -346.93 

H 1.58, 3.11, 100.0 18.63 -318.00 -347.25 

J 1.64 6.37¢ 99.96 31.62 -303.87 -346.99 

B 1.68, 11.14 99.96 44.06 290.31 346.43 

C 2.01, 33.36 99.99 66.97 -265.36 -345.58 

D 3.07, 100.0 100.0 80.49 -249.13 -345.01 

E 6.10, 299.9 100.0 86.19 242.72 ~344..62 

F 15g 89.95 9.98, 88.25 -240.92 ~344.96 

G 3.05, 189.9 9.96, 88.81 ~240.73 ~345.10   
  

- 
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9 
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TABLE 3-3 (contd) 

  

  

Toluene 

0 3-79, 0.0 374.6 0.0 -339.65 - 

J 2.72) 327, 265.8 13.59 -322.80 -337-91 

A 1.374 5 93¢ 125.1 3763 -297.70 337-72 

B 1.49¢ 18.49 131.1 63.19 -267.57 -337.07 

C 1.78, 44.04 130.1 78.21 -250.95 -336.80 

D 2.56, 125.3 125.9 87.78 -240.06 -336.83 

E 9218), 37565 125.4 91.57 235.95 -337.16 

F 5.15, 281.3 31.25 92.89 - 234.33 -337.52 

G 2.544 240.0 13.00 93.24 -234.09 -                 
  

 



  

  

TABIE 3-3 (contd) 

  

Q-Xylene 

0 3-794 0.0 374.6 0.0 339.65 

H 1.33, 5-33, 127.6 48.28 -281.45 -332.48 

A 1.364 7-85¢ 125.5 58.38 -271.96 -332.31 

B 1.43. 14.79 127.5 71.96 -256.51 -332.22 

C 1.70, 41.52 126.5 86.37 -238.73 -332.34 

D 2.60, 127.9 129.0 92.85 -230.74 ~331.58 

E 5-17, 383.2 127.6 95.17 227.43 -330.94 

F 1.27, A122 128.7 95.94 -227.19 

G 2-58, 243.6 147.0 96.13 -227.08                 
  

I
C
O
 
H
S



  

  

TABLE 3-3 (contd) 

  

                  

M-Xylene 

0 3-194 0.0 374.6 0.0 -339.65 

J 2.82, 8.78, 266.2 41.88 -292.40 

A +P 7-80, 12De.2 58.05 -273.54 

HA 1.44, 13.20 128.3 69.26 262.12 

HB rae 14.11 134.6 69.68 -259.96 

C 1.66, 37-47 123.5 85.42 -241.34 

D 26556 12.68 126.9 92.78 -234.10 

E 5-177 390.0 12925 95.10 -231.35 

F 20515, 228.7 2562 95.89 -230.58 

G 4229. 404.5 al iLt 96.10 -231.20 

On 
WN 

 



  

TABLE 3-3 (contd) 

  

  

    

P-Xylene 

0 52194 0.0 374.6 0.0 339.65 

AA 9-09, 4.84, 502.2 16.17 -320.77 - 330.25 

AB 5 +03, 9956 493.3 29.14 -302.02 -330.02 

AC 9-15 LH sOT. 497-3 38.40 -292.16 -329.87 

AD 5-19, 26.16 514.4 51.50 ~280.55 329.62 

J 1.35, 11.24 128.1 64.55 -262.81 -329.23 

B 1.435 13.89 125.2 69.42 256.81 -329.07 

C 1.695, 41.89 125.8 85.55 -237.43 -328.42 

D 2.61, 130.4 129.1 92.5] -228.95 -328.11 

E DelT, 385.5 127.6 94.79 -225.60 -328.50 

F 2.26, 232.5 259.6 95.62 -224.88 ~328.86             
  

— 
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TABLE 3-3 (contd) 

Mesitylene 
  

0 

H 

J 

    

194 

5T¢ 

60 

207, 

55¢ 

907 

-02¢ 

2D15 

262   

0.0 

5-09, 

6-44, 

13.39 

42.02 

G2255 

94.03 

90.03 

95-03   

374.6 

99-98 

100.1 

125.0 

125.0 

62.5 

31.2, 

10.02   

0. 

46. 

65- 

76. 

.00 99 

94. 

96. 

976 

976 

0 

32 

63 

98 

85 

D3 

ak 

25   

-339. 

-284. 

-260. 

-248. 

-231. 

-225 

-224. 

-223. 

65 

32 

53 

00 

88 

37 

24 

16 

222885     
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TABLE 3-3 (contd) 

  

Durene 
0 5-194 0,0 374.6 0.0 -339.65 

A 541¢ 1:45; 527.7 114.55 -324.26 

B 9235 2.60, 516.0 19.68 -314.28 

c 4.92 355, 464.4 27.54 -305.10 
D 5-07, 3204, 501.1 34.51 -295.41 

E 4.97. 6.61¢ 485.5 42.57 285. 38 

F 9-12) 12529 499.6 45.68 -282.24 

G 9224, 8.715 509.0 49.06 -276.88 

H 52356 16.21 521.4 S297 -272.32 

Jd 92107 12.03 549.7 56.06 -268.04                   

=:
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TABLE 3-3 (contd) 

    Penta-methylbenzene 

  

  

    

ON
 

HN
 

Si
s 

Ai
 

vw 
VI
 

VW
I 

2719 

e 29 

0254 

296 

363 

175 

-36, 

e 15; 

wee   

0.0 

0.52¢ 

1.494 

2.56 

3-56, 

9099 

6.62 

7-656 

7-90¢   

374.6 

502.6 

518.4 

510.8 

528.8 

60.48 

609.8 

500.9 

500.2   

0.0 

6.81 

18.43 

29.86 

38 .56 

45.55 

53.71 

65.33 

66.45   

-339.65 

-330.74 

-317.69 

-301.50 

-292.65 

~280.79 

-274.06 

-260.16 

-257-90     
  

= 
/
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TABLE 3-3 (contd) 

  

Hexamethyl benzene 

  

  

    

0 3 

A 5 

B 5 

C 5 

D 4 

E 5 

F 5 

g 5 

H 5 

J 6 

3 5 

79 

ST, 

343 

53, 

86 

62 

35g 

- 32, 

07, 

O75 

19;   

0.0 

2.65¢ 

3-1, 

5.06 

6.72, 

10.19 

10.22   

37426 

535-0 

511.6 

529.0 

487-5 

525.6 

499.5 

522.1 

500.5 

582.4 

498.8   

0.0 

Ook: 

20.26 

52619 

44.39 
55.10 

65.00 

69.87 

73.52 

73.65 

77-87   

-339.65 

-328 .86 

-309. 36 

-293.31 

-275.62 

~263.88 

~247.219 

-240.72 

-234.72 

~234.52 

=227,91     
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TABLE 3-4. Sample Composition and Observed Shifts Measured at 33.4°C for the Haloform - Aromatic - 

Cyclohexane Systems 

Ch oroform 

Samples |Moles (x10*) | Moles (x10+) | Moles (x104)} c/a (x10*)| chemical Shifts (Hz w.r.t. CoH, 5) 

Haloform Aromatic Cyclohexane Halofoxrm Aromatic 

{Benzene 

0 5219 0.0 506.1 0.0 -339.02 - 

A 5448, 54.34 499.2 10.05 -329.36 -346.11 

B 6.44, 123.5 503.7 18.33 -321.19 ~345.64 

c 7.625 239.4 503.0 26.92 -312.95 -345.12 

D 8.82, 369.5 499.6 32.72 -307. 28 -344.93 

E 10.00 498.7 497.7 36.43 -303.66 -344.73 

E 8-319 498.7 350.5 40.80 299.35 ~344.64 

G 8.75, 598.8 252.0 44.66 -295.51 : 

H 717, 569.6 139.9 47.95 292.37 - 

J 6.63, 599.9 63-54 50.94 - 289.69 -   
  

= 
6
9
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TABLE 3-4 (contd) 

  

    

P-Xylene 

0 e177 0.0 506.1 0.0 -339.02 ~ 

K 9-15, 14.29 505.8 5.03 -334.58 -329.16 

C 6.207 98.02 520.8 25-48 -317.69 -328.57 

D 6.32, 129.2 500.6 28.47 -314.08 -328.40 

E 6-94, 166.0 509.8 52.28 -309.79 -328.31 

F 1.623 215.3 Sli.2 36.34 -306.66 -328.85 

G G9 D% 271.9 505.5 40.49 -302.70 -328.22 

H 8.41, 55501 502.9 43.79 ~299.90 -328.27 

J 9218, 412.3 495-2 46.97 -297.10 -328.13 

L 5-165 298.0 194.0 54.19 -290.56 -328.23 

M 9-48, 383.8 163.5 57-84 -287.20 -328.45 

A 5+99¢ 26.63 507.8 = = -329.05 

B 9262, 55.41 500.7 16.20 -324.34 -328.80           
  

   



  

TABLE 3-4 (contd) 

  

  

              

Bromof orm 

Benzene 

0 9-14, 0.0 51522 0.0 -315.37 - 

J 9015, 25.62 499.5 4.92, -310.73 -346.37 

A 558, 60.41 499.4 10.28 -305.40 ~345.49 

B 6-20, L25.2 502.8 17250 -298.51 ~345.63 

C 3-71, 170.9 400.5 24.15 -291.83 -345229 

D 9°153 221.9 333.0 29.88 -286.27 -345.05 

E 5-65, 281.8 285.2 34.66 -281.15 -344.86 

F 9°52 299.1 200.6 38.98 -277-33 ” 

G 6.11, 422.7 178.3 42.91 -273.46 -344.72. 

H 6.26, 499.9 120.5 46.29 -270.02 ~     

  

 



  

TABLE 3-4 (contd) 

  

  

P-Xylene 

0 5 +14, 0.0 §135s2 0.0 =315.57 ~ 

B 5-615 35-28 501.8 9232, 307.56 -329.02 

A 9°54 54-93 497-7 13.49 -300.78 -328.95 

D 3-915 86.86 500.8 18.84 ~295.24 ~328.65 

C 6.31, 129.8 494-4 24.64 -289. 30 - 328.50 

E e189 165.0 501.4 28.02 -286.09 ~-328.46 

F 7095 216.0 501.3 52.19 -281.97 -327.69 

G 5°51, 221.2 334.1 38.61 -275.79 -328.29 

H 5°64 6 292-9 284.6 44.08 -268.13 -328.29 

J 6.334 372.6 246.6 48.77 263.96 -328.32                 
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TABLE 3-4 (con 
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lodofoxm 

Benzene 

A 2.01, 0.0 196.6 0.0 =203.23 = 

B 22095 55015 142.8 24.2 -182.20 = 345.53 

C 1.996 80.25 113.0 32. [0 -174.84 -345.28 

D 1.98 81.45 109.5 35-29 -174.13 —345.-23 

E 1.98, 9795 94.99 37229 -171.03 ~345.10 

F 20207 131.3 79.38 42.22 -166.10 344.81 

G +2799 Lope 1 48.1 47.21 -156.96 -344.78               
  

e
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TABLE 3-4 (contd) 

  

P-Xylene 

0 2-01) 0.0 196.6 0.0 -202.92 - 

A eule, 46.54 161.4 29.69 -175.80 -328 .52 

B 1.985 66.80 129.6 39015 1.68.56 -328.4¢ 

C 1.973 81.41 109.8 44.64 -162.46 -328.43 

D 1.995 ll4.2 90.12 51.50 -156.83 =328.35 

F 2-00¢ 119.6 68.91 54.64 -153.77 328.48 

¢ 2.145 170.4 43.76 60.24 -148.64 -328 84               
  

    

 



  

TABLE 3-4 (contd) 

Fluoroform 

Benzene 

  

  

0 

A 

B 

    

3.75 

0.48 

0.56 

2.38 

1.662, 

3.21 

4.65, 

2.693 

4.87, 

9.02¢   

0.0 

2.82 

5-36, 

15.67 

23-15 

31.35 

61.30 

3955 

55 «83 

78.38   

100.0 

100.9 

94.69 

85.00 

md
 

fs
 

° t
-
4
 

fo
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©
 

oO
 

©
 

NO
 

50.93 

55.02 

31.62 

26.20   

0.0 

3.70 

7.02 

17.49 

25.14 

27-051 

42.41 

36.85 

45°52 

49.14   

-248.42 

-245.16 

239.63 

~230.14 

-223.11 

-220.97 

-205.19 

-211.92 

-202.45 

-198.88   

-346.€2 

-346.11 

-345.89 

~345.64 

~345.35 

-344.86 

-344.96 

-344.73 

-344.67 
  

 



  

TABLE 3-4 (contd) 

  

  

              

P-Xylene 

0 3.75 0.0 100.0 0.0 -248.42 - 

A 6.34 4.74, 90.97 9.46 -240.69 -328.77 

B LF 8.64, 90.53 LT T4 =235.47 -328.64 

C 2.06 10.19, 86.99 20.20 -232.14 -328.64 

D 1.87 13.30 55.78 31.60 -225.03 -328.55 

E 1.67 16.26 53.11 36.25 -218.81 -328 33 

F 1.47, 18.00 50.37 39.16 ~217.8C -328.21 

G 3.88, 23.66 65.00 38.38 -218.66 -328 27 

H 3.17, 50.75 58.59 53.11 ~207.05   
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measurements were carried out using the minimum field sweep available. 

Measurements could only be made for the aromatics benzene, toluene, 

ortho- and para-xylene. For the other homologues only immeasurably 

weak signals could be observed for the following reasons:- 

(1) Naturally low aromatic hydrogen content coupled with 

(2) low aromatic concentration found necessary and used for sample 

preparation and 

(3) line broadening due to spin-spin coupling. 

The numbers of moles of the sample constituents and the 

corresponding solute shifts formed the input data for an Algol 

computer program known as COMPIEXICON (126) which is described in 

Appendix B. This facilitated the search procedure, using an 

Elliott 803 computer, required by Creswell and Allred's method, and 

provided the stability constant for each system and a value for 

DELTA, the total apparent additional chemical shift experienced 

by the solute proton when transferring from the free to the fully 

complexed state. The results produced in this way are given in 

Table 3-5. The error spreads on GQ” are 95% confidence limits. 
vert 

3:7 Corrections of © ek 

For a particular solute, the stability constants can be seen 

from Table 3-5 to increase systematically with increasing methyl 

substitution of the aromatic molecule. The On values also 

generally increase with increasing methyl substitution but do, 

however, do so somewhat irregularly. These screening values 

correspond to those for DELTA obtained using COMPLEXICON which 

represent the experimentally determined differences between the 

observed shift of the solute free in solution and that which would 

 



  

a116 = 

TABLE 3-5, Equilibrium Constants and Uncorrected Q~ values for 
vert 

Complex Formation of Benzene and some Methylbenzenes with Nitroform 
  

  

  

  

and the Heloforms @ 33.4°C. 

Nitroform K Uncorrected <a (p.p.m. ) 

with 

Benzene 8.459 1.855 = 0.017 

Toluene 14.63 1.880 = 0.023 

0-Xylene 26.48 1.949 = 0.033 

M-Xylene 26.09 1.897 = 0.026 

P-Xylene 24.12 1.987 * 0.051 

Mesitylene 37.88 1.997. 2% 0.626 

Durene 78.12 2.145 = 0.018 

P.M.B. 225.2 2.023 = 0.048 

H.M.B. 279.4 2.382 + 0.020 

Chloroform 

with 

Benzene 14161 ¥,600. 5 0.003 

P-Xylene 1.990 1.486 = 0.009 

Bromoform 

with 

Benzene 1.076 1.643 = 0.005 

P=Xylene 1.597 1.761° = @7032 

Lodofoxm 

with 

Benzene 1.112 1.515 27 0.009 

P-Xylene 1.926 1.507 = 0.019 

Fluorof orm 

with 

Benzene 1.418 1.671 = 0.031 

P-Xylene 2.478 1.320 20.031       

 



  

  
  

70 
~ ie -~ 

be observed if the solute were wholly complexed with the aromatic. 

Before these values for oT can be substituted in equation 3: 5 
ert 

to obtain Rl and hence some knowledge of the detailed structure of 

the complexes, various corrections must be considered. 

The contribution of the medium to the screening of a solute has 

been considered in Chapter 1 to be composed of four factors. Any 

of these contributions which affect the screening of the solute and 

solvent differently must be accounted for when determining the actual 

values for OL Because an internal reference has been used for 
ert’ 

the work now reported, AO, effects can be discounted. However, 

variations in the other three terms & WP? ae and o., must be 

accounted for and these will now be considered in detail. 

Sy The Van der Waals or Dispersion Screening Term 

o y can be derived by a method proposed by Howard, Linder and 

Emerson (42). 

O, = thed Vw Y, oe 
Viz * Vo J 

which was deduced by Stephen (127). @ is/proportionality constant 

characteristic of the nuclear species and has an approximate value 

in the case of bonded hydrogen of -1 x LO°s" oii e,avai* (43,128). 

h is Planck's constant and g is a polarisability term given by 

equation 3 : 15 (42). 

: 
g& = on - 2 ° pF 

As + Se 45 
(on? +1) a? 

where n is the refractive index of the medium and a, the solute 

molecular radius. Vis the mean absorption frequency of the 

electrons in a molecule and is characterised by the subscripts 1 and 

2 for the solvent and solute respectively. The appropriate values 

for VY are obtained from the relationship between Y and Xe the



  

  

BBO Ms: 

molar diamagnetic susceptibility (129) 

2 
Yee ae. Ke 5 ee eee 

bN@ 

where No is Avogadro's number and Q(the static polarisability. For 

the systems studied, the calculations were carried out using the 

data of Table 3-6 to estimate the appropriate oe values. Values 

for 33.4°C were calculated where possible from data at standard 

temperatures but when refractive index extrapolations appeared 

erroneous the values for these were measured directly. Because 

the dispersion forces occur between both like and unlike molecules 

the effects of all interactions relevant to the screening of the 

solute and reference have to be considered. The effect of solute- 

solute interaction is ignored in view of the low concentration of 

this constituent used. The results of the calculations are shown 

in Table 3-7 from which it can be seen that the oy values obtained 

are of considerable magnitude, but the use of an internal reference 

which is similarly affected to the solute reduces the correction, 

for a particular solvent, to the order of 0.02 p.p.m. Furthermore, 

the effect on DELTA is even smaller, for it is only the difference 

in the screening corrections in the two different media (i.e. 

cyclohexane and aromatic) which can alter its value. A typical 

case is the benzene-nitroform-cyclohexane system for which the 

effects of the various Go. terms are detailed below. 

Cyclohexane in Cyclohexane -0.120 p.p.m. 

Nitroform in Cyclohexane -0.102 p.p.m. 

Nett Correction -0.018 p.p.m. 

 



  

TABLE 3-6. 

  

Data Used in the Calculations of Dispersion Forces, Electric Field Effects, Etc. 

Refractive Indeces and Dielectric Constants 
  

  

  

  

25°C 334°C 

Substance Density (gm c.0.) | R.I. Na (D) € Density (gn C2) a 7. We () € 

Cyclohexane 0.77389 (37) 1.42354 (37) 2.015 (38) 0.76591 (37) 1.4184 2.002 

Benzene 0.87368 (37) 1.49790 (38) 2.274 (38) 0.8648 (37) 1.4920 2.257 

Toluene 0.86220 (37) 1.49405 (37) | 2.379 (38) | 0.8544 (37) 1.4889 2.359 

0-Xylene 0.87583 (37) 1.50282 (37) 2.555 (38) 0.8688 (37) 1.4983 2.532 

M-Xylene 0.8600 (37) 1.49467 (37) 2.364 (38) |0.8525 (37) 1.4900 2.348 

P-Xylene 0.85666 (37) 1.49319 (37) | 2.2706 (41) | 0.84934 (37) 1.4885 2.257 

Mesitylene 0.8614 (39) 1.4967 (37) 2.271 (38) 0.8580 (39) 1.4909 2.258 

Nitroform 1.5967 (38) 1.44511 (37) 2 1.1139 (38) 1.4423 a 

Chloroform 1.4984 (37) 1.4433 (38) | 4.718 (38) |1.4643 (37) 1.4378 4.573 

Bromoform 2.8776 (37) 1.5948 (41) Ss 2.8558 (37) 1.5893 ae 

Todoform 4.008 (38) :               
  

1. At 20°C. 
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TABLE 3-6 (contd) 
  

    

  

  

  

  

  

  

    
  

Molar Diamagnetic Susceptibility Gas Phase Dipole Moments in 

Mata. bf TOY i MOM Debye Units (103 and 117/) 

Species 

Nitroform 3.67 Nitroform 2.52, c 

Chloroform 595 Chloroform LOLs 

Bromoform 8.26 Bromoform 1.00 

Todoform ti fl Todoform 1.01 c 

Fluorofomm 3.00 Fluoroform 1.645 

Cyclohexane 6.81 

Benzene 5.48 Bond Lengths in Anstrém Units 

Toluene 6.61 (144) 

O-Xylene 7.78 

M-Xylene 7.66 Cap - Cap 15595 

P-Xylene 7.68 ; C-H L507. 

Mesitylene 9.23 C-Cl RE a 

C-Br 1.930 

C-I 2.12 

C-N LAT 

N=0 L22   
  

  

Van der Waals Radii in knstrom Units (117) 

  

Chlorine 1.80 Bromine LeoD 

Fluorine LL epe Todine Zeno 

Oxygen 1.40 Hydrogen 42 

Half thickness of Aromatic Ring 1.85       

2. Cyclohexane solution values only are available.   
 



  

TABLE 4-7. 
ee   

Calculated Screening Effects -.) due to Dispersion Forces 

(Negative Values in ppm.) 

  

  

  

  

  

Solvent 

Solute Cyclohexane Benzene Toluene O-Xylene M-Xylene P-Xylene Mesitylene 

Cyclohexane 0.120 0.123 071.25 0.126 0.124 0.123 0.128 

Benzene 0.134 0.137 

Toluene 0-114 0.116 

0-Xylene 0.100 0.106 

M-Xylene 0.098 0.101 

P-Xylene 0.097 0.100 

Mesitylene 0.089 0.095 

Nitroform 0.101 0,106 0.106 0.108 0.106 0.106 0.109 

Chloroform 0.173 0.176 On177 

Bromoform 0.156 0.159 0.160 

Todoform 0.140 0.142 0,143 

Fluoroform 0.094 0.102 Q>5 101,                 
   



  

Cyclohexane in Benzene ~0,124 PeDolo 

Nitroform in Benzene ~0.106 PePeom. 

Nett Correction ~Q0.017 popMo 

acim 

The change in chemical shift due to dispersion interaction in 

changing solvent from cyclohexane to benzene is thus estimated to 

be 0,001 p.p.m. which is within experimental error. In calculating 

these dispersion effects the tacit assumption is, of course, made 

that the properties of the nitroform (or other solute) in the 

complex are virtually identical with that in the uncomplexed state. 

In view of the small size of the correction no appreciable errors 

are anticipated from this assumption. Insufficient data were 

available from the literature to calculate the dispersion forces for 

the higher methylbenzenes but it was not anticipated that they would 

be vastly different from their lower homologues. 

ci. Correction for Anisotropy of Solvent Magnetic Susceptibility 

An anisotropy correction must be made, and this is done by 

assuming that the general anisotropy of the medium affects all the 

molecules to the same extent. Creswell and Allred (56) have shown 

that for quite differently shaped solutes the variation in solute- 

cyclohexane shift in benzene does not exceed + 0.05 popem. and is 

linear with benzene concentration. From studies on isobutane, 

which is similar in shape to the solutes considered here but of low 

electric dipole moment, they showed that the anisotropy shielding 

contribution to the protons of the solute molecules and cyclohexane 

should be similar in aromatic solvents. Schneider (130) has also 

shown that in a system where all but anisotropy effects can be 

neglected the observed chemical shifts variations on changing from 

a cyclohexane-type solvent to benzene for both rod-like and planar 

 



  

  

molecules are comparable with experimental error. Consequently, 

corrections for differing effects of medium anisotropic shielding of 

different solution constituents were considered unnecessary. The 

solute hydrogen atom in the complex, however, is in a wniygue position 

in that it lies effectively in the centre of the complex rather than 

on its perimeter as in the free state. It will, therefore, 

experience different anisotropic shieldings in the two situations. 

This can be accounted for by considering that on complex formation 

the free solute proton chemical shift is modified by removing the 

total anisotropic effect of the aromatic molecule about to be bound 

in complex ( §7) and imposing the specific anisotropic effect of 

complex formation ( Cc ert) Equation 3 : 10 must then be 

reformulated as 

pee 3 ja (ora OF + 5 Ste 

The values of o can be conveniently estimated using equation 3 : 18 

which was deduced by Abraham (131) and gives the total anisotropic 

effect of one aromatic molecule upon a proton in its vicinity. 

Gir tae) teas rh 
e 2 2 me (x + 2h) (x* + h>) 

57 18 

The aromatic molecule is considered to be a cylinder of radius r and 

height 2h with an equivalent magnetic dipole due to the anisotropy 

of the magnetic susceptibility acting along the cylinder axis. 

rand h represent contact separations for the haloform proton moving 

over the aromatic molecule and consequently must include the Van 

der Waals radius of the hydrogen atom and the appropriate dimensions 

m 

of the aromatic ring. For benzene the calculated value for @& : is 

+0.048 p.p.m. and for hexamethylbenzene is +0.024 p.p.m. The 

 



  

  

ar 

~ OO 

latter value is calculated by taking into account the shape and 

position of the methyl group substituents. The anisotropic 

shielding contributions for intermediate methylbenzenes were taken 

as the weighed average of the two values above, depending on the 

number of methyl groups present. The values are listed in Table 3-8. 

Wa Reaction Field Screening Correction Term 

Because o;. is effective only for polar molecules, due to their 

interaction with the surrounding medium, the resonance positions of 

cyclohexane and non polar aromatics will be unaffected by this 

mechanism. However, the effects on the solute proton at infinite 

dilution in cyclohexane or the aromatic could be finite and must, 

therefore, be considered. If the reaction field contributions to 

the shielding of the solute due to the aromatic and cyclohexane 

molecules oF and oc respectively) are both finite and different, 

the observed shift for each sample must now be represented 

approximately by 

C I. f a 

bc. i a ( SS Gant Si ) p free 

are 
i B 

[>], Se 
(HC; +E; - Cl; ae 

04 o: 
(2]4 °F], thy 7 Cs 

¥ 

where S eece is the true shift of the free solute. Because the 

on 

+ 

+ 

dipole moment induced in the aromatics in complex formation is 

generally small, contributions to the screening of the nitroform 

proton due to specific electric field effects in the complex should 

be small and no account has been taken of these. 

An approximate expression of 7 is given by (128) 

 



  

TABLE 3-8. Calculated Magnetic Anisotropies for the Aromatics Used 

(Positive values in p.p.m.) 

  

  

Aromatic 

Benzene 

Toluene 

0-Xylene 

M-Xylene 

P-Xylene 

Mesitylene 

Durene 

Pentamethyl benzene 

Hexamethyl benzene   

0.048 

0.044 

0.040 

0.040 

0.040 

0.036 

0.032 

0.028 

0.024     

-
/
]
8
-
 

 



  

  

~ 68% 

Se -2x10° Bos 0 - 1078 p2, % ig 90 

where E is the reaction field at the solute and 0 is the angle 

between the dipole axis of the solute and the X-H bond to the solute 

hydrogen considered. E has been defined for spherical solute 

molecules by Buckingham (128) using the Onsager approach (132) as:- 

5g o- 2¢Es 3) (ep 5 oy 

3(2 + 0°) Q@ 
and for non-spherical molecules by Diehl and Freeman (133) as 

Es aos + n® ~ ‘ ~ 

: we 3% Of + eae ae G89 

1 - le 

In these equations, {Lis the dipole moment of the solute in the gas 

  

phase, n is the refractive index of the liquid solute, Q the solute 

polarisability and =. the dielectric constant of the medium. a, 

b and c are the semi-axes of the solute ellipsoid and am isa 

shape factor for the solute and can be determined by the method 

of Ross and Sack (134). 

Of the two equations for E, 3 : 22 is the most rigorous but it 

has been shown recently (135) that equation 3 : 21 can be used to 

predict the differences in shieldings in a particular solute due to 

the reaction field set up in different solvents. The values of cv, 

computed from equations 3 : 21 and 3 : 20 for the various solutes 

studied are listed in Table 3-9. From these values it can be seen 

that o and OS differ only slightly and only in the case of the 

nitroform and fluoroform samples is a correction necessary. It 

therefore follows that, because the sums of the mole fractions of, 

B and S are always constant and approximately unity equation 

3 : 19 will not differ significantly from a linear function. This 

 



  

  

  

  

  

  

TABIE 3-9. Calculated Reaction Field Screening Effects com) 

(Negative values in p.p.m.) 

Solvent 

Solute Cyclohexane Benzene Toluene O-Xylene M-Xylene P-Xylene Mesitylene 

Nitroform 0.06121 0.07100 0.07452 0.08004 0.07415 0.07068 0.07068 

Chloroform 0.02914 0.03375 0.03360 

Bromoform 0.02702 0.03146 0.03132 

Todoform 0.02054 0.02409 0.02397 

Fluoroform 0.07768 0.08935 0.08897                    



    

- 90 

being so the equilibrium constant derived from the experimental data 

using COMPLEXICON will not be in significant error. Moveover, a 

plot of $ obs 3 Versus (*}, / (al, provided by COMPIEXICON is a 
m t 

line of slope ( @& © ) snd gives an approximate value for vert  ~A 

( cS, -S) that differs from the correct value vy (Oe e S) 
ert 

m 

A corrected value for (So; ~ S,)can be obtained using 
ert 
moa 3 

eae = o)= oar a a) 3 Cc; oa eee 

and, since values for O, have been deduced using equation 3 : 18, 

a final corrected value for ot may be obtained. However, 

before using this value with equation 3 : 5 to obtain Rl, an 

appropriate value for d in the complex must be used. Because 

complex formation is postulated to depend on an electric dipole being 

induced in the aromatic molecule it is possible that the normal 

q\-system in this is distorted on complex formation, and that the 

basic value for d (0.642) is modified. Consequently, any change in 

‘d on complex formation must be determined. 

3:8 An Approximate Correction for 7{-Cloud Distortion 

If distortion in the gr-cloud distribution, when an aromatic 

nucleus becomes part of a dipole-induced complex, occurs it can be 

approximated roughly to a change in the value of d, the distance of 

the -clouds above and below the aromatic ring. This change in 

distribution of 9 -electron density could be expected to change the 

shielding of the aromatic protons and, in fact, small shifts do occur 

which may arise from this effect. 

The effect can be studied conveniently by comparing the shifts 

of the aromatic protons in the complexed and uncomplexed situations. 

For this, it is best to extrapolate the results to infinite dilution 

in cyclohexane in order to minimise medium effects. If the aromatic
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proton shift under these circumstances is $ and the corre- 
free 

sponding value in the case of the complex is § oe the observed 

shift ( $F) in a solute-aromatic-cyclohexane mixture is given 

approximately by 

£5 2S + (1-2) 54 5a Rd 
obs comp free 

where XCis the fraction of the aromatic complexed and is given by 

' x Rig os 

where K is the association equilibrium constant for the system and 

Z is the mole fraction of free solute at equilibriun.. Soe was 

obtained by extrapolating a plot of mole fraction of aromatic 

against aromatic proton shift to zero mole fraction in cyclohexane. 

A similar extrapolation for a system differing from the previous one 

in that it contained a low constant mole fraction of solute, yielded 

a value for 5 auc) under these conditions, Z may be taken as the 

initial mole fraction of nitroform. The shift measurements were 

made relative to cyclohexane as internal reference. 

To estimate changes in d it is strictly necessary to use the 

elliptic integral calculations of Johnson and Bovey (101) but because 

only small changes in d are anticipated the approximate equation 

3 : 4 can be more conveniently applied. Using the experimental 

value for Oron(-2+48 p.ep.m.), with this equation, d is found to be 

0.59 R which differs from the best value of d (0.64 R) by only 17%} 

therefore for small changes in d the former value can reasonably be 

used. 

The procedure adopted involves first calculating oa from 

fA §4 ) 
equations 3: 24 and 3: 25, ‘The differences ( eaters tute 

is attributed to the change in W-cloud position on complex formation 

and is used to correct the experimental value for OnoR 
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(i.e. -1.48 p.p.m.). With this new value for Shops emation 334 

gives a new value for d and the difference between this and the 

original value for d is used to modify the value of 0.64 R to what is 

finally used in the expression (equation 3 : 5) to determine R1. 

The experimentally determined shifts ( i and 8 - and 

calculated modifications to d for some of the systems studied are 

given in Tables 3-10 (A) and 3-10 (B). From these values it can be 

seen that corrections for W-cloud distortion are necessary only in 

the case of the nitroform complexes where the infinite dilution 

shifts are noticeable outside experimental error. Generally, these 

contractions do not exceed about 0.1 & and the corresponding 

decreases in Rl values (which are given in Table 3n119 luc 

this effect are smaller and of the order of 0.05 Be 

The fact that contraction of the 7{-systems is indicated by the 

considerations detailed above raises a point of interest as regards 

the nature of the interaction between the solute and aromatic. If 

the bonding of the two species involved charge transfer from the 

aromatic q~-system to the solute, the 7r-electron density on the 

cieatte ring would diminish and the magnitude of the shielding 

arising from them would diminish i.e. the aromatic resonance line 

would move upfield. This increased shielding can be expected to 

be of quite noticeable magnitude and its absence is further 

confirmation of the validity of the dipole-induced dipole model used 

as a basis for these calculations. 

3:9 Discussion 

From the values obtained for Rl for each of the complexes 

studied, probably the most significant conclusion to be drawn is 

that each one approximates closely to the sum of the Van der Waals 

 



  

  

TABLE %-10 (A).  Extrapolated Shifts (p.p.m.). of Aromatic Hydrogens in (a) pure cyclohexane and (b) cyclohexane 

containing 1% solute for some of the Systems* Studied 

  

    

Solvent | Aromatic in 
Benzene Toluene O-Xylene P-Xylene 

System Complex 

Cyclohexane 5.776 5.621 5.524 5.484 

+ 1% Nitroform 5.786 5.634 5.546 5.508 

+ 1% Chloroform 5.776 5.488 

+ 1% Bromoform Sif tt 5490 

+ 1% Fluoroform 5S LIS 5.480               
TABLE 3-10 (B). 9{-Cloud deformation (contribution to d in R) for the nitroform complexes 
  

      

Benzene -0.08., 

Toluene -0.10,, 

O-xXylene “0.09, 

P-Xylene -0.11, 
  

* The extrapolation of the iodoform values would have been meaningless because no samples could be made up containing 

small mole fractions of benzene or p-xylene. 

m 
C
O
c
e
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TABLE 3-11. Corrected Values for C3 and Rl Velues before and 

after 9f-cloud modification. 
  

Complex 

Nitroform With 

legen (p.p.m. ) 

corrected for 

R1 (2) 

T[-Cloud correction 

  

  

medium screening Excluded Included 

effects 

Benzene 1.914 2.928 2.88. 

Toluene 1.938 2.914 2.86¢ 

0-Xylene 2.009 2.874 2.82, 

M-Xylene 1.950 2.913 

P-Xylene 26057 2.858 2.80, 

Mesitylene 2.042 2,856 

Turene * Bak 2.786 

Pei * 2.052 2.850 

BoMsBy * 2.407 2.687 

Chloroform With 

Benzene 1.683 3.072 

P-Xylene 1551 3.182 

Bromoform With 

Benzene 1.696 3.064 

P-Xylene 1.834 2.975 

Iodoform With 

Benzene 1567 3.155 

P-Xylene 1.550 3.168 

Fluoroform With 

Benzene eu 3.040 

P-Xylene e512 5.513   
  

* Uncorrected for reaction field and dispersion screening 

contributions. 
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radius of the hydrogen atom (1.2 R) and the half thickness of the 

aromatic molecule (1.85 8). This suggests that in each complex 

the solute proton does indeed lie, on average, in contact with the 

aromatic molecule and on its six-fold axis, as postulated earlier. 

Examination of Johnson and Bovey's isoshielding diagram (101) 

reveals that for a solute hydrogen to experience a shielding of 

a=2 pep.m. at a position other than on the six-fold axis would 

require considerably closer contact than indicated here. For the 

nitroform series, as the magnitude of the inter-molecular attractive 

forces increase there are corresponding small but steady decreases 

dn Ri. This can be related to the varying degree of tY-cloud 

deformation which is proposed. This will result in an effective 

modification to the aromatic Van der Waals radius which leads to the 

decreased intermolecular separations (Rl) observed. A fairly 

accurate estimate of the uncomplexed Van der Waals separation for a 

-C-H bond in contact with the plane surface of an aromatic ring can 

be obtained from a plot of the Rl values and the Gibbs Free Energies 

at 33.4°C of the nitroform complexes. Apparent absence of (see Fig.3-5) 

complicating factors such as steric factors, produces a fortuitous 

linear correlation which can be extrapolated to the AG = 0 axis 

where Rl is found to be 3.1A.Van der Waals or dispersion forces 

are themselves dipole-induced dipole in origin and when two molecules 

are separated by the sum of their Van der Waals radii the energy of 

interaction (ANH) is exactly balanced by the entropy term (T AS) 

which encourages their re-separation. 

There is the possibility that the aromatic ring proton shift 

changes observed for the nitroform complexes arise from the electric 

field of the nitroform. If this were the case, the observed shifts 

would not be expected to be greatly dependent on the strength of the
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complex, but rather on the juxtaposition of the solute and aromatic. 

However this is seen not to change greatly from complex to complex 

and in fact, in so far as the evidence available is an indication, 

the shift change is dependant on the strength of the complex. The 

main contribution to the electric field created by a nitroform 

molecule can be expected to arise from the nitro-groups which lie 

on the perimeter of the complex. Because the distances over which 

these contributions act vary little from complex to complex it is 

unlikely that the observed aromatic shifts can be interpreted solely 

in terms of the nitroform electric field effects and so the 

distortions of the TW-cloud would in fact appear to be important. 

These conclusions (136) and the general self-consistency of the 

results for the nitroform complex support the contention that the 

basic approach described in this chapter is not only applicable to 

benzene but also to the methyl, and possibly other, substituted 

benzenes. 

For the haloforms proper, the variations in Rl that occur can not 

immediately be rationalised in the same manner as for the nitroform 

complexes. Because the complexes are far weaker, the irregular 

variation may be attributable to steric factors. It therefore seems 

likely that in rationalising these variations in terms of the 

strength of the complex it is incorrect to utilise K as an absolute 

indication of this. In fact, it would be more proper to consider 

the enthalpy or Free Energy of formation of the complex. This will 

be considered in Chapter 4. 

A further useful conclusion may be drawn by comparing’ the 

uncorrected and final corrected values for a ree which are given in 

Tables 3-5 and 3-11 respectively. From this it is evident that the 

detailed corrections for medium screening effects to the uncorrected
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value of Peed are very small and lead ultimately to very small 

changes in the calculated R1 values. Because similar conclusions 

can be drawn/ concerning the effect of correcting for disturbances to 

the aromatic 7f-system it is evident that on the whole such 

corrections are unnecessary and little will be lost in future work 

from theirexclusion when determining the structures of complexes of 

the type studied herein. 

Also of interest are the values obtained for K for the various 

complexes. For a common aromatic constituent, K increases with 

increasing solute permanent electric dipole moment. The dependance 

between these two parameters is shown in Fig. 3-2 in which the 

function of K used is the natural logarithm because this is pro- 

portional to the Gibbs Free Energy of association and therefore, it 

may be argued, more indicative of the "strength" of the complex. 

Furthermore, with a particular solute InK increases with methyl 

substitution of the aromatic. A direct proportionality between 

these, for nitroform as the solute, is demonstrated in Fig. 3-3. 

A similar feature for the haloforms proper may be found but at 

present there is insufficient data to confirm this. Regularly 

varying methyl substitution causes a corresponding variation in the 

polarisability of the aromatic molecule. If, therefore, as is 

probable, InK is dependent both on solute electric moment and 

aromatic polarisability, considerable support is found for the 

dipole-induced dipole model proposed for complex formation. In this 

case the nature of the intermolecular interaction can be investigated 

more closely using a classical approach. The interaction energy of 

a dipole-induced dipole system of the type studied here is given 

(137) by 

hae ce eee a 9G
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where a is the polarisability of the entity in which the dipole is 

induced and BE is the electric field, exerted by the polar solute, 

which induces the dipole. Because the solute dipole axis is 

coincident with the aromatic six-fold axis the relevant electric 

field may be defined by 

Ko s— hh SF ge OT 

nr? 

and a stipulated to be the perpendicular polarisability of the 

aromatic ring. Consequently, 

2 

RZ 

where R2 is the interdipole distance defined in Fig. 3-1. If the 

proposed model for complex formation is realistic it would be 

expected that InK should in some way be dependent on - atpe/R2°. 

Unfortunately, the values for R2 are uncertain, but from the values 

for Rl given earlier (Table 3-11) it is probable that for a 

particular solute they are more of less invariant with the various 

aromatics considered. It would, therefore, be expected that for 

@ particular solute 1nK should be dependent on af’. The 

appropriate plots for ee two terms are given in Fig. 3-4: The 

values of various parameters used for this are given in Table 3-12. 

The plot for the nitroform results lie on a straight line passing 

through the origin. Similarly, the plot for the haloforms is very 

nearly linear. It is evident, therefore, that the value of R2 for 

a particular class of complex (with either nitroform or the 

haloforms) are very similar for all of the complexes, and more 

importantly that the dipole-induced dipole model can be substant- 

iated from a classical viewpoint.
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TABLE 3-12. Data Used to Plot Figs. 3-2, 3-3, and 3-4/5, 
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Complex in Ras A Complex in R34 

Nitroform With Chloroform With 

Benzene ZoeS Benzene 

Toluene 2.69 P-Xylene 

0-Xylene 3.28 Bromoform With 

M-Xylene 3.26 Benzene 

P-Xylene 35.18 P-Xylene 

Mesitylene 3.63 Iodoform With 

Durene 4.36 Benzene 

PsMsBs 5.42 P-Xylene 

H.M.3. 5.63 Fluoroform With 

Benzene 

P-Xylene   
  

Some Perpendicular Polarisabilities of the Aromatic 

Molecules Used (139) 
  

  

Aromatic (e.c. x 10°4) 

Benzene 7.33 

Toluene 9.04 

o, m, p-Xylene 10.75 

Mesitylene kas A: 

H.M.B. 16.84     
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Investigation of Complex Formation at Different Temperatures 

431 The Basis and Value of Variable Temperature Studies 

If, following the assumption of Chapter 3, the activity 

coefficients of the associating species in each system studied are 

taken to be unity, or self cancelling, in the equilibrium expressions 

at all temperatures, the equilibria of interest may conveniently be 

considered to occur in ideal solutions. If this is the case, the 

Gibbs Standard Free Energy change for a reaction is related to the 

equilibrium constant (expressed in terms of mole fractions) at a 

temperature T by 

° Ac’, = -RTInK ee ee 

assuming negligible pressure dependance in the condensed phase. 

This represents the free energy change when one mole of each 

reactant (for the current work considered dissolved in cyclohexane) 

combine to produce one mole of complex at temperature T. The 

temperature dependance of free energies is given classically by the 

Gibbs-Helmholtz equation which may be written as 

This may be used in combination with equation 4 : 1 to provide the 

expression:~ 

dink | Ax? ; 

He 

or dink - An 
C/T) * R ee ee 

Thus if mK, is plotted against 1/t, the slope of the curve at any 

point is equal to - AH°/R. The value of AH® thus obtained, 

together with the corresponding value for Le. deduced from
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equation 4 : 1, can then be used to obtain the standard entropy 

change for the reaction, at the temperature chosen, from the 

relationship: 

Ave ae Ate 25° 4 Ul
 

which refers to the reaction at constant temperature T. 

It is evident, therefore, that by performing the N.M.R. 

measurements at various temperatures, and thereby obtaining values 

of the corresponding stability constants, the thermodynamic para= 

meters ZX4G°, QAx° and AS? may readily be deduced. Apart from the 

value of the latter in themselves, they can be used to investigate 

further the credibility of the dipole-induced dipole model for 

complex formation which has been postulated, and to some extent 

already substantiated. 

4:2 Experimental 

The haloform samples used in the variable temperature studies 

were the same as those used at 33.4°C, but the original nitroform 

samples were replaced as indicated in Chapter 3. 

The use of the variable temperature equipment presented no 

peculiar difficulties apart from a decrease in the signal-to-noise 

ratio of about 30% end a slight increase in the rate of magnetic 

field drift. This may have led to a marginal decrease in the 

accuracy of the shift measurements, which were made using the side- 

band technique described previously. The temperatures at which 

measurements were made were nominally 5°C, 15°C, 25°c, (33.4°C) and 

40°C, The lower limit was determined by the freezing point of the 

solvent (c.a. 5°c) and the upper limit by considerations of time and 

the possibility of thermal decomposition of the dipolar species,
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particularly the nitroform, and the possibility of side-reactions. 

At any preset temperature, temperature variation from sample to 

sample was small and with some instrument supervision could be main- 

tained constant to within G.4°q: although stability was more 

difficult to maintain at the lower temperatures. Whilst the preset 

temperature remained stable during the experiments, its precise value 

was not determinable immediately to better than Lees In order to 

remedy this, use was made of the copper cons{ertean thermoceucle, 

provided by the manufacturers, with its sensing head situated within 

1 om. of the R.F. coil and with its reference junction concealed in 

the thermostatted magnet enclosure. The e.m.f. produced by this 

was measured by a potentiometer and the actual temperature then 

obtained by reference to tables supplied. 

All sample measurements were made in principle from the lowest 

temperature upwards to minimise any errors arising from possible 

solute decomposition, although certain practical considerations cut 

across this from time to time. The iodoform samples were, however, 

measured strictly in this order. The fluoroform samples were 

heated prior to examination to 50° to minimise the risk of sample 

tube explosion in the probe. The shift measurements and molar 

quantities of each system were processed in the usual way with 

COMPLEXICON. 

4:3 A Possible Source of Error in the Investigations 

In view of the fact that the samples were studied at different 

temperatures the possibility arises of changes in the proportions of 

the constituents in solution, because of changes in the saturation 

vapour pressure of the constituents. This was thought most likely 

to lead to variations in the quantity of the solute species because



    

a 2OBs 

of the wide deviation, in most cases, of the volatility of these 

from the solvent. To test the effect of this, the data of the 

benzene/chloroform/cyclohexane system at 33.4°C (the most accurately 

measured series) were modified by increasing and decreasing 

successively by 20% the numbers of moles of chloroform used in the 

computation by COMPLEXICON. The values of K and DELTA derived from 

the computations differed from the true value by less than 1% (see 

Table 4-1). Therefore, variations in composition with temperature 

change can not be expected to introduce appreciable error to the 

values of K and DELTA. 

TABLE 4-1. Test of Solute Concentration Error on the Computation 

Results of COMPLEXICON for the System Benzene/Chloroform/ 

Cyclohexane @ 33.4°C. 

  

Parameter Correct Results Nbr. of moles of Chloroform Used 

  

+ 20% - 20% 

K 1.1607 1.1672 1.1546 

DELTA (Hz) 97.2 97.1 9764             

4:4 Results and Data Processing 

The results of the measurements at various temperatures are 

presented in Table 4-2 to 4-18 which show the observed solute shift 

for each sample at each temperature investigated. The numbers of 

moles of the constituents used for the nitroform samples are 

included, since different samples to those used for the work at 

33.4°C were prepared for these later investigations. The haloform 

samples can be identified by the letters used and the sample 

composition found by reference to the Tables in Chapter 3.



  

TABLES 4-2 to 4-18. 

(in Hz) from Cyclohexane of the Solute Species at Various Temperatures. 

  

The Numbers of Moles of the Constituents of each Sample and the Observed Chemical Shifts 

  

  

  

TABIE 4-2. Benzene - Nitrofora, 

Moles (x 104) Moles (x 104) Moles (x 10°) Chemical Shifts * 

Haloform Aromatic Cyclohexane @ 5° @ 15°C @ 25° @ 40°C 

0 4.999 0.0 499.6 -340.54 -340.20 -340.04 -3359.14 

A 3-10, 4.02 295.2 -323.91 . -328.19 . 

B 2.98 9.20 286.7 -307.42 -312.54 -316.65 -320.90 

C 3.019 14.26 296.9 -294.70 " -305.00 - 

D 3.19, 25.71 264.6 ~278.07 -283.21 -290.00 -298. 30 

E 5.08, 31.31 273.6 -269.73 - 280.33 -281.14 -291.11 

F 3-11, 37.57 241.6 -265.88 -271.58 -278.27 -287.08 

G 2-953 59.98 212.0 253.79 -260.71 -263.47 -276.34 

H 2.90, 93.56 212.0 -245.96 -250.97 -256.59 -266.08 

J 3.05g 142.6 153.1 -234.67 i ~245.57 -252. 36         

* Unrecorded chemical shift values arise from sample breakage or obscuration by spinning side bands. 

- 
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TABIE 4-3. Toluene - Nitroform 

  

  

  

    

Moles (x 104) Moles (x 104) Moles (x 104) Chemical Shifts 

Haloform Aromatic Cyclohexane @ 5° @ 15°C @ 25°C @ 40°C 

0 4.98, 0.0 499.6 -340.50. 340.20 -340.04 -339.14 

A cil Sek 4-609 310.2 -320.04 -323.84 -329.08 

B 5,00, 6.79, 289.6 -290.48 : f 

f. ES, 9.67, 287.6 274.08 : 306.30 ~315.67 

Dee ae. 15.11 295.2 255.66 -281.69 -290.92 304.53 

B. 2.99, 19.12 278.2 3 273.05 280.69 -298.70 

Ed 319; 28.53 286.1 -239.81 -262.84 : Z 

o 2 ' 305, 49.11 248.8 ~227.50. -251.07 -260.65 272.36 

eo cee 82.76 214.5 “ 241.12 249.07 -259,82 

dP 5. Fig 183.2 115.9 - 232.59 236.59 243.15   
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TABLE 4-2. O-Xylene Nitroform 

  

  

  

    

Moles (x 104) Moles (x 104) Moles (x 10°) Chemical Shifts 

Haloform Aromatic Cyclohexane @ 5° @ 15° @ 25° @ 40°C 

0 4-999 0.0 499.9 -340.52 -340.20 -340.04 -339.14 

Bhs 01g, 1.28, 302.5 -324.03 -326.25 329.40 332.72 

HS 5-06. 3.76, 291.9 -§02:50. + °=308. 36 -313.81 -319.02 

Ct eee 5.877 293.4 =299.31  - 305.42 -313.14 317.20 

A Set 9.92, 287.6 -265.35 : : 

He ie'\3 097 13.05 282.3 =256.38  - =265.16 275.25 -285.02 

B .. 2290, 26.98 266.4 -249.61  -258.87 -266.06 279.33 

G 5.046 53.16 244.1 2 : 5 : 

He 3.02, 113.1 182.8 223.35 229.81 233.75 246.83   
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TABLE 4-5. M-Xylene Nitroform 

  

  

  

Moles (x 10*) Moles (x 104) Moles (x 10*) Chemical shifts 

Haloform Aromatic Cyclohexane @ 5° @ 15°C @ 25°C @ 40°C 

0 4.99, 0.0 499.6 -340.52 -340.20 -340.04 -339.16 

A 2.88, 1.42, 297.3 -324.43 -326.71 -329.83 -332.19 

B 3.06, 3.16, 291.1 -300.51 ~307.12 -309.74 -319.68 

c 2.99, 50934 292.1 -286.49 -295.94 ig -314.31 

D 2.94, 9.23, 291.0 -270.92 -280.94 -290.38 -299.08 

H 2.994 50.59 248.6 -226. 26 -232.97 -238.83 -249.66 

Je 2292, 112.9 185.1 -219.38 -224.42 -228.91 -238.70     
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TABLE 4-6.  P-Xylene Nitroform 

  

  

  

Moles (x 104) Moles (x 104) Moles (x 104) Chemical Shifts 

Heloform Aromatic Cyclohexane @ 5° @ 15° @ 25°C @ 40°C 

0 4299 0.0 499.6 -340.54 -340.20 -340.04 339.14 

A 3.07, 1.49, 302.5 -322.41 -325.22 -326.90 -330.28 

B 3.135 4.10. 298.7 -299.41 -305.04 -308.80 -316.50 

c 2.95 6.16, 278.4 -283.42 -291.52 -297.70 -306.71 

D 3-05g 9.44, 290.3 -270.00 -278. 39 -284.90 -296.01 

E 2.93; 13.47 285.4 . = -273.97 a 

F 3.07, 19.72 276.9 -246.08 - -261.50 -273.99 

G 2.974 30.35 269.6 -236.14 ~243.37 -249.84 -262.18 

H 3-20, 54.90 267.3 -226.97 -233.81 - -250.38     
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ABLE A=", Mesitylene Nitroform 

  

Moles (x 10°) Moles (x 10°) Moles (x 104) Chemical Shifts 

  

  

  

Haloform Aromatic Cyclohexane @ 5° @ 15° @ 25° @ 40°C 

0 4.99, 0.0 499.6 -340.52 -340.20 -340.04 -339.14 

A 3.18, 1.07, 298.1 -321.81 -325.24 -325.86 -329.63 

B 2.98, 2460. 300.7 -299.40 -306.94 ~310.46 -317.56 

c 2.9%. 43.5, 203.8 -282.31 -289.25 -296.10 -306.67 

D 3.36, 74229 317-5 -260.77 -270.28 -279.34 -294.06 

E 5-35; 10.80 319.5 -250.36 -260.98 ~273.57 -282.70 

F 2.96, 13.62 282.3 -241.05 -249.38 ~258.84 2271.10 

G 2.99, 21.01 276.6 - -240.52 ~249.28 -261.51 

H 5.00, 33.66 264.8 -223.16 -226.09 -238.16 ~251.65 

J 5.14, 76.32 224.7 -213.06 -218.16 -224.76 -232.96     
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TABLE 4-18, Tetramethyl Benzene Nitroform 

  

  

  

    

Moles (x 10°) Moles (x 10°) Moles (x 104) Chemical Shifts 

Haloform Aromatic Cyclohexane @ 5° @ 15°% @ 250C @ 40° 

0 4-999 0.0 499.6 340.54 -340.20 -340.04 339-14 

A 3.21, 0.80 302.3 os -322.88 -324.55 -328.69 

B 2.80, 1.579 275.5 -296.09 ~302.11 ~307.76 -313.70 

C 298g 2.62, 293.2 zs a ws = 

D 3.03¢ 4.27, 293.6 -275.38 

E 2.945 52454 282.9 -246.11 -255.77 -265.83 ~279.26 

F 4.10, 7.60, 391.4 : fe x Z 

G 3.14, 10.95 295.8 -224.90 -233.28 -242.79 ~256.95 

H 2.86, 17.74 291.0 -211.93 -220.59 -229.10 -241.38 

J 3.01, 38.10 25567 _ -210.55 -216.13 -225.81   
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TABLE 4-9. Penta-Methyl Benzene Nitroform 

  

  

  

Moles (x 10*) Moles (x 10‘) Moles (x 10°) Chemical Shifts 

Haloform Aromatic Cyclohexane @ 5° @ 15°C @ 25°C @ 40° 

0 4.99, 0.0 499.6 -340.64 -340.20 -340.04 339.14 

A 2.94.5 0.48, 293.1 319.95 -324.66 327.23 -332.09 

B at 1.10, 340.7 -304. 36 -307.60 -311.64 -317.02 

C 3.04 0.95, 293.1 -290.25 ~297.65 303.66 -307.93 

D 322d, 1.44, 296.2 282.63  -289.63 -295.74 -303.22 

Poy 4.85, 2.61, 451.5 -279.07 -286.51 -292.93 301.20 

F 3210, 1.80, 291A ~269.90 -278.34 286.52 294.90 

G 2.85, 2.03 290.8 - - - - 

H 2 / -2.99, 4.36, 285.4 -217.69 -227.44 -237.79 -253.50 

J 3-05, 6.255 278.9 -207.52 215.84 225.38 240.28     
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TABLE 4-10. Hexamethyl Benzene Nitroform 

  

  

  

Moles (x 104) Moles (x 104) Moles (x 104) Chemical Shifts 

Haloform Aromatic Cyclohexane @ 5° @ 15°C @ 25° @ 40°C 

0 4-99 0.0 499.6 -340.54 -340.20 -340.04 339.14 

A te PO, 0.41, 284.3 wee. GH. 519.64 321.56 324.42 

B (2.976 0.93, 290.5 - - -303.74 - 

€ 3.01, 1.42, 294.8 =275.72  -282.34 -288.56 -297.72 

Bs, 9.2, 1.925 368.2 -263.74 -272.02 -279.64 291.25 

E 5.25, 2.63, 312.0 -241.84 -251.77 -261.30 274.67 

Bo Mle 3.34, 289.2 -222.60  =235.23 245.41 -259.53 

G 3.14, 4.61, 297-4 = -251.34 239.50 -255.73 

H 2.94, 6.64 262.0 =196.97° °. -204.21 -212.96 227.52 

J 3.305 12.55 297.0 -194.19 ~200.65 212.83     
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TABLE 4-11. Benzene Chloroform 

  

Chemical Shifts 
  

    
SAMPLE e 5° @ 15°C @ 25° @ 40°C 

0 339033 339.36 339.22 -339.12 

A -326.48 327.93 -328.81 -330.02 

B -316. 26 -317.99 319.83 322.23 

C -305.97 -308 57 -311.15 -314.27 

D -300.09 ~301.00 -304.97 -308.74 

E -294.60 298.61 -301.18 -305.08 

F ~290. 23 ~292.87 -296.78 -300.90 

G -287.91 ~290 87 si -297. 26 

H ~284..65 ~287. 38 -289.81 294.02 

J ~281.75 -284.77 287.34 -291.41   
  

TABLE 4-12. P-Xylene Chloroform 

  

0 -339.33 ~339.36 =339..22 ~339.12 

K ~332.71 ‘ -335.08 -334.97 
A of 3 az 

B -319.02 -420.90 ~423.88 -325.60 

C -310.56 =513.51 -316.53 -319.17 

D -305.74 ~308.89 -310.95 -315.92 

E ~402.11 -304.43 -307.64 -411.98 

F ~296.81 -300.95 -~301.78 ~ -308.42 

G -289.46 -296.42 -299.73 -304.52 

H - -293.72 -296. 24 - 

J -285.50 =287.076 -~292.97 -297-73 

L - 2 ~287.47 2 

M -276.63 -~280.24 ~282.85 -289.02       
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TABLE 4-13. Benzene Bromoform 

Chemical Shifts 

SAMPLE @ 5° @ 15°C @ 25°C @ 40°C 

0 -315.16 -315.31 -315.46 -315.47 

2 -308.78 -308.65 -310. 30 -311.01 

A ~301.8% -303.33 -304.48 -306.08 

B 295.59 ~295,51 -296.58 -299.43 

c -285.56 -287.99 -290.12 -293.01 

D -279.01 -281,88 -283.51 -287.. 26 

E - 273.97 ~276.70 -278.90 -282.87 

F -269.31 -272.07 -274.50 -278.59 

G -264.75 -268.34 271.29 -274.95         

TABLE 4-14. Bromoform - P-xXylene 

  

0 -315.16 -315.31 -315.46 -315.47 

A -304.29 -305.24 -306.96 -308. 20 

B -294.91 -297.15 -298.90 -301.87 

D is _ 295.19 - 

E -280.93 -284.10 -285.83 -290.84 

G - 264.34 - 268.65 ~274.87 -277.32 

J -253.86 -259.48 ~262.52 -268.60       
  

H -260.10 -264.61 -269.21 -272.69
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TABLE 4-15. Benzene Lodoform 

  

  

  

Chemical Shifts 

SAMPIE @ 5°C @ 15°C @ 25°C @ 40°C 

0 . -202.90 -202.92 ~203, 28 

A -175 645 -178.14 ~180.18 ~183.20 

B -166.91 -170.51 “170.78 -176.07 

C - -169.53 -37%.79 -176.03 

D -163.68 ~166.03 -168.62 -172.29 

E -158.47 ~161.09 -163.52 -167.15 

F -153.94 -156.05 -158.95 . 

G -149.39 ~151.82 -154.43 -158. 36         

TABLE 4-16. P-Xylene Iodoform 
  

0 - -202.90 -202.92 ~203, 28 

A -166.76 -170. 38 -172.98 -177-35 

B -159.28 ~162.46 ~165.44 ~170. 30 

C -152.62 -156.05 -159.38 ~164.44 

D -146.72 -150.16 153.65 ~158.89 

F -143.50 -147.11 -149-.47 ~155.88 

G ~138. 24 -141.63 -144.94 -150.82        
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TABLE 4-27. Benzene Fluoroform 

Chemical Shifts 

SAMPLE @ 5° @ 15°C @ 25°C @ 40°C 

0 -249.00 -248.81 -248.59 -248.41 

A -243.94 -244.60 ~245.45 ~240.09 

B -233.18 ~237.61 - - 

C ~224.52 -226.72 -228.673 231.26 

D ~215.14 ~218.03 ~221.66 - 

E -213.34 -214.63 ~218,. 29 -222.31 

F ~196.43 -198.80 -203.51 ~207 28 

q 203.22 -206,01 -209.48 ~213.63 

H -193.92 ~196.57 ~200.53 -199.33 

; -190.19 ~193.27 -196.57 =200.71 

TABLE 4-18, P-Xylene Fluoroform 

0 ~249 05 ~248.81 -248..59 -248.41 

A -237.64 -238.81 -240.23 ~ 

B -231.36 -233.09 ~ - 

c -226.19 -228.41 -230.37 ~233.10 

D -217.25 -219.92 -223.98 -226.19 

E =21.2.18 ~214.54 ~218.32 -222.05 

F -208..56 ~212.00 ~215.37 -219.34 

G -211.13 -214.60 -218.07 -221.33 

H -198.68 ~196.79 ~204.30 ~208.94       
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The chemical shift values givenin Tables 4-2 to 4-18, quoted in 

hertz relative to cyclohexane, are the values deduced from a least 

mean square treatment of the results of the side-band measurements, 

and whilst used for the computation involving COMPIEXICON it is not 

intended to imply that they are accurate to £0.01 Hz. The 

temperatures quoted are nominal and the accurate values of these are 

given subsequently in Table 4-19 with the values of K and DELTA 

derived from COMPIEXICON. The values for AB 9g: 093 and 

AS 505 were deduced by the procedure detailed in section 4:1 and 

are listed in Table 4-20. The error limits quoted on the entropy 

values are 95% confidence limits. 

435 Discussion 

General 

The values determined for AG’, AH° and AS®° are of the order 

of magnitude expected for the formation of weak complexes of the type 

studied here and are consistent with the available values reported 

by other workers for similar complexes (140,142). 

The plots of 1nK against 1/T are apparently linear in all cases 

(see for example fig. 4 - 1) and, therefore, indicate that over the 

temperature range studied the enthalpy of association for each 

complex is independant of temperature. It is to be expected 

therefore, that Os° for the complexes may also be relatively little 

affected by temperature. The signs of the enthalpy and entropy 

terms indicate, respectively, in all cases, that the formation of 

each complex is exothermic and is accompanied by a decrease in the 

entropy of the system. 

Strict comparisons between published results and the values
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TABLE 4-19. Values of K and DELTA at the Various Temperatures of 

  

  

Solute Aromatic T(°c) K DELTA (p.p.m. 

Nitroform Benzene 15.9 14.52 2.00 

13.8 12.51 1.90 

24.6 10.58 1.90 

40.6 7.72 1.81 

Toluene 5.5 35.8 2.26 

14.0 23.4 1.96 

23.5 7 1.90 

39.7 9.36 1.89 

0-Xylene 3.3 55.71 2.07 

13.9 43.82 1.97 

25.9 32.28 1.93 

40.9 28.69 1.72 

m-Xylene S-.* 4T.14 2.16 

13.8 34.65 2.09 

24.8 27.49 2.05 

40.7 18.85 1.96 

p-Xylene 3.6 ° 47.13 2.07 

13.9 37.44 2.07 

23.9 28.17 2.07 

39.7 22.21 1.90 

Mesitylene 3.5 86.68 2,20 

13.8 62.01 2.17 

25.6 47.80 2.04 

40.6 33.04 1.94         
 



  
TABLE 4-19 (contd) 
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Solute Aromatic T( °c) K DELTA (p.p.m.] 

Witroform | Durene 4.4 167.3 2.39 

aye 125.1 2,51 

2525 95.04 2.24 

40.8 62.69 2.14 

P.M.Be 3.6 1434, 2.44 

15.2 430.5 2.47 

23-7 269.9 2.48 

40.9 185.6 2.34, 

H.M.B. 3.5 1054.0 ea Se 

15,0 52565 2654 

2357 352.8 2.50 

40.9 213.1 2.40 

Chloroform | Benzene Sut 1.699 a; 6% 

13.8 1.497 1.60 

23.7 1.292 1.63 

40.1 1.086 1.62 

P-Xylene 3.6 2.752 1.62 

13.8 2.375 1.60 

24.9 2.106 1.59 

40.7 1.738 1.54 

Bromoform | Benzene 3.8 1.420 1.68 

13.8 1.263 1.66 

23.5 1.277 1.58 

39.7 0.991 1.66   
 



  

  

  

TABLE 4-19 (contd) 

Solute Aromatic 7(“c) K DELTA (p.p.m. ) 

P-Xylene Del 1.831 1.96 

13.9 1.819 1.80 

24.6 1.662 1.73 

3967 1.316 1.81 

Todoform Benzene 14.5 1.361 1.49 

13.8 1.375 1.51 

23.3 1.225 1.52 

40.8 1.015 1.54 

P-Xylene 4.5 1.585 1.62 

13.7 2.205 1.61 

23.2 2.067 1.63 

40.7 1.832 1.48 

Fluoroform | Benzene De 2.146 1.66 

13.6 2.037 1.62 

24.3 1.690 1.63 

40.5 0.920 2.04 

P-Xylene 3.7 3.629 1.36 

13.6 2.988 1.39 

24.9 2.404 1.41 

39.9 22253 1.30          



TABLE 4-20. The Values of Thermodynamic Parameters Resulting from the Variable Temperature Studies 

  

  

Solute Aromatic - AH.(K cals. -AS.(cals. dos -AG.(K cals. 

moles) astes *) melch””) @ 25°C. 

Nitroform Benzene 3.18 6.08 = 0.17 1.37 

Toluene 6.68 16.12 + 0524 1.67 

0-Xylene 4.53 8.31 2 0.26 2.05 

m-Xylene 4.19 TY 250.23 1.95 

p-Xylene 3.71 KTS +0. 20 1.99 

Mesitylene 4.48 7:36°= 0.14 2.29 

Durene 4.55 6.24 + 0.16 2.69 

P.M.B. 6.55 10.62 * 0.58 3.38 

H.M.B. 7.25 12.54 = 0.56 3.51 

Chloroform Benzene 2.16 6.73 ~ 0.05 0.150 

P-Xylene 2.12 5.79 + 0.06 0.435             
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TABLE 4-20. (contd) 

Solute Aromatic ‘-H.(K cals. - AS. (cals. deg™* -~4G.(K cals. 

moles”) piles”) moles.) @ 25° 

Bromoform Benzene 1.65 5.26 + 0.12 0.08 

P-Xylene 2.18 6.36 = 0.42 0.25 

Iodofoxrm Benzene 1.98 6.27 = 0.05 0.11 

P-Xylene 1.23 py = 0502 0.42 

Fluoroform Benzene 3.28 10.03 . 0.07 052% 

P-Xylene 3.47 

9.86 + 0.43 0.53             
  

F
G
O
e
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reported here are difficult because few investigations have been 

carried out with a view to deriving thermodynamic data, and for those 

that have, several employ theoretical approximations and experimental 

conditions which bring the reported results into question. 

The only investigations which seem to have been carried out on 

some of the systems studied here are those of Tamres (121) who 

determined the heats of mixing per mole of chloroform and bromoform 

with benzene and m-xylene. It is of interest to attempt to draw 

a direct comparison between his values and the enthalpies of inter- 

action derived from these studies. By using the known equilibrium 

constants for the above complexes it is possible to determine the 

expected degree of complex formation (in the absence of solvent) and 

derive a value for the heat evolved. The values so derived, 

together with the heats of mixing (L) are listed in Table 4-21. It. 

is clear that little or no comparison is possible and this can be 

attributed to the heat effect of mixing the haloforms with the 

aromatic which is not considered in the present work,on the one hand, 

and on the other the inadequacy of using the equilibrium expression 

as a reliable method of determining the degree of complex formation 

in the absence of solvent and in the presence of a large amount of 

self associating solute. 

TABLE 4-21. Comparison of AH from this work and Actual Heats of Mixing 

(in cals moles ~~) for Some of the Systems Studied 
  

System -A H This Work L(heat evolved) 

Tamres (121) 
  

Benzene/Chloroform 127 90 

Xylene/Chloroform 906 202 

Benzene/Bromoform 523 34         Xylene/Bromofoxm 833 106 
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The work of Brand, Eglinton, and Tyrrell (140) is potentially 

of value in that N.M.R., I.R., and calorimetric data are available 

from three component systems very similar to those studied here, but 

the method of data evaluation is open to question because an inadequate 

approximation regarding the equilibrium expression appears to have 

been made. Equilibrium constants for benzoylacetylene 

(C, H, «CO. C&C-H) complexing with benzene, toluene, p-xylene and 

mesitylene were determined by the two spectroscopic techniques and 

are listed, together with the corresponding values for AH? in 

Table 4=22. 

The calorimetric values are the differences of the heats of 

mixing for the solute in each aromatic and in cyclohexane and have 

been adjusted to allow for incomplete association under the conditions 

in which they were carried out (infinite dilution in the aromatic). 

The heat values determined by the spectroscopic techniques are not 

in agreement between themselves or with the calorimetric data and it 

appears, therefore, that confirmation of spectroscopic results by 

calorimetry awaits a more comprehensive and purposeful examination. 

TABLE 4-22. Some Thermodynamic Data for Complex Formation between 

Benzoylacetylene and Some Simple Aromatic Hydrocarbons in 

Cyclohexane. (140) 

  

  

  

        

Technique I.R. N.M.R. Calorimetry 

Aromatic E598 AH(Keals K 598 AH (Keals | L(tale mole: 

moles~!) moles”) 

Benzene 0.61 -3.9 0.71 -1.8 ~7ol 

Toluene A -5.4 teil =2el ~8.0 

P-Xylene 2.4 509 ~ = e 

Mesitylene 5.0 es = =    
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Early work by Creswell and Allred (141), using the analytical 

approach presented in Chapter 3, is probably most informative, if 

only for comparison purposes with the results of the present work. 

In a study of the association of the haloforms with tetrahydrofuran, 

the following relationships with regard to the orders of magnitude 

of the entnlpiae: entropies and Gibbs free energies of interaction 

were found: 

CHCL, > CHBr Ast ® Dns 5 CHF, > CHL 
3 3 

Moreover, it was indicated that the bond strengths for the complexes 

follow the order of ASH for these. The magnitudes of the various 

parameters were similar to those found in the course of the present 

studies. However, the order corresponding to 4 : 6 for the same 

solutes with, say, benzene is not the same but 

CHF 55 GHO Ls CHL, De CHBr Ae Sere} 
3 

This is not surprising, for two reasons. Firstly, the bonds with 

tetrahydrofuran and with benzene may be expected to differ in 

nature, particularly in view of the availability of unshared electrons 

in the former solvent. Secondly, different steric factors affecting 

complex formation with the two different solvents can operate due 

to the different solid angles for solute approach on complex 

formation. This effect would be expected to be more pronounced with 

benzene, and therefore the solute size would be expected to have 

greater significance with this solvent than with tetrahydrofuran. 

It is evident that rationalisation of the thermodynamic 

parameters deduced for the systems studied here is helped little by 

reference to other reported work, and at present may only be possible 

on a self-consistent basis. 

436 As Values and some Comments on the Complex Model 

From the values given in Table 4-20 for AS’ for the formation
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of the various complexes, it is immediately obvious that definite 

variations in these occur. To rationalise these quantitatively 

would be extremely difficult because a knowledge of the standard 

molar entropies of each of the pure compounds involved would be 

required for evaluation of the general expression 

° ° Oo Oo 
Ss =,4,5 —.5 : — 5 

As measured complex aromatic solute 

However in the case of the xylenes, comparisons of Z\s° for the 

nitroform complexes may be made since values for 8 a squia (298) for 

the ortho, meta and para isomers have been reported as 58.91, 60.27 

and 59.12 cal deg” respectively (142). AAA cae - at aw is by 

reference to Table 4-20, - 2.56 cal dex so that the entropy 

difference of the corresponding complexes is - 2.77 cal don which 

is much larger than the entropy difference for the pure aromatics 

and indicates the ortho to be more ordered than the para complex. 

Similarly, it may be argued that the entropy difference between 

the ortho and meta complexes is - 2.16 cal deg and that the ortho 

is more ordered than the meta which is slightly more ordered than 

the para complex. Symmetry considerations in respect of this 

argument produce the same result. If real, the fact that different 

entropies of these three complexes are indicated, may be significant. 

Certainly, if the early model of the complexes with solute and 

solvent fixed in position is correct there would be no reason to 

expect different entropies for the three complexes. If, however, 

a different model is proposed for which the solute hydrogen remains 

on or very near the six-fold axis of the aromatic ring, but the 

remainder of the solute is allowed all possible orientations 

relative to the aromatic molecule, governed by molecular contact, 

an explanation for the entropy differences of the complexes is 

possible. The methyl groups would then play a steric role in 
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complex formation since they are capable of precluding certain of the 

allowed orientations of the solute and solvent. Certainly in the 

case of ortho-xylene replusion between the methyl groups makes their 

exclusion volume greater than that in p-xylene which should be 

similar if not slightly smaller than in the meta xylene case and, so as 

indicated earlier, the entropy of the ortho would be expected to be 

less than that of the para complex. It is possible that similar 

arguments can explain the large -AS° values for the penta- and 

hexamethylbenzene complexes but this must remain unproven until the 

entropies of the aromatic compounds involved become available. 

4:7 Further Consideration of the Intermolecular Interaction in the 

Complexes. 

In Chapter 4, when developing the arguments which ultimately 

led to the contention that in the complexes the inter molecular 

attraction was primarily dipole-induced dipole in origin, three 

points were established. Firstly, it was shown that for complexes 

of a common aromatic component with various solutes, In K is 

dependant on the permanent electric dipole moment of the latter 

molecule. Secondly, with a common solute and various methylbenzenes 

ln K is dependant on methyl substitution and hence polarisability of 

the aromatic ring. Thirdly, ln K was shown to vary with off ad? 

when R2 is more or less constant. 

Nevertheless, in Chapter 3 uncertainty was expressed as to 

which thermodynamic parameter ( Z\G° or A H°) should be taken to 

most reasonably represent the "strength" (interaction energy) of the 

complexes. Other workers (141) have used AH® to indicate bond 

strength but nevertheless further investigation on this point seems 

necessary. The problem is difficult to resolve, but some help may
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be obtained by considering the two models for the complex so far 

proposed. 

The first model, in which the solute symmetry axis was proposed 

to be fixed and coincident with the aromatic six-fold axis, will be 

considered initially. In this case, the interaction energy, 

dependent inversely on R2°, would be expected to adopt the maximum 

allowed value and would, therefore, be determined by molecular 

contact. It is difficult to conceive a mechanism whereby temperature 

would significantly modify this state of affairs and so, for each 

complex, Rl would be expected to be independent of temperature. 

From the results given in Table 4-19.it is evident that W uae 

(DELTA), and therefore Rl for a particular complex, appears in some 

cases to vary with temperature. Nevertheless, no overall rigorous 

trend is evident and for the benzene-chloroform complex, which is 

known to be the most accurately prepared system, the change is very 

small. Whilst the variations may be real, it is nevertheless 

possible that they may arise because of the experimental error 

introduced by the temperature instability of the variable temperature 

probe. If the Rl values for a particular complex are temperature 

independent, the only thermodynamic parameter that can be correlated 

with calculated interaction energies is AR’, This could be 

anticipated for this complex model by consideration of the qualitative 

argument that the attractive forces in the complex, as calculated on 

the dipole-induced dipole approach, take no account of entropy 

factors which are necessarily implicit in AG? mt not AH®. a 

AL? is taken as the critical thermodynamic parameter reflecting 

the intermolecular attraction, correlations with solute dipole 

moment (constant aromatic), aromatic perpendicular polarisability 

(constant solute) end Ql” interaction energy with changes in R2
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assumed negligible) are found (Figs. 4 - 2, 4-3 and 4-4 

respectively) which are similar to those found previously with Ink. 

It is interesting to note the relationship between Rl and AH? 

(Fig. 4 - 5) for the prcisce wie wten studied. This shows a 

definite trend throughout, although of course the precise disposition 

of force fields active in the different solutes may differ. The 

values of Rl used are those measured at 33.4°C because these are 

likely to be the most accurate values. The plot confirms the 

suggestions made in Chapter 3 that the higher the interaction energy 

the more highly compressed is the aromatic 7-system. It can also 

be seen that values of Rl greater than the distance (3.05 8) 

corresponding to molecular contact are possible, even for systems 

where steric factors should be unimportant. In fact it is evident 

that before specific molecular interaction can be considered 

negligible, Rl must be greater than c.a, 3.5 R, In this case the 

molecules would be completely separated and the interaction energy 

would be smaller than obviously possible. However, the corresponding 

plot of AG° with Rl (Chapter 3) shows that when AG®° = 0,R1 is 

Oss bet: R which is eminently more reasonable. Mopeover, Fig. 3 - 4 

shows a reasonable correlation between 1n K (Ac?) and qe. 

In view of this it appears necessary to revert to Ac® as the 

critical parameter reflecting complex strength, even though the 

choice of AH® would on the whole appear to be more logical. 

Certainly for the nitroform complexes, the variation of Ac® with 

aromatic polarisability is more regular than that of AE’. 

Similarly the variation is more system atic when considering any of 

the solutes with benzene and p-xylene. The main drawback to 

adopting Ae? to indicate complex strength, is that it is temperature 

dependent and includes an entropy term that is not formally
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considered on the simple dipole-induced dipole approach to interaction 

energy. The apparent anomaly may perhaps be resolved by considering 

the non-rigid model for the complex. On the basis of this it is 

possible that the interaction energy can be temperature dependent, 

because R2 can be varied, with or without Rl being varied. This 

is possible because the different allowed orientations of solute and 

solvent will differ energetically and more of these will become 

adopted as the temperature increases. Even if the solute were fixed 

in position, and hence Rl remains constant, the time averaged picture 

of the mobile complex (or of all allowed different structures) to a 

simple fixed model will result in differing values for R2. As the 

temperature increases greater deviation from aromatic six-fold axial 

symmetry will be allowed with the result that the effective value of 

R2 will decrease and the interaction energy increase. In other 

words the mean binding energy must change due to the instability 

caused by wobbling excitation. If this is the correct model, it is 

not difficult to appreciate why both Ac and AH° can be correlated 

with the interaction energies as calculated approximately. For the 

fixed model this (U) isqyt/n2” and must be temperature independent, 

whereas it may be temperature dependent and should be represented by 

U + AU, the latter term accounting for the change in Re. When 

NA° was correlated with U the assumption was made that changes in 

R2 were negligible and therefore implicitly that AU = 0. So far as 

correlations with AG° are concerned it is evident that in fact the 

total interaction energy for all configurations of the mobile model 

should be used. To a rough approximation this may be equated to 

U + AU, of which the first term is similar to AH® and temperature 

independent, and the second term to TAS? (the entropy indicating 

deviations from the single model) which is temperature dependent.
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Consequently, if variations in R2 with temperature for one system, 

and between different systems, are assumed to be negligible 

correlations of AG with the simple interaction energy are to be 

expected. 

AP’, taken as an indication of bond strength, does not appear 

to adequately explain all of the experimental data and necessitates 

a rigid model for the complex with temperature independent inter- 

action energy. On the other hand, AG requires a mobile or time 

averaging complex for which the interaction energy can be temperature 

dependent. It appears on the whole that AG may represent, perhaps 

fortuitously, the complex interaction energy better than AH®. 

Certainly the choice of the former has one principal advantage. 

This is that it can be used to explain the fact that Rl can have 

values greater than 3.05 R, Considerations of Ax° and the rigid 

model would indicate, as mentioned earlier, that Rl should 

be less than or equal ebtuae on aromatic x-cloud distortion. 

Whilst this may in fact be the normal criterion, AG and the mobile 

model will allow configurations in which the solute symmetry axis 

departs from the aromatic six-fold axis. If this is so, the solute 

hydrogen could be lifted from contact with the aromatic, resulting 

in increased Rl values. Altermmatively, the solute hydrogen may 

remain in contact with the aromatic molecule but move from the six- 

fold axis. The result on time average will be to relatively 

deshield the proton so that Rl appears to be larger than 3.05 Rg, 

438 Conclusion 

The thermodynamic data resulting from the variable temperature 

investigations are consistent with the formation of weak molecular 

complexes. Furthermore, they have been used to investigate, and to some
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extent substantiate, the dipole-induced dipole explanation proposed 

for the molecular interaction. In the course of this, °t was 

necessary to propose two models for the complexes. The first of 

these is such that the solute and solvent are fixed in orientations 

with the solute symmetry axis coincident with the aromatic six-fold 

Axis. The second model can be considered in two ways. Hither 

the solute and solvent have different allowed orientations which are 

adopted in different: complexes and these are all effectively time 

averaged, or each complex is non-rigid suck that the solute ‘wobbles! 

relative to the solvent in an allowed region. On the whole the 

second model,which ever way it is conceived,allows better 

rationalisation of the experimental data. The adoption of this 

model requires that the aromatic methyl groups, and therefore 

implicitly the solute, play a significant role in determining the 

nature of the complexes.



  

The Determination of the Effective Dipolar Centres of 

Some of the Solutes Studied 

5:1 The General Approach 

The evidence presented in Chapters 3 and 4 is consistent with 

the initial postulate that the type of interaction present in the 

complexes studied is essentially that of a dipole~induced dipole. 

This conclusion is further confirmed by the fact that the vast 

majority of measurements made of the dipole moments of the solutes 

involved, measured in aromatic solvents, indicate that the observed 

moment is larger than its value in an inert solvent and this can be 

attributed, in view of the results reported here ,to the presence of 

solute-aromatic complexes in addition to the uncomplexed solute 

molecules. While it has been acknowledged that some degree of 

association does exist (104) no attempt appears to have been made to 

determine its extent or compensate for it. With the equilibrium 

constants now aveilable, such a correction can be attempted and a 

more realistic value of the dipole moment of the complex obtained. 

If either of the models for the complex, discussed in Chapter4, 

is correct the geometry can be depicted as in Fig. 3 - 1 with the 

CHK, dipole, fixed in one case or on time average in the other, lying 

symmetrically along the six-fold axis of the aromatic ring, with 

the hydrogen atom nearest the ring. In this case, the distance 

along this axis from the centre of the m~-electron cloud to the 

effective centre of the CHX, dipole is given by r in 
3 

Aap = 2h Ve" + 2) 5 

7 eS 

ee
 

re
 

This is the equation of Frank (105) with 0 = 0° and the distance r 

which is the inter-dipole distance may be equated to R2 of Fig. 3 - Ree
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if the assumption is made that the effective centre of the induced 

dipole remains in the aromatic carbon ring plane. BM IND is the 

value of the dipole induced in the aromatic molecule, YU is the 

perpendicular polarisability of the aromatic molecule and is 

taken to be the value of the solute dipole moment in a non interacting 

solvent (cyclohexane in this case). & is the dielectric constant 

of the medium at the temperature in question (usually 25°C). ‘he 

equation will be considered in greater detail in a later section. 

A necessary condition, which has received some justification 

earlier, is that charge transfer from the aromatic is absent and 

Bin arises solely from the localised distortion of the W-cloud 

and O--bonding structure and not from a migration of charge involving 

the solute molecule. The problem to be resolved is the determination 

of a reliable value for Minp» particularly as the changes in dipole 

moment observed are only an order of magnitude greater than 

experimental error. 

53:2 The Basic Method for Determining Dipole Moments 

The basic considerations which lead to the determination of 

dipole moments were laid down by Mosotti, Clausius, and Debye (143) 

The former, by considering the effect of an applied electric field 

on a unit charge in a small spherical cavity, derived an expression 

relating the dielectric constant (€&) to its polarisability (Q)), 

its molecular weight (M) and density via a term P called the 

molar polarisation. 

Bee 2 osg2: Mee ONO ot, 2 
€ + 2 P 5 

where N is Avogadro's number. This relationship applies to non-polar 

  

molecules, and for such cases Maxwell derived the relationship
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€ = NB a 28.9 

where n_. is the refractive index for radiation of long wavelength, 
oO 

For some solute molecules the molar polarisation is found to be 

temperature dependent, and these no longer obey the Masotti-Clausius 

equation, nor the Maxwell relationship. Debye showed that this is 

because these solutes possess permanent electric dipole moments. 

To account for this he reformulated the total molar polarisation of 

a molecule possessing a permanent mney} O° 
e 

PO
 

| Pa Me: So ee 2 ae eee jaa : S22. p. 3 3 So. ed oe Bos ed 

‘3
 kK 

VJ
 

The total polarisation is thus the sur of the distortion polarisation 

Fa composed of electronic Pp and atomic contributions Pas and the 

orientation polarisation Poe When measurements are made with visible 

radiation the oscillations are so rapid that only distortions of the 

electrons (Po) can be detected by influencing the refractive index, 

whereas with infra-red radiation the nuclei are also affected and 

Pa + P can be obtained. In neither case can the molecular 

permanent electric dipole orient itself with the electric field, and 

so no information concerning Po is forthcoming. However, dielectric 

constants are measured by employing an oscilleting electric field of 

typical frequency 1 MHz. In this case the period of oscillation is 

greater than the relaxation time of the polar molecule and hence 

information is obtained that allows Py to be determined and so 

finally A. from Bé ; 
= KTP 

JM re Be 5 
= 4 aN 

To determine dipole moments, several methods are available, but 

the one of concem here is the method used for dilute solution of 

polar solutes in a non-polar medium. In such a solution, the total
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polarisation is the sum of the polarisation contributions of the 

constituents. 

Fi? Ot kk eh i+ & i hn 6 

where Cy and Dc, are the mole fractions of . solvent and solute 

respectively. Py and Py can be evaluated by measurement of the 

dielectric constant and density of the pure solvent and dilute 

solution respectively, and hence a value for Pos the total polar- 

isation of the solute is obtainable. A series of measurements are 

extrapolated to infinite dilution of the solute to obtain a value 

free from solute-solute interaction effects. The measurement of 

the refractive index with the Na. line yields the electron polar- 

isation and after a correction for atomic polarisation usually by 

assuming P == 0.05.P,, a value for Fs the orientation polarisation 
A 

can be obtained which leads to a value for M, by substitution in 

equation 5 : 5 which is more usually expressed as 
oo
 

—
)
 Fe = 0.01281 Pot 5 

533 A Method for Estimating the Inter-—Dipole Distances in the 

Complexes Examined. 

For some of the solute-aromatic systems examined extensive 

dipole moment measurements have been made. However, for any one 

system the values reported cover a wide range. After critical 

examination of the data the values quoted in Table 5-1 are considered 

most reasonable and will be used hereafter. These all refer to 

infinite dilution of the solute in the chosen solvent. Because of 

this it is necessary to decide on a physical interpretation of the 

solution composition under these conditions, i.e. whether the 

solute is free or bound in complex.
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Other workers have suggested (138) that at infinite dilution 

the solute is fully complexed. This seems unlikely because this 

interpretation would imply that the solute cannot undergo exchange 

with different aromatic molecules and that it would be associated 

with only one aromatic molecule with no free time of exchange. cf 

it is assumed that the infinite dilution criterion is a specific 

example of solution composition, which is governed by the general 

equilibrium expression given in Chapter 3, the equation relevant to 

the dipole moment measurements is 

as Cie et ee oe 
with S = 0, If, in fact, the solute is considered to be all 

complexed A = C and K = 00 which is inconsistent with the basic 

assumption. However, if the fraction of solute complexed is 2c 

K s Ax{A + B- xcA 

A = 3CA) (B- cA eae 

so that at infinite dilution when EDA 

Pe en 5 : 10 
1 -oc 

Consequently, it would seem reasonable to interpret the infinite 

dilution situation such that the solute can be considered to be 

free, with dipole moment [ryonms and complexed, with moment 

Pa + Porn in the proportion (1 - 2<):2c . Bow is 

taken to arise solely from the aromatic molecule. The assumption 

is made that the value of Moyerr in benzene is identical to the 

value of Mover in cyclohexane. Because the polarisabilities of 

these two solvents are similar this assumption will not introduce 

appreciable error. The total orientation polarisation of the 

solute can therefore be regarded as arising from two components in 

the manner indicated by equation 5 : 6.
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ie Beg. ay 
o, Tora, = Xo, compiex * (1-20) Po) amp 

from which may be deduced, via equation 5 : 7 the relationship 

2 2 2 
Pxrommete = Scowisx + (4 - ©) Miner J. 38°. £2 

Hence 2 2 4 : 

_ |Peromaric _~ (1-30) drape Phere 
eourrex ane 

The difference between /*comprex and Mayer is taken to be Man 

which can be substitutedinto equation 5 : 1 to obtain R2. 

  

At this stage equation 5 : 1 must be considered in detail 

because the physical model adopted for the effect can modify the way 

the equation is used. Initially, the polar solute of moment 

Maver’ can be considered to induce a moment Pauw in a non-polar 

aromatic of perpendicular polarisability Y, and not to contribute 

to the dielectric properties of the complex. The induced moment is 

given classically by 

Pauw = YF 5 3s 14 

where F is the intensity of the electric field acting on the aromatic 

molecule and is given by 

F = 2 5 Det Ag 

where € is the medium and hence aromatic dielectric constant. E, 

the electric field in the dielectric medium, is related to the field 

Ey arising from the polar solute in vacuo by 

Hes Ey Sut’ 18 

x 
For the complex with molecular orientations as proposed earlier 

2 
ays Ye Ce a 

ee) 

for a dipole-induced dipole separation r. Consequently, from 

equations 5 : 14 to 5 : 17, equation 5 : 1 is obtained i.e.
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Bom = 2?Hompr (€+ 2) 
3 €xr° 

If, as is desired here, the field due to the polar molecule is 

considered to arise from a point dipole within the solute it could 

be argued that the dielectric constant for the medium has 

contributions from both solute and solvent. In equation 5: 1, F 

should perhaps be replaced, to a first approximation, by the 

arithmetic mean of the solute and solvent dielectric constants. It 

should, therefore, be pointed out that this has not been done for the 

subsequent calculations but the assumption that € refers to the 

aromatic alone, as made by Frank and also Walker et.al, has been 

retained. 

It might be argued further, that since R2 - Rl is required 

ultimately and Rl has been deduced for the complex in the presence 

of cyclohexane, equation 5 : 1 should be modified accordingly to 

obtain R2. However, it can then be pointed out that for the model 

proposed for the complex, even in cyclohexane, the latter is unable 

to interpose between solute and aromatic and therefore cannot be 

considered to modify € or any other parameter in écbktion Biase 

This equation has, therefore, been used simply according to the 

definition of Frank. 

5:4 Application of the Method 

By assuming the validity of equation 5 : 8 for two component 

systems and of the applicability of the equilibrium constants to 

these (at 25° - Chapter 4), the proportions of the solutes considered 

in the complex state at infinite dilution in various aromatic solvents, 

were found. The results for the solvents for which relevant dipole 

moment data are available are presented in Table 5-2. From these
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values the solution dipole moments of the complexes were determined 

and these are also given in Table 5-2. Using the appropriate values 

for the dielectric constants and perpendicular polarisabilities, which 

are listed in Tables 3-6 and 3-12 of Chapter 3, values for R2, shown 

in Table 5—3, were obtained. These, together with the corresponding 

values of Rl, deduced earlier, enabled the positions of the solute 

point-dipoles to be deduced by reference to the values of R2 - Rl 

which are given in Table 5-3. 

5:5 Discussion 

The values of R2 - Rl given in Table 5-3 indicate the distance 

along the solute symmetry axis, from the centre of the hydrogen 

atom, at which the molecular point dipole can be considered to be 

located. It can be seen from Fig. 5 - 1, illustrating the relevant 

dimensions of the solutes, that for each of these, (144) the position 

determined for the dipolar origin lies well within the physical 

confines of the molecule. Furthermore, whilst it is difficult, 

because of the number of steps and approximations in the approach, 

to define the accuracy of these values, particularly for chloroform 

where Urvp is very small for both systems, it is evident that in 

each case the dipolar origin lies, as to be expected, well towards 

the more electronegative end of the molecule. In addition, there 

is a regular trend in the R2 - Rl values which indicates that in 

the series (CH(NO,),, CHCl 7 .Clbre CHT 3) the dipolar centre lies 
2) 3 a 

progressively closer to the solute hydrogen atom. This may be a 

function of the decreasing electronegativity and increasing 

polarisability of the substituents. 

It might have been hoped that the R2 - Rl values for a 

particular solute with different aromatic solvent$, would be very
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TABLE 5-1. The Solution Dipole Moments of the Solutes. (103) 

Solute Inert Solvent Benzene | P-Xylene | Mesitylene 

Nitroform 2052, 2.61 2.135 3.00 

Chloroform 1,06/1.19,* Lege 1.25, _ 

Iodoform 0.82, 0.86, 0.89, en 

Bromoform ere 1.04 1.07¢ _ 

  

              

* These values indicate the limits of the most reasonable range of 

values. 

TABLE 5-2. The Estimated Proportions of the Solutes Present in the 

Complex State in Aromatic Solvents at 25°C at infinite dilution 

the Estimated Values of the Complex Dipole Moments 
  

  

    

System Fraction Solute Be of Complex 

in Complex (2c) (Debye) 

Benzene Nitroform 0.91 2.64 

P-Xylene Nitroform 0.97 2e14 

Mesitylene Nitroform 0.98 Seu 

Benzene Chloroform 0.56 25 

P-Xylene Chloroform 0.68 1.28 

Benzene Bromoform 0.56 1,07 

P-Xylene Bromoform 0.62 as 12 

Benzene Iodoform 0655 0.89, 

P-Xylene Iodoform 0.57 0.95,      
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TABLE 53. The Calculated Values of R2 and the Estimated Distances 

of the Effective Dipolar Centres (2) 

  

  

Complex R2 R2 = R1 

Benzene Nitroform 5482 2.89 

P-Xylene Nitroform 5.39 2053 

Mesitylene Nitroform 4.33 1.47 

Benzene Chloroform 3.86/6.87 * 0.79/3.80 

P- Xylene Chloroform 4.02/5.77 * 0.84/2.59 

Benzene Bromoform 5.19 eek 

P-Xylene Bromoform 4.89 1.98 

Benzene Iodeform 4.81 1.65 

P=Xylene Iodoform 4.42 1.40         
  

* These values correspond to the range of dipole moments referred 

to in the footnote to Table 5-1.



at 2A 

similar. This would be particularly true if the rigid model 

discussed in Chapters 3 and 4 were valid. Certainly the values are 

similar, and any differences may well be attributable to error both 

in experimentation and theoretical approach. Superficially, 

nevertheless, the values appear consistently to decrease with 

increasing aromatic methyl substitution. If this variation is 

significant it can most readily be explained in terms of the mobile 

or ‘wobbling! model discussed in Chapter 4. For this, motion which 

allows the greatest deviation from the rigid model will, on time 

average, result in a situation interpreted on the rigid model basis 

with the smallest effective value for Re. Consequently the decrease 

in value of R2 - Rl, obtained from the complexes of a particular 

solute with aromatics progressively substituted with methyl groups, 

must be attributed to the fact that the X end of CHK, must spend 

increasingly greater times closer to the plane of the aromatic ving 

because of increasing steric interactions of the methyl group with 

the solute. This may be explained if the solute contribution to the 

entropy of a benzene complex is the same or less than that of the 

methyl benzenes. 

5:6 Conclusion 

The method for estimating solute dipolar centres presented in 

this chapter appears to be promising. It is clear that the 

N.M.R. method involved in this is sufficiently well developed to 

provide meaningful locations for the solute hydrogen above a simple 

aromatic molecule. On the other hand, the dipole moment side of 

the method requires considerably more precise measurements before 

values for R2 can be determined reliably and before improvements to 

the theoretical approach to R2 are justified. 

The accumulative evidence in this and preceeding chapters indicates



    

~ 144 = 

that the mobile model is preferable to the rigid model explanation 

of the structure of the complexes. In the present studies it has 

been assumed that the solute hydrogen lies on average on the aromatic 

six-fold axis. Confirmation of the average geometry of a complex 

can be supplied by determining the screenings (DELTA) for two or 

more magnetically dissimilar nuclei in a solute. Of those studied 

here, this is potentially feasible for fluoroform by employing both 

ty and 195 measurements. However, a major obstacle arises to the 

latter type of measurement because of the difficulty of securing 

a simple fluorocarbon for internal reference purposes that does not 

itself complex with the aromatic molecule.
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APPENDIX A 

THE AUTOMOUSE 

This device consists of a separate unit mounted on the operating 

console of the spectrometer and was designed as a plug-in accessory 

to it. The connecting cables are all screened to ensure freedom 

for the N.M.R. signals from electrical interference, particularly 

from the mains supply to the timers. These form the nub of the 

circuitry (see fig. Al) and were arranged in a closed electrical 

loop. After initiation,the timers operate indefinitely in sequence, 

their relays opening and closing the necessary spectrometer circuits. 

The complete sequence of events is as follows:- 

(a) The spectrometer is switched from normal operation by operating 

the manual switches Sl, S2 (a and b) and 8%, in order to place them 

in the positions indicated in fig. A-l. When closed these switches 

effectively bye-pass the timers and return the N.M.R. signals to 

the spectrometer. 52(b) is open for normal operation but during the 

use of the AUTOMOUSE, switches in a dummy load. 

(b) The operation of the timer loop is initiated with timer Cl 

which operates for a selected period of from 5 to 120 seconds. 

During this time, the N.M.R. signal, taken from the front-panel 

sensitivity control, is fed to the integrator via this control using 

the normal R10 circuitry. The length of time used at this stage 

determines the final S/N improvement. If the input signal consists 

only of noise there is little nett accumulation of charge on the 

integrator condenser whatever the time period used. An N.M.R. 

signal, however, even if present to a minute extent, over a period of 

time can emerge above the transient fluctuations of noise. 

(c) After the specified time period, the relay in Cl opens and its 

_ trigger pulse causes C2 to operate. This switches out the dummy
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load across the pen recorder unit output and allows the accumulated 

integrator signal to pass to the pen drive motor which causes the 

pen to move to a new position corresponding to the integrated 

signal. The time for this event is about 0.5 seconds after which 

the pen is again isolated from the recorder and integrator, being 

replaced by the dummy load, and remaining at the last position on 

the chart paper. 

(d) The trigger pulse from C2 causes the relay of C3 to close for 

a fraction of a second and this causes the recorder drum to rotate 

a short distance and simultaneously sweep the field of the spectro- 

meter. 

(e) The final step of the sequence is the cancellation of the 

integral by C4 which is connected across the integral cancel button 

on the front panel, after which the sequence automatically 

recommences. 

Because the pen is inactivated immediately after it has recorded 

the integrated signal it traces out on the chart paper the envelope 

of all the accummulated signals and this is the normal absorption 

signal. It is necessary initially to detect an inverted absorption 

signal in order that conventional spectra are presented finally. 

An example of the performance of the device when compared with 

the best spectrum that can be obtained in the normal manner is 

illustrated in Figs. A2 and A3. The conditions of A.2 were: 

R.F. Power 10°,5 ya 

R.F. Gain 0.5 

Sensitivity 8 

Sweep Rate 8 units per minute (= 24 Hz/minute) 

Time Constant 1.5 second plus 4KHz selective filter 

Phase Detector Gain 2
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The mouse spectrum conditions were:- 

R.F. Power 10°, 6.3 AY 

R.F. Gain 0.5 

Sensitivity 2 

Sweep Rate 32 units per minute * 

Time Constant 0.1 seconds 

* This was the normal chart drum speed which only operated once 

every 30 seconds. The actual nett sweep speed was about 30 second 

per hertz of swept frequency. 

It is interesting to note that, in spite of the higher power 

level used on the slow integral scan, saturation effects do not 

appear to be conspicuous.
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APPENDIX B 

A Computer Program for Evaluating Equilibrium Constants from 

Nuclear Magnetic Resonance Chemical Shift Data | 

As explained in Chapter 3 the method for equilibrium constant 

determination developed by Creswell and Allred does not lead 

directly to an explicit value for K, and an iterative routine for 

determining both this and DELTA is necessary. For greater accuracy 

and speed it was necessary to carry out the calculations on a 

computer. This reduced the time necessary for calculation from 

about 1 week to 10 minutes and gave an answer that was reliable to 

a few per cent in most cases. 

The program to do this, known as COMPLEXICON is in the Elliott 

dialect of the programming language Algol 60 and was run on an 

Elliott 803 computer. The basis of the method is that the limiting 

values of the range of K the equilibrium constant for the association, 

within which the true value is thought to lie, is supplied to the 

computer. This then chooses values for K within the range and 

calculates values for eI; f [2], less than or equal to unity for 

each sample of the series. The regression line for the plot of 

[c] 4 7 [4] j upon 5 cha for each K value is calculated by the 

method of least squares and the sum of the squares of the residual 

values of Cc], fe Lal, upon this line is also calculated. The 

latter function, known as SUMSQ(K) is minimised by the method of 

trisection, upon the values of K using an iterative Algol procedure 

MINX (145). When this error function is at a minimum the current 

value of K corresponds to that giving the best straight line for 

equation 329, This part of the program was developed in collaboration 

with Mr. P. D. Groves of this department. 

In the computation there is no enforcement of the calculated
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line through the point ( { se pat CI; i [4], =O), 

because of the influence of medium soreening effects discussed in 

Chapter 3. 

The input data for the program are as follows:- 

(i) An identification reference. 

(ii) The number of solutions being studied. 

(iii) Experimental values of PJ; [=], [s1,> and 5 ea 

(iv) Three numbers identified by UPPER, LOWER and ACCY. The 

first two of these indicate the upper and lower trial values for K, 

between which the correct value is anticipated. The third number 

gives the smallest interval in adjacent values of K between which 

it is considered necessary to perform the computation MINX. In the 

event of the best value for K being outside the expected range 

UPPER to LOWER, errors may arise because 

(i) there is no value for Ce], 7. I, less than unity, 

(ii) the procedure MINX falsely chooses UPPER or LOWER as the 

value of K corresponding to the minimum of SUMSQ(K). 

The program contains routines for the detection of errors of 

this sort and will indicate their occurrence by printing an 

appropriate message on an on-line teleprinter together with a request 

for new values for the limits UPPER and LOWER. The computer then 

waits for these to be supplied, whereupon the computation is 

recommenced. 

The output provides the following information:- 

(i) The identification reference. 

(ii) The input values of [4], [2], and [s],> the corresponding 

values of Ic], Z [A], evaluated from the final K value, and the 

input values of a ; all tabulated in the manner of Tables 4-3 
sj 
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and 3-4, 

(iii) The values chosen for UPPER, LOWER and ACCY. 

os (iv) The selected value of K and the slope ( § 
complex free 

known as DELTA) and intercept (8 oes known as DFREE) of the 

corresponding line representing equation 3 : 9. 

(v) ‘The estimated residual variance (s°) and standard 

deviation(s) of the final (c], / (41, values where 

2 n 
So n a 

8. pe ee ek 
jal 

Beane, 

n is the number of samples investigated and [C], / [A j the 

least squares value. 

As a further check on the consistency of the experimental 

measurements and to eliminate points grossly in error it is possible, 

if desired, to use an on-line graph plotter to compare visually the 

calculated regression line of [c], / 4, on 8. j with the 

corresponding experimental points. The Algol Plotter Package 

supplied by Elliott Brothers (London) Ltd., is utilised for this 

purpose. A copy of the program is inserted into the pocket at the 

rear of this thesis.
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A Device for Improving the Signal to Noise Ratio of N.M.R. Spectra 

By P. J. Huck and J. Homer 

Department of Chemistry, University of Aston in Birmingham, Birmingham, 4 

The problem of detecting weak N.M.R. signals has, 
in recent years, been overcome by two techniques. One 
improves the signal to noise ratio (S/N) using a com- 
puter of average transients!:2 to sum a number of 
normal spectra. The alternative method employs slow 
spectral scan with high gain, suitably low R.F. level to 
avoid saturation and adequate filter to reduce the 
response of the detection and presentation systems to 
spectrometer noise.3 While providing reliable and 
improved spectra the additional equipment for the 
first technique is costly. Use of the second method 
is often limited because few spectrometers provide 
suitable gain, filtering and scan facilities and may, 
therefore, require extensive modification to benefit 
fully from this technique. 

Recently, a third method has been reported4+ which 
enables noise time-averaging and signal enhancement 
using equipment which is simple and inexpensive to 
construct. It is, however, subject to limitations of both 
theoretical and practical nature. The method in- 
volves continuous slow spectral scan during which 
the spectrometer integrator is repeatedly activated and 
discharged for fixed time intervals. When the inte- 
grator is operative the recorder pen follows the 
accumulating signal and on cancellation returns to 
the initial spectrum baseline. Ideally the spectrum is 
recorded as a series of vertical lines whose envelope 
corresponds to the S/N improved spectrum. Even 
though the spectrum may be scanned slowly the suc- 
cessive deflections in practice represent an averaged 
signal from a finite width of the spectrum. Only by 
signal accumulation at fixed points in the spectrum 
and, therefore, necessarily scanning in small steps, can 
an enhanced signal be accurately produced. From the 
original idea by Crutchfield,s Mayo and Goldstein® 
have developed a device, working on these principles, 
to enhance the sensitivity of a Varian Associates A-60 
spectrometer. 

Although not recorded in the open literature it has 
been known for some time that workers* in the field 
have made further developments for signal to noise 
improvement which, though analogous to those 
previously reported,4°6 produce spectra of conven- 
tional appearance. The principle of the more elegant 
of these techniques involves successively, integration 
at a fixed point in the spectrum, reading only the 
final integrated signal, stepwise scan and integral 
cancellation; each operation being carried out for an 
accurately known and constant time. 

We have modified a Perkin-Elmer R10 60 Mc./sec. 
instrument to perform repeatedly these operations 
controlled by commercial timing equipment. The 
schematic diagram for the system is shown in Fig. 1 

*The authors wish to acknowledge the work of M. M. 
Crutchfield, A. V. Robertson, W. F. Beach and A. W. Douglas 
in the development of these techniques. They also thank 
Professor W. G. S. Parker for the provision of facilities and his 
interest in this work. One of them (P. J. H.) is grateful to the 
University of Aston in Birmingham, for a Research Assistantship. 
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Fic. 1.—Schematic diagram for stepped-sweep and spectral point 
integration techniques. Contacts C1, C2, C3 and C4 are shown in 
their normal positions and switches S1, S2, S3 and S4 set for 

spectral point integration 

and the behaviour of the relays governing the succes- 
sive basic operations in Fig. 2. The timing equipment 
(Venner Electronics Ltd, Timing Units Type ETDR 
with fast reset time of 0-1 sec. and timing accuracy of 
2%) is housed in a separate console designed as a 
plug-in accessory to the spectrometer and connected 
to it by screened coaxial cables. The complete 
sequence of operations is (a) signal integration on 
closure of contacts Cl for a time T, (5-120 secs.), 
(b) recording the accumulated signal on closure of 
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C2a for time Tz (0-1-3 secs.), (c) spectral span on 
closure of C3 for time T3 (0-1-10 secs.) at any of the 
normal spectrometer sweep rates and (d) cancellation 
of the integrated signal by closure of C4 for time T, 
(0-1-3 secs.). Immediately after recording the signal, 
C2b closes and replaces the pen drive circuit by a 
dummy load across the recorder-amplifier output and 
sO maintains the pen at a point on the chart corres- 
ponding to the previous integrated signal. The 
inclusion of switches S1, S2 (a and b ganged) and $3 
(Fig. 1) provides separate control over the integration, 
reading and scanning operations and, thereby, in- 
creases the versatility of the device. For example, with 
all three switches closed (S2b open) the spectrometer 
may be used either conventionally with the timers 
inoperative or, when operative, in a manner analogous 
to that described previously.4 

In normal spectrometer mode (integrator off, S45 
closed) with S2a and S3 open, the timing system may 
be used to simulate the slow sweep necessary for 
heavily filtered spectra; T, is chosen to allow the 
appropriate reduction in sweep rate and enable com- 
plete response of the pen (C2a closed) to the heavily 
filtered signal. To record spectra of conventional 
appearance and improved S/N by integration the 
spectrometer is adjusted for normal operation and the 
phase of the detection system changed by 180°. This is 
also necessary for the recently reported method.4 S1, 
S2a and S3 are then opened and the timing loop 
initiated with the required times T,;-Ty. Accurate 
phasing for the absorption mode is necessary as is 
thermal stability of both integrator d.c. amplifier and 

August 27, 1966 CHEMISTRY AND INDUSTR 

sample. While the phase detector pedestal voltag 
need not be accurately backed off (Y-axis set zero 
control) the d.c. amplifier feedback must be optimised| 
to produce a flat baseline. 

A typical “best” normal spectrum of the methylene 
proton resonance of ethylbenzene, 1% v/v in carbon! 
tetrachloride, is shown in Fig. 3a. Fig. 3b illustrates' 
the same resonance under purposefully noisy condi- 
tions. The S/N can be increased from that in Fig. 3b 
either by the use of reduced filter bandwidth and sweep 
rate or by the point integration technique. By using 
the former method the S/N improvement (F) is a 
function of the square root of the factor by which the 
bandwidth is reduced. The sweep rate must also be 
reduced to the same extent to maintain the signal 
distortion parameter3 at the previous optimum low 
value. For the latter technique F is proportional to the 
square root of the point integration time providing 
saturation effects are avoided. Fig. 3c illustrates a 
S/N improvement relative to Fig. 3b using reduced 
bandwidth and sweep rate. By using the timing system 
to simulate even slower sweep rates higher F values 
may be obtained if suitable bandwidths are available. 
Fig. 3d shows the improvement over Fig. 35 of a point 
integration spectrum with a relatively short point inte- 
gration time. Fig. 3e illustrates the benefit of longer 
point integration times and gives some indication of 
the improvement possible over Fig. 3a. 

While both point integration and reduced-band- 
width slow-sweep methods give S/N improvements 
consistent with those expected an important advan- 
tage of the former is that it requires only minor 
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Fic. 3.—60-004 Mc/sec. methylene proton resonance spectra of 1°% v/v ethylbenzene in CC14. The 
vertical lines following spectra (a), (b) and (c) are associated noise samples 
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modifications to the spectrometer whereas for the 
latter they may be extensive. One further practical 
advantage of the former method has been found 
empirically. This is that R.F. level and possible 
associated saturation effects appear to influence the 
production of good S/N spectra by the point integra- 
tion method less critically than by the reduced-band- 
width slow-sweep method. Further study of the 
significance of this is in progress. 
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A Computer Programme for Evaluating Equilibrium Constants from Nuclear Magnetic 
: Resonance Chemical Shift Data 

By P. D. Groves, P. J. Huck and J. Homer 

Department of Chemistry, The University of Aston in Birmingham, Gosta Green, Birmingham 4 

Studies of association resulting in the formation of 
1:1 molecular complexes in solution, may be per- 
formed readily by spectroscopic methods. A particu- 
larly powerful technique for investigations in this field 
is nuclear magnetic resonance spectroscopy. A pre- 
requisite for the successful implementation of the 
technique for this‘ specific purpose is that some 
spectral parameter of one of the reactant species 
should be modified as a direct result of complex 
formation. Creswell and Allred! have shown that 
chemical shifts can conveniently provide adequate 
information for studies of this kind. 

The formation of a 1:1 molecular complex (A...B) 
from two compounds A and B which are precluded 
from normal chemical reaction may be represented by 

A+Be=A...B. 
Because exchange of A and B between free and com- 
plex situations normally occurs more rapidly than the 
nuclear resonance absorption any nucleus of either A 
or B will not exhibit discrete resonances characteristic 
of the two possible magnetic environments but will 
instead show a single resonance band.?:3 The observed 
shift (Sops.) of, for example, A is the weighted average 
of the shifts characteristic of the associated and un- 
associated molecules, i.e., Scomplex and Stree respec- 
tively, which are normally assumed to be independent 
of the concentration of A and A...B within the 
ranges of concentration studied. The relationship 
between these parameters is given by 

[C] [A] — [C] 
Sobs. = ——- Scomplex + ——— 

[A] [A] 
where [A] is the number of moles of A initially present 
and [C] the number of moles of complex at equili- 
brium. Because [C] cannot be determined directly the 
straightforward evaluation of Scompiex from equation 
(i) is not possible. If, however, the concentrations of 
complex present in a series of samples with different 
initial concentrations of A and B can be found it is 
evident, by rearranging equation (i) to (ii), 

C]; 
Sobs. : Oi TA] (Scomplex— Stree) ate Stree 

  

j 
that both Scompiex and Stree can be evaluated from a 
plot of the observed shift (Sons.j) versus [C]j/[A]j. The 
subscript j refers to the “jth” sample. For experi- 
mental convenience the studies are best performed on 
three-component systems in which one component is 
la non-bonding solvent. To determine the quantity of 
complex formed in each solution the equilibrium 

constant K governing its formation is required. K can 
be defined as 

[C] ([A]i + [B]i + [S$]; — (Cj) 
K = —___—___. (iii) 

([A]i — [C]i) ([B]i — [C]j) 
the concentration of each species being expressed as a 
mole fraction. [A]j, [B]; and [S]j are respectively the 
number of moles of A, B and the solvent S initially 

present and [C]; the number of moles of the complex 
at equilibrium. Even though [A]j, [B]; and [S]; are 
known the value of [C]; can only be estimated from 
an assumed value of K. The normal method of 
determining Scompiex, and also K, is to plot dops.j for 
a series of samples against the corresponding [C]j/[A]; 
values estimated from assumed values for K; the 
resulting plot can only be linear if the correct value 
for Kischosen. The evaluation of [C]; from equation 
(ili) using an assumed value for K results in two values 
for each sample because equation (iii) is quadratic in 
[C]j. The only physically meaningful values are, 
however, those for which 0<[C]j/[A];<1 and con- 
sequently, only these values are chosen for appropriate 
inclusion in the plot of [C];/[A]; with Sons.j. The 
benefit of adopting the above procedure is evident 
from the resulting concurrent evaluation of both 
Scomplex and K and furthermore, from the possibility 
of evaluating AS° and AH° for complex formation 
from chemical shift measurements at various tempera- 
tures. It can, therefore, prove profitable to undertake 
the laborious manual computation involved in this 
procedure and plot the appropriate trial graphs until 
the best visual fit to a straight line is obtained. 
However, when many systems are being studied 
this is both time consuming and tedious. Conse- 
quently, we have written a computer programme which 
enables the rapid evaluation of Scompiex, Stree and K. 

The programme, known as COMPLEXICON, 
is in the Elliott dialect of the programming language 
Algol 60 and has been run on an Elliott 803 computer. 
The basis of the method is that the computer is 
programmed to choose values for K within pre- 
determined limits and calculate the corresponding 
values of [C]j/[A]; less than or equal to unity. The 
regression line for [C];/[A]; upon Sops.j for each K 
value is calculated by the method of least squares 
and the sum of the squares of the residual values of 
[C];/[A]j upon this line is also calculated. The latter 
function, known as SUMSQ (K), is minimised by 
the method of trisection, using an iterative Algol 
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procedure MINX.4 When this error function is at a 
minimum the current value of K corresponds to that 
giving the best straight line for equation (ii). 

In the computation the criterion, apparently implicit 
in equation (ii), that the best straight line should 
pass through the point (Sons.j = Stree [C];/[A];=9), 
has not been enforced because it has been shown that 
the intercept of a plot of Sops.j against [C];/[A]j is not 
necessarily Stree. For some systems the intercept can 
provide a shift which differs from Stree by a small 
amount which is constant for a particular system 
and is due to medium screening effects. 

The input data for the programme are as follows:— 

(i) An identification reference. 

(ii) The number of solutions being studied. 

(iii) Experimental values of [A]j, [B];, [S]; and 
obs.j- 
(iv) Three numbers identified by UPPER, LOWER 

and ACCY. The first two of these indicate the upper 
and lower trial values for K, between which the 
correct value of K is anticipated. The third number 
gives the smallest interval in adjacent values of K 
between which it is considered necessary to perform 
the computation of MINX. In the event of the best 
value for K being outside the expected range UPPER 
to LOWER, errors may arise because 

(i) there is no value for [C];/[A]; less than unity, 

£BENZENE CHLOROFORM 33C ? 10 

June 3, 1967 CHEMISTRY AND - INDUSTRY 

(ii) the procedure MINX falsely chooses UPPER or 
LOWER as the value of K corresponding to the 
minimum of SUMSQ (K). 
The programme contains routine for the detection 
of errors of this sort and will indicate their occurrence 
by printing an appropriate message on an on-line 
teleprinter together with a request for new values for 
the limits UPPER and LOWER. The computer will 
then wait for these to be input whereupon the com- 
putation is recommenced. : 

The output provides the following information:— 
(i) The identification reference. 
(ii) The input values of [A]j, [B]; and [S];, the 

corresponding values of [C];/[A]; evaluated from the 
final K value, and the input values of Sobs.j. 

(iii) The values chosen for UPPER, LOWER and 
ACCY. 

(iv) The selected value of K and the slope (Scompiex- 
dtree known as DELTA) and intercept (Stree known as 
DFREE) of the corresponding line representing 
equation (ii). 

(v) The estimated residual variance (s2) and standard 
deviation (s) of the final [C];/[A]; values where 

n 
n 

s? = —— > ({[C];/[A];—[C])/[A])), 
n-. 

it 

(Reader one) 
O 5.1768@-4 0.0. 5.0605@-2 -339.02 
A 5.4868@-4 5.4338@-3 4.9924@-2 -329.36 
B 6.4417@-4  1.2349@-2 5.0367@-2 -321.19 
C 7.6228@-4 2.3944@-2 5.0299@-2 -312.95 

Fic. 1.—Typical input data. The D_ 8.8291|@-4 3.6952@-2 4.9958@-2 -307.28 
amounts of each of the species present E 1.0002@-3 4.9869@-2 4.9773@-2 -303.66 
are expressed in moles and the chemi-  F  8,.3097@-4 4.9872@-2 3.3046@-2 -299.35 

cal shifts in c./sec. G 8.7537@-4 5.9878@-2 2.5199@-2 -295.51 
H 7.1705@-4 5.6955@-2 1.3991@-2 -292.37 

J 6.6344@-4 5.9987@-2 6.3544@-3 -289.69 

3.0 0.0 0.0001 

  

COMPLEXICON Il 
BENZENE CHLOROFORM 33C 

NUMBERS OF MOLES 
B 

| 
| 

(Reader two) 

SAMPLE A Ss C/A DELTA OBS 

| 5.1768@-04  0.0000@+00 5.0605@-02 0.0000@+00 -339.02 
2 5.4868@-04  5.4338@-03 4.9924@-02 1.0058@-01 -329.36 
3 6.4417@-04  1.2349@-02 5.0367@-02 =—:11.8339@-Ol = -321.19 
4 7.6228@-04  2.3944@-02 5.0299@-02 2.6928@-01 -312.95 
3 8.8291@-04  3.6952@-02  4.9958@-02  3.2729@-01 -307.28 
6 1.0002@-03 4.9869@-02 4.9773@-02  3.6438@-01  -303.66 
7  8.3097@-04 4.9872@-02  —- 3.3046@-02 § 4.0814@-01 = -299.35 
8 8.7537@-04  5.9878@-02  2.5199@-02 4.4670@-01 = -295.51 
9 7.1705@-04 5.6955@-02  1.3991@-02 4.7964@-01 = -292.37 

10 6.6344@-04  5.9987@-02  6.3544@-03 5.0956@-01  -289.69 

ESTIMATED RANGE OF K 
UPPER VALUE: 3.000 
LOWER VALUE: .0000 
ACCY: 

RESULTS 
Ke s11612 
DELTA = 97.206C/S. 
DFREE = -339.06C/S. 

-0001 

Fic. 2.—Typical output data from the 
punch. The results are also output by 

the teleprinter. 
ESTIMATE OF VARIANCE: 
STANDARD DEVIATION: 

-00000 
00092  
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nis the number of samples investigated and [C];/[A]]; 
the least squares value. As a further check on the 
consistency of the experimental measurements it is 
possible, if desired, to use an on-line graph plotter to 
compare visually the calculated regression line of 
[C]j/[A]j on dops.j with the corresponding experimental 
points. The Algol Plotter Package supplied by 
Elliott Brothers (London) Ltd is utilised for this 
purpose. 

Figures 1, 2 and 3 exemplify typical input, output 
and graph plotter output information. The experi- 
mental data for these illustrations were obtained for 
benzene-chloroform-cyclohexane systems using a 
Perkin-Elmer R10 spectrometer operating at 60-004 
Mc./sec. and 33°c. Chemical shifts were measured 
relative to cyclohexane using the conventional 
side-band technique. The modulation signals for this 
were derived from a Muirhead-Wigan D-890-A 
oscillator and their frequencies measured with a 
Venner 3336 counter. 

Copies of the programme are available from the 
authors. 
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equation (ii). 
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Proton Magnetic Resonance Studies 
Complexes of Nitroform with Benzene and with Some Methylbenzene 

By J. Homer and P. J. Huck, Department of Chemistry, The University of Aston in Birmingham, Birmingh 

Equilibrium constants for the formation of complexes of nitroform with benzene and with some methylbenzene 
determined from the nitroform proton resonance shifts and their dependence on the concentration of the aren 
in nitroform—aromatic—cyclohexane systems. The difference in proton shielding in the free and complexed n 
form is determined and used to calculate the separation of the nitroform hydrogen and the plane of the aro 
ring in each complex. The values obtained compare favourably with those estimated from hydrogen and aro 
Van der Waals radii. 

THE formation and nature of complexes of aromatic com- 
pounds with molecules having electric dipole moments 
have been of interest for some time. Complexes which 
are relatively easy to study are those formed from halo- 
forms and similar molecules, with mononuclear aromatic 

compounds. These complexes have been studied by 
investigating the significant changes which occur in the 
n.m.r.!? and infrared 7 spectra of haloforms and other 
polar molecules when they are dissolved in aromatic 
solvents; other techniques have also been used (see 
ref. 10). In many cases, however, n.m.r. can most 

profitably be chosen for these investigations because of 
the relative sensitivity of the analysis and the wealth of 

- information which can be obtained. Although this type 
of complex formation has been established 1! no attempt 
has been made to determine accurately any inter- 
molecular distances in the species formed. This Paper 
reports n.m.r. investigations of the complexes formed 
between nitroform and benzene and also some methyl- 
benzenes. 

It is to be expected that nitroform—aromatic com- 
plexes are formed similarly to the well known chloro- 
form-benzene complex.!°11_ However, little inform- 
ation is available regarding the nature of the inter- 
molecular bond in species of this type. In fact because 
no rigorous description of the precise nature of the 
bond has f tablished it is generally referred to 
simply as Be bond. However, Abraham 4 
has tentatively suggested that the bond is essentially 
similar to other hydrogen bonds and that the aromatic 
n-electrons behave similar/y to the unpaired electrons 
of common donor atoms. In addition to suggesting 
that the bond is primarily electrostatic in nature, 
he attributes its lack of stability to the weak ionic 
character of the C-H bond of the polar species. 
Significantly, absorptions typical of charge transfer 
were absent in the u.v. spectra of the complex systems 
studied by him. He inferred, therefore, that charge 

1 J. E. Anderson, Tetrahedron Letters, 1965, 4713. 
2 A. A. Bothner-By and R. E. Glick, J. Chem. Phys., 1957, 

Py Pople, W. G. Schneider, and H. J. Bernstein, ‘ High 
Resolution Nuclear Magnetic Resonance,’ McGraw-Hill, New 
York, 1959. 

4 R. J. Abraham, Mol. Phys., 1961, 4, 369. 
5 J. V. Hatton and R. E. Richards, Mol. Phys., 1960, 8, 253. 
6 J. V. Hatton and R. E. Richards, Trans. Faraday Soc., 

1961, 57, 28. 
7 J. C. D. Brand, G. Eglinton, and J. Tyrrell, J. Chem. Soc., 

1965, 5914. 

transfer was unimportant in the formation of t 

complexes. The nitroform complexes forming the b 
of the investigations reported currently do, howe 
have u.v. absorptions which could be associated 
charge transfer. The intensities of the bands in 
spectra increase with increasing equilibrium const 
but in no case does the extinction coefficient rise t 
value generally associated with charge transfer. Bec 
of this and the fact that Dewar and Thompson #2 h 
pointed out that even when ‘ charge-transfer spec 
are observed they are not necessarily indicative of { 
charge transfer, this mechanism can be conside 
insignificant in this type of complex formation. 1 
conclusion may also be the n.m.r. evidence whicl 
presented later and shows that, while there can be m¢ 

fications to the effective location of the arom 
n-electrons on complex formation, this is an in 

rather than an inter-molecular process. To provid 
basis for the subsequent discussion we propose that 
complex formation the nitroform approaches the 4 
matic ring along its six-fold axis and that the elec 
fields associated with the permanent electric dij 
moment of the former molecule induce an elec 
moment in the polarisable aromatic molecule to fd 
the basis for the electrostatic bonding between 
participant species. Justification for this dipole-indu 
dipole mechanism for complex formation can be infey 
from the work of Young, Holt, and Walker.42 In 
complex, the six aromatic m-electrons remain firl 
associated with the aromatic molecule but the regior 
maximum n-electron density may be modified 
complex formation. 

In his treatment of the magnetic screening produ 
by the circulation of aromatic x-electrons Pop] 
considered the electrons to move in the carbon pl 
and provide a ring current with an effect equivalent 
that of a single-point magnetic dipole acting at 
centre of the ring and perpendicular to it. If ¢ 

® C. M. Huggins and G. C. Pimentel, J. Chem. Phys., 1 
28, 896. 

® M. Tamres, J. Amer. Chem. Soc., 1952, 74, 3375. 
oe C. J. Creswell and A. L. Allred, J. Phys. Chem., 1962, 

LL, W. Reeves and W. G. Schneider, Canad. J. Ché 
1957, 35, 251. 

12M. J. S. Dewar and C. C. Thompson, Tetrahedvon, Su 
No. 7, 1966, 97. 

183 R. P. Young, A. Holt, and S. Walker, Tetrahedron, 1 
20, 2351. 

14 J. A. Pople, J. Chem. Phys., 1956, 24, 1111.    
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tment is extended to a two-point dipole system, 
esenting more closely the accepted electronic 
sture with two regions of high electron density above 
below the carbon plane, the shielding contribution 

) to the aromatic protons is given by 

3e7a?cos?0 
Shorr aa a [3d?/(R? + da?) — 1) (1) 

re R is the distance of the aromatic protons from the 
re of the ring of radius a, 2d is the separation of the 
dipoles, and cos?@ = } is a term allowing for all 
ible orientations of the aromatic molecule relative to 
applied field. Waugh and Fessenden * adopted an 
‘oved approach to the problem and deduced a more 
‘ous expression by determining the magnetic field 
ne proton due to currents in circular wires in terms 
liptic integrals. In a similar manner, Johnson and 
ey 16 have shown that by taking the separation of the 
conducting loops, representing the regions of 

imum n-electron density, as 0-918 ring radii (2.e., 
A) the calculated shifts for a wide range of aromatic 
cules are in excellent agreement with the observed 
es. Using the value d = 0-64 A in equation (1) 
les the magnitude of the aromatic proton deshield- 
to be calculated with quite reasonable accuracy and 
fies the use of this simple equation for subsequent 

ussions in this Paper. 
recent publication !” gives a comprehensive list of 
‘calculated shielding contributions to nuclei at 
us orientations relative to benzene due to two 

rete but equivalent n-electron ring currents in this 
cule. Consequently, by determining the additional 
ding of a proton or protons in a suitable polar 
cule due to the formation of a complex with an 
atic molecule, it should be possible to determine 
accurately the position of the proton or protons 

ive to the aromatic ring. If in the case of nitroform 
imple model proposed for the association is correct, 
change in the nitroform proton resonance shift on 
lex formation should be due primarily to the 
ctron screening along the aromatic six-fold axis. 

effect (cyert) can be formulated simply and 

isely by 
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{mm ae ae TTR, + dt al (2) 

e R, is the distance of the nitroform proton from 
aromatic ring along the six-fold axis. over, Can 
etermined experimentally as the difference between 
nitroform proton shifts in the complex (8comp) and 
sociated (Stree) Situations. Whilst the latter shift 
be measured directly in a normal non-bonding 
nt such as cyclohexane the former shift cannot be 

J. S. Waugh and R. W. Fessenden, J. Amer. Chem. Soc., 
79, 846. 

C. E. Johnson and F. A. Bovey, J. Chem. Phys., 1958, 29, 

J. Chem. Soc. (A), 1968 

measured because of the possibility of incomplete 
complex formation of the nitroform even in the aromatic 
alone as solvent. To account for equilibrium conditions 
and obtain meaningful values for Scomp and Siree the 

procedure proposed by Creswell and Allred 1° involving 
three-component systems was used in these investig- 
ations. This procedure allows a non-bonding solvent 
to be used as the third component and so benefits the 
investigation in three ways. First, the solvent can be 
chosen to act as a suitable internal reference for shift 
measurements. Secondly, it allows solid dipolar and 
solid aromatic materials to be examined. Thirdly, it 
allows the concentration of the polar solute to be main- 
tained at a low and constant value so that the effects of 
possible self association of the solute can be minimised. 

The equilibrium constant based on mole fractions for 
the association 

CX3H + Aromatic === CX H - - + Aromatic 

in an inert solvent is given by 

an [CX,H -++++*+ Aromatic] 

~ ~~ [CXgH] [Aromatic] 
_ (C}((S} + [A]; + [B]; — [C))) (3) 

([A}; — [C];)(LB]; — (C))) 
where in any sample j of a system [A]j, [B];, and [S]; are 
the initial numbers of moles of CX,H, aromatic, and 
solvent respectively, and [C]; is the number of moles of 
the complex formed at equilibrium. In a sample j the 
observed CX,H proton shift is given by 

Gl Al Gls 
Sobs¢j) Cae “ Scomp Si Ao Stree (4) 

J J 

or alternatively 

c 
Sobs(j) sr (a Come 1 Stree) + Stree (5) 

Consequently, for a series of samples with different 
initial concentrations of the constituent species the plot 
of Sopsrj) With [C];/[A]; will be linear and: of gradient 
Gyert- Because [C]; cannot be determined directly, 
trial values for K are chosen to evaluate [C];/[A]; > zero 
and <1 from equation (3) which can then be plotted 
with 8ps(.. Only when the correct value for K is chosen 
will the plot be linear and represent equation (5). overt 
Can then be obtained and substituted in equation (2) 
together with appropriate values for d and a to 

determine Rj. 
The proton resonance measurements were made at 

60 Mc./sec. and 33-4° using a Perkin-Elmer R10 spec- 
trometer. Chemical shifts were measured relative to 
the internal reference solvent cyclohexane, using the 
conventional side-band technique, to an estimated 
accuracy of +0-002 p.p.m. The modulation signals 
were derived from a Muirhead—Wigan D-890-A oscillator 
and their frequencies determined using a Venner 3336 

17 J. W. Emsley, J. Feeney, and L. H. Sutcliffe, ‘ High Resolu- 
tion Nuclear Magnetic Resonance Spectroscopy,’ Pergamon, 
Oxford, 1965, vol. 1.
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counter. Each shift was measured six times to minimise 

random errors and the average taken to represent donsqj). 

For each system, ten samples were prepared each con- 

taining a constant low mole fraction of nitroform. The 

concentrations of the aromatic and cyclohexane were 

chosen to cover as large a nitroform proton-shift range 

as possible. Nitroform was prepared by the method 

described by Walker e¢ al.!® and used immediately. 

High purity cyclohexane was distilled from sodium and 

stored over the same metal. The other materials were 

‘ AnalaR ’ where possible and their purities were estab- 

lished by g.l.c. The numbers of moles of each con- 

stituent of each sample of a system, together with the 

appropriate observed nitroform shift, were processed on 

an Elliott 803 computer using the program COM- 

PLEXICON 18 developed in this Department and the 

best values for K and oye, were obtained thereby. 

Nitroform was chosen as the polar molecule in these 

investigations because it possesses a relatively large 

electric-dipole moment and could, therefore, be expected 

to have larger equilibrium constants with a particular 

aromatic molecule than would the more conventional 

members of the CHX, class of compounds such as chloro- 

form or bromoform. Benzene was used initially to test 

the validity of the theoretical approach but, in order 

to determine if the basic procedure is more generally 

applicable, substituted benzenes were also used. Methyl 

substituents were used exclusively in order to minimise 

possible complicating intermolecular interactions. A 

large range of K values was anticipated with the aromatic 

molecules chosen, and so the systems were expected to 

provide a stringent test for possible variation in R, for 

different situations. The mole fraction of nitroform 

was kept low and constant at about 0-01 to minimise 

the effects of self-association and complicating inter- 

molecular screening contributions which are likely to 

occur at higher concentrations. The value indicated 

also represents the lowest concentration at which 

accurate shift measurements could be made. 

TABLE 1 

Equilibrium constants and uncorrected oyert values for com- 

plex formation of nitroform with benzene and various 

methylbenzenes 
Uncorrected 

Aromatic K Grert (P-Pp-M.) 

Benzene .......eeeeeeeeees 8-46 1-855 

Toluene ..,....0ceerecoees 14-63 1-880 

o-Xylene ........ssecereeee 26:48 1-950 

M-Xylene......ceceseeceees 26-09 1-897 

p-Kylene — ...seseveeewees 24-12 1-987 

Mesitylene ..........+++++ 37:88 1-997 

Durene ......cssesseeoeees 78-11 2-145 

Pentamethylbenzene... 225-25 2-024 

Hexamethylbenzene ... 279-40 2-383 

Table 1 presents the experimentally determined equi- 

librium constants and the uncorrected values obtained 

for overt. The equilibrium constants can be seen to 

increase systematically for the symmetrical aromatic 

18 P, D, Groves, P. J. Huck, and J. Homer, Chem. and Ind., 

1967, 915. 
¥ 

molecules. The cyer, values generally increase | 
increasing methyl substitution but do so somev 
irregularly. Before these values for cyers can be ‘ 

stituted in equation (2) to obtain Rj, various correct 
must be considered. Buckingham, Schaefer, 
Schneider 2° have attributed to the medium a scree 
contribution to the solute which can be defined by — 

Ssolvent = 6B + Sw + OA + Og ( 

op Is the screening contribution arising from the med 
bulk susceptibility, ow that due to the Van der Waa 

dispersion forces between the solute and sol 

molecules, o, that arising from the magnetic anisotr 

of the medium, and og that produced by the ele 

field induced in the medium by the polar solute. 

of these contributions which affect the screening of 

solute and reference differently must be accountec 

when determining actual chemical shifts. Becaus 

internal reference was used for the work now repo! 

op effects can be discounted. | 

The dispersion interaction screening constant, 

arises from time-variant electric dipoles present it 

molecules which produce electric fields tempor 

polarising adjacent molecules and thereby alterin 

screening of nuclei in these molecules. Values fo 

can be deduced using the procedure proposed by Ho 

Linder, and Emerson.” To calculate the magnitu 

cw in the systems investigated, the reference (c 

hexane) and nitroform were each considered as solu 

cyclohexane and in the aromatic. The calcu 

shielding contributions for each of these solute-so 

interactions for the lower methyl-substituted be 

systems are given in Table 2 together with other 

tributions which could be required for addit 

corrections considered later. Insufficient data 

available in the literature to calculate the contribu 

for the higher methyl-substituted benzene systems 

can be seen from Table 2 that whilst the indiv 

values cover a significant range the difference bet 

the calculated screening of the solute and referen 

the concentration range from almost pure cycloh 

to almost pure aromatic never exceeds 

0-002 p.p.m. which is considered to be within e 

mental error. Consequently, corrections for ¢ 

unnecessary. 
When considering possible corrections arising 

the bulk magnetic anisotropy of the molecules fo 

the medium it should be appreciated that whil 

molecules in the solution should experience the 

shielding effects and so obviate the necessit 

anisotropy shielding corrections, it is possible 

differently shaped solute molecules in the system 

be affected to different extents. Creswell and All 

have shown that for quite differently shaped mol 

the variation in solute-cyclohexane shift is not g 

19 A. D. Buckingham, T. Schaefer, and W. G. Schnei 

Chem. Phys., 1960, 32, 1227. 
20 B. B. Howard, B. Linder, and M. T. Emerson, J. Chem. 

1962, 36, 485. 

 



1 +0-05 p.p.m. and is linear with benzene con- 

‘ration in benzene-cyclohexane solvent mixtures. 
thermore, from studies of isobutane, which is similar 
hape to the haloforms but has a low dipole moment, 
y show that the anisotropy shielding contributions 
the protons of haloform-type molecules and cyclo- 
ane should be similar in aromatic solvents. 
sequently, corrections for variations in the 
ent anisotropic shielding of differently shaped 
ite molecules can be considered unnecessary: How- 
r, the nitroform hydrogen atom in the complex is in 
nique position in that in the complex it is effectively 
ced in the centre of a molecular system rather than 
the molecular boundary as in the non-bonded state. 
vill, therefore, experience different anisotropic shield- 
; in the two situations. This can be accounted for 
considering that on complex formation the free 

  

J. Chem. Soc. (A), 1968 

form hydrogen due to the aromatic and cyclohexane 
present are oz? and og', respectively; 98tree is the true 
shift of the free nitroform. Because the dipole moment 
induced in the aromatics on complex formation is 
generally small !° contributions to the screening of the 
nitroform proton due to specific electric-field effects in 
the complex should be small and no account is taken 
of these. 

A procedure for calculating og for spherical molecules 
has been proposed by Buckingham,” and for non- 
spherical molecules by Diehl and Freeman.” It has 
been shown recently 73 that in order to predict the 
differences in shielding in a particular solute due to the 
reaction fields set up in different solvents, it is adequate 
to consider the solute as spherical. The values of og, 

for nitroform with cyclohexane and the aromatics 
studied, computed using the approach of Buckingham, 

TABLE 2 

culated shielding contributions (—ow) in p.p.m. arising from dispersion interactions in some solute-solyent systems 

  

Solvent Cyclohexane Benzene 

Solute 
eens Ae SIRE aes recadba 0-120 0-123 

BDC cc sc vetase ste ess cus seen: 0-134 0-138 
DINCH GM Soe tr tis cass ieecus isos tet 0-113 
PR VIONGe Neg eaten cee. s sac eeace nan ce 0-100 
PINVIONE 2c ccecseccsseccscecscveresses 0-098 
PD ICUGH ensicca tases auctanssveeys sees 0-097 
BSIOVICNO ies. cecer se cnse seers cxek cones 0-089 
HtLOFOLM «0.0... .eseeeeeeeeeeecee cones 0-102 0-106 

  

oform proton-shift (8tree) is modified by removing 
total anisotropic effect of the aromatic molecule 

ut to be bonded in the complex (c,4t) and imposing 
specific anisotropic effect of complex formation 

:t). Equation (5) must then be reformulated as 

Sobs(j) = x (Overt = 6,7) + Stree (7) 

Gives the contribution to the shielding of the polar 
te arising from the polarisation of this solute by the 
tric field induced by it in the medium. The proton 
ts of cyclohexane and the non-polar aromatics are 
ffected by this mechanism but the effects on the 
oform proton at zero concentration in cyclohexane 
aromatic could be finite and must, therefore, be 
sidered. If the reaction field contributions to the 
lding of the solute due to the aromatic and cyclo- 
ane molecules are both finite and different, the 

lerved shift for each sample must now be represented 

ec 

bs(j) == tat (overt — at) + 8’ free + 

[B], 
is a PBL ero 

(S]; 
a? | rT STB eh Ic “| (8) 

lead of either equation (5) or equation (7). The 
tric-field contributions to the shielding of the nitro- 

Toluene o-Xylene m-Xylene p-Xylene  Mesitylene 

0-123 0-126 0-124 0-123 0-128 

0-116 
0-106 

0-101 
0-100 

0-106 0-109 0-106 0-106 0-109 

are listed in Table 3. From these values it can be seen | 

that og? and og§ do not appear to differ significantly and 
so, because the sums of the mole fractions of B and S are 

TABLE 3 

Some reaction field and molecular magnetic anisotropic 
contributions to the screening of nitroform 

on oat 
Solvent (p.p.m.)  (p.p.m.) 

Gyclohexane wince secusettnss 0-061 
BONZENE a veccecrss > ssetreue tes 0-071 0-048 
TEOIMENC) xy asta ueee sete pene 0-075 0-044 
ON MVIONC: ses iaksccsstecatias bees 0-080 0-040 
MEV ICN Csr ecivetsasscseesecssecs 0-074 0-040 
PEMRVICNE © eset ss th exe seen vest 0-071 0-040 
Mesitylen@ ss sect ts. csescasnrs 0-071 0-036 
Diirenere, .cissihscccsteas amas se : 0-032 
Pentamethylbenzene ...... eS 0-028 
Hexamethylbenzene ......... a 0-024 

* Insufficient data in the literature precluded the calcul- 
ation of these values. 

always constant and approximately unity, equation (8) 
will not deviate significantly from a linear function. 
Consequently, a plot of 8,ps3) versus [C];/[A]; provides a 
line which has a slope that can be equated to (overt — o47)’ 
and gives an approximate value for (cyer; — oT) that 
differs from the correct value by og? — og®. It can be 

seen from Table 3 that for the systems studied og® — ox 

21 A. D. Buckingham, Canad. J. Chem., 1960, 38, 300. 
22 P, Diehl and R. Freeman, Mol. Phys., 1961, 4, 39. 
23 J. Homer, Tetrahedron, 1967, 28, 4065.
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does not exceed 0-02 p.p.m. A corrected value for 
“Gyert — oat can be obtained using 

Gvert — oat = (Svert = o,7)’ a (on® az ox°) (9) 

and o47 can be estimated using the equation 

r—h 

7+ oh) + 
which was deduced by Abraham.‘ For this equation 
the aromatic molecule is considered to be a cylinder of 
radius 7 and height 2h with an equivalent dipole due to 
the anisotropy of the molecular magnetic susceptibility 

242 e“a 
a = 1" (10) 

TABLE 4 

Values of 84,p5 and SAfree (p.p.m. relative to cyclohexane) 
and estimates of m-cloud deformation in some nitro- 
form-aromatic complexes 

a-Cloud deform- 
ation (contri- 

Aromatic 84 obs SAtree bution to din A) 
Benzene sees. — 5-786 —5-776 —0-08, 
Toluene: fa... — 5-635 — 5-621 —0-10, 
O-XYIENEc7..03 653 — 5-546 — 5-525 —0-09, 
p-Xylene ......... — 5-508 — 5-485 O44, 

acting along the cylinder axis. 7 and h Represent 
contact separations for the nitroform hydrogen moving 
over the benzene molecule and consequently must 
include the Van der Waals radius of the proton and the 
appropriate dimensions of the aromatic ring. For 
benzene the calculated value for o,7 is +0-048 p.p.m. 
and for hexamethylbenzene o,™ is calculated as 
+0-024 p.p.m. by taking into account the shape and 
position of the methyl groups. The anisotropic shielding 

contribution for intermediate methylbenzenes such as 
mesitylene is taken as the weighted average of the 
values obtained for benzene and hexamethylbenzene 
depending on the number of methyl group substituents. 
The values obtained in this way are given in Table 3. 
Each of the values for oyert — o,™ determined using 

equation (9) can be corrected for anisotropy effects using 
the appropriate values for o,7 to obtain the final corrected 
values for over, Which are listed in Table 5. 

When substituting the final corrected value for Gyert 
into equation (2) to obtain R, an appropriate value for d 
in the complex must be used. The value of 0-918 ring 
radii used by Johnson and Bovey 1° can be taken as the 
basis for the calculations. However, because complex 
formation is postulated to depend on an electric dipole 
being induced in the aromatic molecule, it is possible 

that the normal aromatic x-system is distorted on 
complex formation and that the basic value for d is 
modified. Consequently, any change in d on complex 
formation must be determined. This is done con- 
veniently by comparing the chemical shift of the 

aromatic protons in the complex with that in the free 
aromatic molecule. In order to minimise medium 

effects, the shifts should be determined at infinite 
dilution in cyclohexane. If the aromatic proton shift 
at infinite dilution in cyclohexane alone as solvent is 

-84tree and the corresponding value in the case of the 

complex is 84comp the observed shift (84,),) in a nitrofc 
aromatic—cyclohexane mixture is given approximate] 

BA obs sa, 34 comp ar (1 eo x) Mire (J 

‘- where x is the fraction of the aromatic complexed ai 
given by 

x 
AT ere (] 

where Z is the mole fraction of free nitroform at ec 
brium. d4free Can be obtained by extrapolating a 
of mole fraction of aromatic against aromatic pr 
shift to zero mole fraction in cyclohexane alone as sol 
A similar extrapolation for a system differing from 
previous one in that it contains a low constant 
fraction of nitroform yields a value for 44.3 vu 
these conditions Z may be taken as the initial 
fraction of nitroform. Shift measurements can be 1 

relative to cyclohexane as internal reference. [ 
equation (1), the generally accepted value of — 
p.p.m.®45 for oor in the case of benzene affords an app 
mate value for d. S4comp Can be determined 1 
equation (11) and the difference between this and 
is used to refine the basic value for oyor for subseq 
substitution in equation (1) to give another value f 
The actual values obtained for d in this way are u 
‘portant although they are close to the value use 

Johnson and Bovey.1® However, the difference bet 
the two values for d can be taken as an estimate o 
displacement of the effective centres of the 7-elec 
on complex formation and can be used to correc! 
basic value of 0-918 ring radii for d accordingly. 

Of the systems studied here reasonable correctior 
n-cloud deformation were only made for the | 
methylated aromatic compounds. Only in these | 
did the concentrations of aromatic used provide adec 
ring-proton signal strength over a sufficiently wide 
centration range to permit enough accurate 
measurements to obtain meaningful infinite dil 
shifts. The experimentally determined shifts — 
and Stree) and calculated modifications to d for 
of the systems studied are given in Table 4. From 

values it can be seen that in each case a slight 
traction of the x-system occurs. Overall, these 
tractions do not exceed about 0-01 A and the c 
sponding decreases in R, values due to this effec 
smaller and of the order of 0-05 A. These deduc 
are dependent on the assumption that the differ 
observed between 84,,, and S4free are due entirel 
n-cloud deformation and that medium screening et 
are unimportant. This is substantiated by the fact 
the change in chemical shift of the aromatic hydr 

appears to be purely dependent on the strength o 
complex (inferred from the values found for K). 
ever, whilst bulk medium effects may be unimpo 
the screening effects of the complexed nitroform 
influence the observed aromatic proton shifts. 

24 ‘Handbook of Chemistry and Physics,’ The Ch 
Rubber Publishing Co., Cleveland, U.S.A., 1966. 

 



  

effects would be expected to be small and if they 
ored the values observed for S4comp and 84free May, 

ference to equation (1), be taken to be indicative of 
1d contraction. Charge transfer from the aromatic 

nitroform hydrogen atom therefore appears un- 
dies this would decrease the x-density in the 
atic hydrogens. The foregoing theory which de- 
;on there being two regions of maximum z-electron 
ty with no complete charge transfer occurring 

irs, therefore, to be valid. 
2 values obtained for R, in the nitroform—aromatic 
lexes studied are given in Table 5. In each case 

TABLE 5 

‘ected values for oyert, and R, values for nitroform— 
aromatic complexes 

Overt ree 
corrected for 

medium R, (A) i 
omatic in the screening m-Cloud correction 
complex effects Excluded Included 

BOP ee tease scestus 1-913 2-93 2-88, 
Reyes hisses 1-938 2-91 2-86, 
BOW caves tae yeaa 2-009 2-87 2-82, 
CNG icadass chase aae 1-950 2-91 
BHO asco scesewi cats 2-037 2-86 2-805 
NER seetesres wr ten 2-043 2-86 

a eavccuccsbbieie cave 2-177 * 2-76 
methylbenzene... 2-052 * 2-85 
nethylbenzene ... 2-407 * 2-68 

Uncorrected for reaction field and dispersion screening 
contributions. 

J. Chem. Soc. (A), 1968 

the value approximates to the sum of the Van der Waals 
radii * of the hydrogen atom (1-2 A) and the x-cloud of 
the aromatic molecule (1-85 A). This suggests that in 
the complex the nitroform adopts a position in which 
its hydrogen atom is on the aromatic six-fold axis and 
in contact with the aromatic molecule. It is apparent, 
however, that as the magnitude of the intermolecular 
attractive forces in the complexes increase there are 
corresponding small but steady decreases in Rj. This 
must be associated with the varying degree of aromatic 
n-cloud deformation and a resulting effective modific- 
ation to the aromatic Van der Waals radius which leads 
to decreased intermolecular contact separations repre- 
sented by R,. 

The procedure described above shows considerable 
promise for determining the structures of transient 
molecular complexes formed in solution. However, it 
must be recognised that any thermodynamic constants 
which are determined using this method, may be subject 
to error because the three component systems studied are 
unlikely to be perfect mixtures, as has been assumed. 
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ERRATA 

Table 3 - 6 

Page 81/2 

Reference 37 should be 116 

" 38 W " 117 

W 39 " " 118 

"W hy " " 104 

The refractive indeces at 33.4°C were measured in the 

laboratory. 

The values of the dielectric constants at 33.4°C are 

extrapolations from the data in reference 117. 

The static polarisability,c< , and refractive index , Nn , 

of fluoroform were calculated from the molar refraction 

of fluoroform estimated from atomic contributions. (15.7) 

The molar volume of fluoroform was determined from the 

density in the solid state at -100°C. 

(1.52 gine efarre) CY.



H 
COMPLEXICON II' 

BEGIN COMMENT PROGRAM FOR EVALUATING COMPLEXITY CONSTANTS FROM 

N.M.R. DATA P.D.GROVES/ASTON UNIV./SEPT.1966.PRIOR INPUT OF 

803 PLOTTER PACKAGE REQUIRED! 

INTEGER I,NO,RR' 
REAL UPPER,LOWER,ACCY,FVAL,>K,P,Q,R>T,C1,C2,DELTA»,DFREE,»MM,;CC" 

INTEGER ARRAY REF (1:50)! 

READER(1)' RR:=1' INSTRINGCREF,RR)' READ NO' 

BEGIN ARRAY AA,BB,C,S,DOBS,CA(1:NO)" 2. J. HUCK PH.D. 1968 
REAL PROCEDURE SIGMA(X,I,N)' INTEGER I,N' REAL X' Maen a ae ee 

BEGIN REAL SUM' SUM:=0! 
FOR: [t=1 STEP 4 UNTIL: N DO SUM: =SUM+tX® 
SIGMA:=SUM'! 

END OF SIGMA'* 

PROCEDURE LSQ(Y,X,M,C,I,N)' REAL Y.X.M,C’ INTEGER I,N! 
BEGIN REAL DENOM' ARRAY A,B(1:N)* 

FOR I1:=1 STEP 1 UNTIL N DO 
BEGIN A(1)t=xX*#*2' BC1):=X#Y" 
END! 
DENOM:=N#SIGMA(A(1I),1»N)-SIGMA(Xs1+N)##2" 
C:=(SIGMACY,1,N)#SIGMA(ACI),1,N)-SIGMA(X,1+N)#SIGMA(B(1),1,N)) 
/DENOM! 
M:=(N*#SIGMA(B(1),1,N)-SIGMA(X,1,N)*SIGMA(Y,1,N))/DENOM? 

END OF LSQ! 

PROCEDURE CALCCA(CA,1,N)' INTEGER I,N' ARRAY CA" 

BEGIN REAL Q,R,1,C€1,C2' 

SWITCH SS:=ALARM,START' GOTO START’ 

ALARM:PRINT PUNCH(3),££L2?UNSATISFACTORY VALUE OF K.K=?, 

SAMELINE>K,££L2CHOOSE NEW RANGE OF K VALUES AND START AGAIN?" 

WAIT" RESTART' 

SiART hn = STEP 1 UNTIL N DO 

BEGIN: Q7=CAA(17+BB¢1.))4(K+1)+S C1)" 

Re =K#AACIT)#BBC( I)! 

T°: =Q#Q-4#(K+1)#R' 

LE ices 0 THEN: GOO PALARM*® 

CIS] 6025 OR 1.01 )) 72% CK): 

C22 = (O-SGRIK 197 C2* CK +199" 

IF CL1/AACI)LESS 1 THEN CA(1I):=C1/AAC1) 

ELSE IF C2/AACI)LESS 1 THEN CA(1):=C2/7AA(1) 

ELSE GOTO ALARM 

END 

END -OF -CALGCA: 

REAL PROCEDURE SUMSQ(K)' REAL K! 

BEGIN INTEGER I' ARRAY DIFF(1:NO)' 

CALCCA(CA,1,NO)' 

LSQ(CA(I),DOBS(1),MM,CC,1,NO)' 

DELTA:=1/MM' DFREE:=-CC*DELTA' 

FOR Geel STEP 1 UNT TL: NO D0 

DIFF (1) 2=CA(1)-(DOBS(I)/DELTA-DFREE/DELTA)' 

SUMSQ:=SIGMA(DIFF(1)##2,1,N0) 

END OF SUMSQ! 

REAL PROCEDURE MINX(A,B,EPS,X,FX,FVAL)! 

VALUE A,B,EPS" REAL A,B,EPS,X,FX,FVAL' 

BEGIN REAL SEP,FX1,FX2,AA,BB"’ INTEGER D' SWITCH S:=L,MOVEA' 

AAs=A' BB S=B" 

EMSEP. =CB=A)/S.0' 

X2:=A+SEP' 

FRAG SEX AC CXL) ee 2" 

= BSSER 

EXGs SEX? ( OCFI) #32 

IF FX2=FX1 THEN 

BEGIN D:=0' 

B:=B-SEP'" 

GOTO MOVEA 

END'* 

D:=1' 

pot ke GR Ext THEN B: =B-SEP 

ELSE A:=A+SEP! 

MOVEA: Th.SER, GREQ EPS: THEN GO10 L* 

MINX?=X:=IF D NOTEQ O THEN A+SEP 

ELSECAtB)72..0' 

FVAL:=FX! 

hfe CXSRA); EESSEQ 2eEPS.cTHEN 

BEGIN PUNCH(3)' PRINT££L2NO ACCEPTABLE MINIMUM. 

DECREASE LOWER LIMIT FOR K AND START AGAIN?! 

WAIT'RESTARI 

END. -EESE 
FEC BB-X) LESSEQ:2eEPS -THEN 

BEGIN PUNCH(3S)' PRINTZEL?NO ACCEPTABLE MINIMUM. 

INCREASE UPPER LIMIT FOR K AND START AGAIN?" 
WAIT'RESTARI 

END 
END OF MINX! 

PROCEDURE GRAPH’ 

BEGIN INTEGER M,N! 
M:=-10#ENTIER(DFREE/10)' 

N:=1L0#ENTIER(-(DELTA+DFREE)/10)' 

SETORIGIN(200,800,10,1)' 

AXES(0.1,10,10,0,(M-N)/10,0)' 

PLO DIER C1051): ' 

POR «1-20 SEP 210 UNEITL M=N DO 

BEGIN MOVEPENC-0. 05,7)! 

PRING-DEGLESCS) , IN 

END! 
MOVEPENCOUs;=(DEREE+N)) ! 
DRAWLINE(1,-(DELTA+DFREE+N) )! 
POR SP 222 SERPs - 0-5) UNTIL =~0.05°D00 

BEGIN MOVEPEN GC R=0.°03)5-2)! 

PRINT ALIGNED(1,1),P 

END* 

MOVEPEN(0.2,-10)' 

PEO TEER CLS; 4)" 

RR:=1' OQUTSTRINGCREF>RR)'! 

MOVEPENCO.46,2D)) ¢ 

PRN i PlOTrER (45,1), £C/7A2" 
MOVEPENT=0 de (MN) 72)? 

PARENT PLOPPER.CLS, 3), £-DUBS?.! 
FOR 12 =NQ SiEP.«-1-.UNTIL- 1. DO 

BEGIN: MOVEPEN(CATI).-(DOBS(CT) +N) )4 

CENCHARACTER(2) 

END'* 

MOVEPEN(O0,M-N+50)' 

END OF GRAPH' 

BOOLEAN PROCEDURE N2(N)' VALUE N' INTEGER N'! 

BEGIN INTEGER COL* SWITCH S:=L1,L2,FIN' 

COL: =+8191' 

EEE LOTT(750,05.0,0,53;,C0L) ' 

BEL TO) hC0,.5.N50,4,2,14)' 

EiseN2 = E RUE GOTOF LN.’ 

Le SN2S=FALSE' 
EoENe ENDO: N2t 

  

HOR eet Sher? te ON TE NO. .DO 
READ: AACT), BB( 1), 541), D0BS CI)! 
READER C2)! READ UPPER, LOWER, ACCY? 
K?>=MINX(LOWER,sUPPER,ACCYsKsSUMSQ(K)>FVAL)'! 
CALCCA(CA,I1,NO)' 
LSQ(CACI),DOBS(I)»MM,CC,I,NQO)! 
DEL VAS=T/7MM! - DEREEss-COeDELTA! 
PUNCH(S)" PRINT ££L2?" RR:=1' OUTSTRINGCREF.RR) ! 
PRINT -££L2?%h=¢,SAMECINE, FREEPOINT(5).,.K,££L2DELTA=?, 
DELTA, ££_ 2DFREE=?,DFREE,££L3?7ESTIMATE OF VARIANCE:?, 
FVAL/(NO-2),££L2STD.DEVIATION:?,SQRT(FVAL/(NO-2))! 
PUNCHCID = PRINTELL 2COMPEEXTICON LTEL322" 
RR:=1' OUTSTRINGCREF,RR)'! 
PRINT ££L5S21?NUMBERS OF MOLESE£L? 

SAMPLE A B 5 C/A DELA A. OBS 7 
FUR st STEP t-UNTIENO DO 
PRINT, ££5677,01611S(2)51>SAMELINE,££8577,SCALED(5), 
AAC eteS4e7, BBC 1h), ££5472,S(1),££547?, 
CAC I),££5422?,ALIGNED(3,2),D0BS(1)! 
PRINT ££L2?ESTIMATED RANGE OF K£L?2UPPER VALUE:?, 
FREEPOINT(4),SAMELINE,UPPER,££L?LOWER VALUE:?, 
GOWER, £2E2ACOY2E572? ,ACCY,£ELSSIOPRESULTS£L 2 2K=2, 
FREEPOINT(5),K,££L2DELTA=?,DELTA,£C/S.£L?DFREE=?,DFREE, 
£C/S.£LS7ESTIMATE OF VARIANCE: ?,FVAL/(NO-2), 
£LEL2STANDARD DEVIATION: £82??,SQRT(FVAL/(NO-2))' 
WAIT' 

IF N2(1)THEN GRAPH 
END GF> INNER BLOCK* 
WAIT' RESTART 

END OF COMPLEXICON FI 
END OF PLOTTER PACKAGE" 
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