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ABSTRACT 

Far-infrared spectroscopy has been applied to the study of l iquid phase 

molecular dynamics and interactions. 

The absorption and dispersion spectra of solutions of acetonitrile in 

carbon tetrachloride, across a range of temperatures and concentrations, 

have been obtained. These spectra have been interpreted with the 

parameters obtained f rom a model developed f rom a generalised 

Langsvin equation of motion which includes intermolecular torque 

terms. 

The results obtained f rom the model analysis have been applied in an 

investigation of the non-reorientationai contributions to the Raman 

and infrared bands arising f rom the u-j and 03 modes. This study has 

shown that contrary to the assumptions commonly made, these 

contributions are not equal and some possible explanations for the 

discrepancies are given. 

A number of internal f ield theories are discussed and have bean applied 

to the acetonitrile systems. The interpretation of the results of this 

analysis in terms of a simple model suggest that there is a preferred 

i.e. non-random orientation o f the acetonitrile molecules in solution. 

A study of some tertiary alky) ammonium halide solutions has revealed 

that there is a series o f systems which separate into two liquid phases. 

Further investigation has highlighted the role of small amounts of 

water in these systems. 
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CHAPTER 1 

MOLECULAR MOTIONS AND INTERACTIONS 

INTRODUCTION 

The studies of molecular motions and interactions in liquids can be carried out with a 

number of different spectroscopic techniques. It is because these techniques yield information of 

the different modes of molecular relaxation that they are often used together to provide an 

overall picture of the phenomena occurring and giving rise to the spectral profiles. Table 1.1 

summarises the molecular motions which can be observed by some common spectroscopic 

techniques. 

SPECTROSCOPIC R E L A X A T I O N I 
TECHNIQUE PROCESS | 

Far-Infrared Rotation, Translation (including pair 

correlations) 

Infrared Vibration, Rotation 

Raman isotropic Vibrational relaxation 

Raman anisotropic Vibration, Rotation 

Depolarised Rayleigh Rotation, Translation (including pair 

correlations) 

Microwave Rotation (including pair correlations) 

Nuclear Magnetic Resonance Rotation, Translation 

Neutron scattering Vibration, Rotation, Translation 

(including pair correlations) 

NB. The term rotation is used here to describe rotations and librations i.e. hindered 

rotations. 

T A B L E 1.1 

INFORMATION Y I E L D E D BY VARIOUS SPECTROSCOPIC TECHNIQUES 

In this work 1 ' 2 a study has been made of the far-infrared spectra of acetonitrile (CH3CN) 

in carbon tetrachloride (CCI 4) to complement and elucidate data obtained from the application 

of Raman 3 » 4 ' s and Infrared 6 , 7 techniques. In particular we have tried to determine the 

contribution of different relaxation processes to the spectral profiles in order to check some of the 

assumptions made previously 7 » 8 ' 9 ' 1 °> l 1 (see next section). 

2 



T H E O R E T I C A L BACKGROUND 

The analysis of infrared and Raman bandshapes have usually been made using two major 

assumptions. 

For a given mode: 

i. The reqrientational and vibrational motions of the molecules are statistically uncorrected. 

ii. The vibrational contribution to a band profile is the same in the isotropic Raman, 

anisotropic Raman and infrared spectrum, i.e.: 

I V V M = l V H M = l | R M 1.1 

where I indicates the intensity of a band as a function of frequency to and the subscripts VV and 

VH refer to the parallel and perpendicular components of the scattered light respectively. 

In the case of Raman spectroscopy for symmetric top molecules we can derive the reorientational 

correlation function # |p( t ) from the equation: 

4 R ( t > = < P t [ u z ( 0 ) . u z ( t ) ] ^ > 1.2 

where ^ >̂ brackets indicate an ensemble average of the molecules. 

u z(t) is the unit vector indicating the direction of the molecular symmetry axis at time t. 

and P ( indicates a Legendre polynomial of order t. 

For Raman spectroscopy the tensor rank is 2 and the value of P 2 is given by: 

P2 = V2 [3cos 2 9i j ( t ) - i j - 1.3 

where Q is the angle of rotation and the use of subscripts i j in this and subsequent expressions 

indicate that the equation embodies intermolecular cross correlations between molecules i and j 

as shown (for example) in equations 1.21 and 1.23. These cross correlations have often, but not 

always been assumed to be unimportant for vibrational-rotational, infrared and Raman, spectra. 

(See further discussion in this chapter and reference 12). 

For the vibrational correlation function the equivalent equation is: 

= / [ Q . (0) . 0. . ( t )T> 1.4 
\ L ui vi _]/ 

where Qyj is the normal coordinate of the v t n mode of the i t n molecule. 

Thus assumption (i) can be expressed as: 

<[Q„i «» • <v4 p 2 h101 • r])s ( h m • v1]) < p 2 hm • vl) - '-5 

correlated uncorrelated 

= * R (t) £ (t) 1.6 
V i n 

The anisotropic Raman spectrum arises from vibrational and reorientational relaxation 

whereas the isotropic part of the scattered light depends only on the vibrational relaxation. For 

0 % =< 
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plane polarised light where the observed bands lj s o(co) and l a n j s o ( " ) h a v e been corrected for finite 

resolution we can write: T K M ^ - M 

l a n i s o M = l V H ( w ) 1.7 

and 
l i s o ( c j ) = l v v M - 4 / 3 l V H M 1.8 

The correlation functions are then given by: 

C ( t ) 0 2 R ( t ) ° / 'aniso (w)exp(-iwt) dco 1.9 
band 

<j>iso (t) <xf l i s o (w)exp(-iwt)dco 1.10 
v J band 

From equation 1.1 and assumption (ii) we can derive a similar expression for the vibrational 

correlation functions: 

0 iso= ^aniso = ^IR 1 / M 

V V V 

Hence, using assumptions (i) and (ii) (and therefore equations 1.9,1.10 and 1.11) the 

reorientational correlation function can be calculated from: 

s , > < j j f f " a n H o M w v H " 1 ^ 
* | R ( t ) = = J 1.12 

0 i s o f \ . (c*j)exp(—ioot)d OJ 

V J ISO 

For the infrared band profile 7 " 1 0 , which also arises from vibrational and rotational motions, 

we can write the equations equivalent to 1.5 and 1.6: 

( [ Q O I (0) • % (t)] . PT [ O , (0 ) . G jW] ) = ([o^j (0) . Q^tfy <P, [ui(0) . uj{t)]) 1.13 

= * l R ( t ) *1 R ( t ) - 1 - 1 4 

Where <t>s. = pure rotational correlation function, and u is a unit vector along the direction 
1 R 

of the transition moment dn/dQu{n = the molecular dipole moment). 

For an infrared band the tensor rank is 1 and 
P 1 =cos9jj(t) 1.15 

IR 
The total infrared correlation function $ is given by: 

tot 
3> , R = 0 I R ( t ) 0 * <x f I (aj)exp(-ia;t)dc«; 1.16 

tot v 1R J b a n & IR 
Applying assumptions (i) and (ii) with equations 1.10,1.11 and 1.12 we can write an 

expression for the correlation function of the pure rotational part of the infrared spectrum if we 

have the isotropic Raman spectrum of the same mode, i.e. 
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^ ° I | R ( G J ) exp (iwt) dw 
0 s _ ( t ) = ^ _ ^ ! . 1 7 

'iso' 
1 R y"liso(w) exp (iwt) dw 

It has been useful to determine tf^ and 4>* because the difference between the 
1R 2R - ----

reorientational correlation functions can be used as a means of testing the validity of and 
distinguishing between models describing reorientational motions of molecules. For example, 

one of the simplest models for describing the reorientational motion of molecules is the small step 

angular (rotational) diffusion, (Debye model) 1 5 in which it is assumed that only hard collisions 

affect the rotational angular momentum. It has been shown 1 6 that if this model is obeyed then 

the reorientational correlation times for the Raman, r | p and the infrared, r j p will be related by: 

r | / T ! = 3 1.18 
1R 2R 

^t = »o 
Where r i R = | 0j R (t)dt 1.19 

t = o 

This method of distinguishing between models describing molecular motions has been used 

extensively.7 > s , i 0 ^ 7 " 2 7 However it has been shown recently by Yarwood and Arndt 7 that the 

assumptions made (i, ii) in determining R and 0§>R are invalid for at least one (or possibly two) 

of the normal modes for acetonitrile. In particular it has been shown that equation 1.1 does not 

hold. This was discovered from measurements of the half widths ofthe isotropic Raman spectrum 

and the infrared spectrum of the Of (stretching mode) and v 3 (symmetric bending mode) bands 

of acetonitrile (pure liquid and in solution with carbon tetrachloride) (see discussion Chapter 6). 

Subtraction of the isotropic Raman (vibrational) half width from the infrared half width 

(vibrational and rotational) in accordance with assumptions i and ii, to give the rotational 

contribution to the band has been shown to give different values for the u-j and U3 bands. As 

these bands both arise from A 1 modes, (i.e. they measure rotation about the principal axis) the 

rotational contributions should be equal. Therefore it has been concluded that the assumption: 
Jso _ , | R 1 2 q 
* v v 

is invalid in this case. 

The reasons for the invalidity of equation 1.20 have been suggested previously. It is known 7 

that it is unlikely that molecular motions will be statistically uncorrelated unless their relaxation 

rates are very different. Until recently it was thought that energy relaxation was always much 

slower than phase relaxation however, it is now thought that this is not always the case for liquid 

phase vibrational/reorientational bands such as these 7 . The vibrational relaxations are often 

controlled by hard c o l l i s i o n s 1 4 ' 2 8 and therefore the translational - rotational motions must be 

correlated with vibrational dephasing and vibrational energy level (population) relaxation. Doge 2 9 

has shown that the vibrational contribution to the same bands in the isotropic and anistropic 

Raman spectra are expected to be different. This difference is thought to arise because of the 
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existence of an exchange term between different molecules due to strong mode-mode coupling via 

the resonant transfer of vibrational energy. Such energy transfer is usually caused by strong inter-

molecular interactions and is associated with a non-random distribution of molecules in the 

solution. Isotopic dilution2 9 is expected to eliminate the effects of resonant energy transfer and 

has been used as a test for the presence of an exchange term between molecules i and j . 

Recently Lynden-Be l l 3 0 ' 3 1 has firmly established .some theoretical reasons underlying the 

invalidities of equation 1.11. She has pointed out that the vibrational (phase) relaxation function 

(0pp), of the u t n normal mode, can be written: 

<t> (t) = 2 . . / Q . (0) . Q ,(t)\ 
PP U \ v\ ui / 

= 2 . / a . . (0 ) . Q . ( t k + 2 . ^ . /o. .(0). Q .(tk 1.21 
i \ ui ui / I#=J \ u i v\ y 

self term exchange term 

Where tf^t) = </»pp(t) </>E(t) 1.22 

(If (t), the function measuring the rate of energy (population) relaxation is relatively slow). 

She has shown (via the solution of a Langevin equation for the diffusion of angular velocity) 

that for an effective potential of dipolar or dispersive forces there is a cross term between the 'self 

and 'exchange' parts in equation 1.21. This cross term contributes strongly to the vibrational 

dephasing in the isotropic Raman (6=0), negligibly to the anisotropic Raman (i=2) and not at all to 

the infrared (t=1). Therefore if there is an exchange term in equation 1.21 one would.not expect 

equation 1.11 or the basic assumptions to be valid. However, isotopic dilution studies4 have 

indicated that there is little evidence for an 'exchange' via resonant energy transfer in the u-j or U3 

bands of acetonitrile. It is therefore interesting that there is evidence for differences between 

T ^ ° and T ' v

r particularly as the spectra recorded were of dilute solutions for which it is 

believed that 'exchange' effects are eliminated 1. 

Because of these discrepancies it has become apparent that different and independent methods 

of determining the vibrational correlation functions (which yield T v ) are necessary in order to 

elucidate the nature of the effective intermolecular potential. Several methods of either, obtaining 

directly or separating, the vibrational correlation functions (or correlation times) have been used. 

Rakov 3 2 assumed that the rotational motion of molecules would be completely damped at 

low temperatures and so the spectral band width would be due to vibrational motion alone. 

Therefore the 'pure' vibrational correlation function could be obtained from such an experiment. 

This method has been used 1 1 ' 3 3 but it is not completely successful because it assumes that the 

vibrational relaxation of a molecule is independent of temperature which has been shown to be 

u n t r u e ! 3 ' 3 4 " 3 6 However, the method may still be the best in some cases, especially for E bands 

since for these depolarised bands ' v H / y V

= ^ a n d t n e r e f o r e t n e calculation of l j s o via 

equations 1.7 and 1.8 and the separation of the reorientational and vibrational parts, is not 

possible. 7 ' 1 1 
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Another method, which has been applied in the infrared is the study of overtones or 

combination modes of the fundamental band. It has been pointed o u t 3 7 ' 3 8 that the reorientational 

correlation function should be independent of the vibrational quantum number, whereas the 

vibrational correlation time will be inversely proportional to the vibrational quantum number. 

Therefore a study of two bands or more, for example and 2v^, can be used to further elucidate 

the behaviour of the relaxation functions. 

Nuclear magnetic resonance spectroscopy has also been used, for the determination of 

single particle relaxation times but the method has the major disadvantage that only the integral 

of the correlation function can be calculated and so the form of the function cannot be extracted. 

NMR spectroscopy also has the disadvantage that a knowledge of quadrupole coupling constants is 

required and as there are often unknown an approximation has to be made using the values for 

molecules of similar structure. 

Finally, we consider far-infrared spectroscopy which is the technique used in this work. 

Referring to Table 1.1 we can see that the far-infrared (and microwave) spectra1 >2 ' 4 1 ' 4 3 of liquids 

are particularly useful for the study of molecular motions because they do not exhibit any 

broadening due to vibrational relaxation and hence they can be used to obtain directly information 

about the pure rotations of molecules in condensed phases. It is because the far-infrared region 

corresponds to times which give the short time part of the associated 0<j p(t) that one avoids to a 

large extent the baseline fixing problems 4 2 which is always encountered with infrared and to a lesser 

degree Raman spectroscopy. This problem arises because the infrared and Raman spectra of liquids 

yield the 'short time' information from the wings of the bands where the absorption, a(wh is small 

relative to the background absorption and hence the fixing of the baseline becomes critical which 

leads to difficulty 7 , 1 0 in discriminating between the models for molecular motion which nearly all 

predict exponential decays in this region. 

The single particle reorientation correlation time r!j p, from which 4>* p can be derived (by 

making an assumption of its form), may be determined from the microwave spectrum which gives 

the reorientational autocorrelation funct ion . 7 ' 1 7 ' 4 4 ' 4 5 

v • z i <p, [* i 1 0 1 • * i w ] > + v ( p i [* i l o ) • h w ] > ' i j b 

self correlations cross correlations 

Where ji\ is a unit vector along the direction of the electrical dipole moment. 

Equation 1.23 indicates that there are multiparticle cross correlations between the rotating 

molecules and so we have to examine the relationship between multi-particle ( T d ) correlation time 

which we observe and single particle (T^ p) correlation time which we require. This relationship 

has often been sought by the application of theories which attempt to relate the internal field (F) 

which the single molecule of interest experiences when it is shielded by its neighbours, to the 

external applied field (E). Such theories are described in Chapter 2 however, as an example the 

relationship derived by Kivelson and Madden's 'Corresponding micro-macro correlation' theorem 4 4'" 

is given by equation 1.24. 
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1 

(1 + Nf) 
1.24 

1R (1 +Nf) 

Where Nf = the static orientation correlation factor, 

and Nf - the dynamic orientation correlation factor. 

In very dilute solution however, pair correlations may usually be assumed to be negligible10'' 

and therefore only single molecule correlations will be observed, hence equation 1.24 becomes: 

1.25 

In this work the far-infrared spectrum of acetonitrile (CH3CN) has been recorded in very dilute 

solutions of a non-polar non-interacting1 • 1 0solvent, carbon tetrachloride (CCI4). Solvent spectra 

backgrounds were subtracted from the solution spectra in order to remove the contribution of the 

solvent dipole-induced dipole absorption (see Chapter 5), the solvent-solute induced dipole 

absorption remains however. (See Chapter 6). These dilute solutions were studied at 4 temperatures 

and in addition the spectra of some more concentrated solutions have been included in the analysis. 

An attempt to clarify the molecular dynamics of these solutions has been made by the use of 

a model based on an extended Langevin equation of motion 2 3 developed by the memory function 

approach and the Mori formalism 5 1 described in Chapter 2. The results of this analysis are presented 

in Chapter 6. 

Finally, in Chapter 7 a study of some solutions of tertiary alkyl ammonium salts is described. 
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CHAPTER 2 

D I E L E C T R I C T H E O R Y AND THE M O L E C U L A R DYNAMICS O F LIQUIDS 

A. D I E L E C T R I C DISPERSION IN LIQUIDS - PHENOMENOLOGICAL DEFINITIONS AND 

R E L A T I O N S 

When an electric field E, is applied to a dielectric material the material becomes electrically 

polarised. This electrical polarisation is the total response of the system to the applied field and is 

the result of the alignment of dipoles, permanent and induced, within the medium. The permanent 

dipoles are those associated with the charge distribution on the molecules in the medium while the 

induced dipoles are considered to be due to electron cloud deformation and atomic nuclei displace

ment by the applied field. When the system is allowed to reach a steady state i.e. the field is static, 

the total polarisation of the dielectric medium contributes to the capacitance of the system by an 

amount proportional to the extra charge per unit area which results from that polarisation. From 

this, the static permittivity (eQ) is defined as 

e Q = C / C 0 2.1 

where C - capacitance of system in presence of dielectric 

C Q = capacitance of system in vacuo 

Where the applied field is removed, the dielectric material returns to its unpolarised state 

and dielectric relaxation is said to have taken place. The time which this relaxation takes is 

dependent upon which type of dipole is involved and the physical environment in which it exists. 

The parameter T is used to describe the time which the total polarisation takes to fall to a certain 

value, usually i/e, of its value in the presence of the electric field, by this relaxation process. 

If the applied field is now allowed to alternate, i.e. is reversed, the dipole moments will 

attempt to remain aligned and in phase. While the frequency of the alternating field is low the value 

of the permittivity wiII be the same as the static permittivity e 0 . As the frequency is increased the 

dipoles begin to lag behind the applied field and can no longer contribute to the polarisation of the 

medium. At a frequency of about 10^,10^ ^Hz, the microwave region, the permanent molecular 

dipoles, which have to undergo orientational motion to remain in phase, begin to lag behind the 

applied field. The fall in polarisation which results from this reduces the capacitance of the system 

and leads to a decrease in the permittivity from its static value and a loss of energy from the applied 

field. This fall in permittivity and absorption of energy, known as the dielectric loss e", constitutes 

the phenomenon known as dielectric dispersion. The maximum loss occurs when the dipoles are 

TT/2 out of phase with the applied field which in dipolar liquids corresponds to a 

frequency of about 2cm" 1 . At higher frequencies which correspond to the infrared and ultraviolet 

region, the other dipoles which contribute to the total polarisability of the dielectric also begin to 
absorption 

lag behind the applied field and give rise to features.58 
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The total complex permittivity is given by Debye i s 

f M = e'(co) ~ 2 2 

where e'(o}) = the dielectric permittivity, which is the in phase dispersive component 

and e"(cj) = dielectric loss, which arises from the out of phase, dissipative component 

eo - e°° 
and e M = e°° + 2.3 

I + ICdT 

where e°° = the dielectric permittivity at infinite frequency 

co = angular frequency of applied field 

e o . e<» = dispersion - corresponds to in phase resonance 

By assuming that the relaxation process is exponential the familiar Debye 1 5 equations are derived 

eo - e°° 
e'(co) = e°° + — - — - 2.4 

l + C O Z T Z 

(eo - e°°) COT 

and e"(co) = - — T ^ T ^ 2.5 

Finally, referring to Figure 2.1 we have: 

max 

e 

logeoj CO max 

F I G U R E 2.1 
SCHEMATIC LOSS AND PERMITTIVITY SPECTRA 

e" max = 2.6 
2 

T = i/co max 2.7 
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B. THE APPLICATION OF MICROWAVE AND FAR I N F R A R E D SPECTROSCOPY TO T H E 

ELUCIDATION OF THE MOLECULAR DYNAMICS OF LIQUIDS 

It can be considered that there are two problems concerned with the understanding of the 

molecular dynamics of liquids in the frequency region of 1 0 ^ -10^ ^Hz. The first is due to the 

fact that the parameters obtained by microwave and far infrared methods e'(a)),e"(w),a(co),j?(w), 

all arise from the bulk macroscopic or multi-molecular behaviour of the dielectric in the alternating 

field. Ideally, the information required is of the dynamics on a microscopic or preferably a 

molecular, single particle scale and so it is necessary to derive a relationship between the measured 

parameters such as r macro (TQ) and the unknown parameter r molecular (r s ) on the basis of some 

reasonable theory. Throughout this thesis T 1 7 1 1 0 will be taken to be a microscopic approximation 

o f r s . 

The second problem is that the molecular dynamics behaviour established by such a study 

must be explained in terms of the molecular properties and interactions in the system. This is 

discussed in Part C of this Chapter. 

Internal Fields 

Many attempts at solving the first of these problems have been made by developing theories 

which lead to expressions for the relationship between the external applied field E and the internal 

field F which can then be used to convert measured parameters to molecular quantities or by 

remodelling the system with an internal field correction to achieve the 'same' result. The reason 

for the interest in this approach is understandable when we consider the environment of a dipolar 

molecular liquid such as acetonitrile (CH3CN) which has been the subject of this work. This 

strongly dipolar molecule (dipole moment 3.9D) will exhibit a field of its own which will influence 

its close neighbours and vice versa. It is unlikely therefore that the molecule in the centre of such 

a dielectric medium will be responding only to the fluctuations in the applied field E. Attempts to 

reduce this effect can be made by making the dielectric measurements on dilute solutions in non-

polar solvents such as carbon tetrachloride CCI4 but the effects of the dipolar fields are known to 

be long range and in addition there is the possibility of induced dipole effects which make it 

difficult to dismiss the internal field problem. 

Initially considering the static or low frequency limit case, Debye 1 5 pioneered the develop

ment or more precisely in this case, the application, of internal field theories. First he derived an 

expression for the polarisability of the dipole aQ and hence its contribution to the total polarisability 

P in terms of the dipole moment y.. To do this he applied a method originally developed by 

Langevin 8 2 to find the mean magnetic moment parallel to an applied field for a system containing 

gas molecules with a permanent magnetic moment. The polarisation due to the permanent electric 

dipoles is given by: 
P d i p o l e = N ^ 2 E / 3 k T 

N« = number density of dipoles 
H = dipole moment 
E = applied field 
k = Boltzmanns constant 
T = temperature 
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The expression derived for the total polarisation i.e. including electronic and atomic distortion 

polarisation is:-

P = N, (a + /z 2 /3kT) E 2.8 

N> = dipoles per unit volume 

a = the distortion polarisability = a e + a g 

electronic atomic 

Debye then used the Lorentz 8 3 equation for the internal field which is based on the 

following model. 

The molecule is considered to exist in the centre of a sphere of microscopic, multimolecular 

dimensions immersed in a homogeneous dielectric medium. The field which the molecule 

experiences is then composed of three parts: 

F.j the field due to the external field including the contribution from the dielectric 

medium adjacent to the condenser plates. 

F2 the field due to the polarisation charges on the surface of the sphere. 

F3 the field due to the dipoles in the sphere. 

The fields and F 2 are easily calculated but the field F3 cannot be determined without 

knowledge of the distribution of the molecules in the sphere. Therefore only the cases where 

F3 = 0 can be considered with any certainty. They are, where the dipolar molecules are in a cubic 

lattice, an ideal gas or possibly in dilute solution of a non-polar solvent (if solute/solvent induced 

dipole effects can be ignored). 

The local field F is then given b y S 8 

F = F 1 + F 2 = E+4irP/3e 2.9 

where e = permittivity of free space. 

This leads to an expression for the static permittivity for a system described by the Lorentz field: 

eo — 1 
eo + 2 

= 47rN f (a + M 2 / 3kT) /3e 2.10 

The use of an expression for the total polarisation which has been derived with the 

assumption that the dipoles are distributed according to Langevin's law eliminates crystalline 

materials from the systems which can be described by equationz.iobecause of their highly ordered 

structure. 

For the dynamic case, in which relaxation behaviour is evident, Debye based his 'Diffusive 

Theory of Relaxation', a hydrodynamic approach, on Einstein's theory of Brownian motion. 8 4 

In this theory the rotational motion of the dipolar molecule is considered to be interrupted 

constantly by collisions with its neighbours. The resistive couple which develops from these 

collisions is proportional to the angular velocity of the molecule. It is also assumed that in the 

absence of the applied field the molecules obey the Diffusive law, which means that the polarisation 

13 



arising from the dipole orientation will decay exponentially. Applying the Lorentz field 

(equation 2.9) after replacing the static permittivity eo with the complex permittivity e(co) because 

we now consider an alternating, frequency dependent field yields the following expressions for the 

polarisability and permittivity. 

~ t M + 2 _ 
Polarisability P ~ N , 

M2 

3kT (I + i<or m i c ) 
2.11 

Permittivity — — — - = — * • a + , . ~ic —— } 2.12 
e(u) + 2 3e y I + i c o r " 1 1 0 3kT / 

Neglect of the fields (F3) due to the neighbouring dipoles dictates that this is a microscopic 

approximation, hence the relaxation time is denoted Z 0 1 0 . The expression for permittivity reduces 

to the expression for static permittivity at c o T m i c « 1 as would be expected. In the high frequency 

limit the permittivity becomes e°° where there is no longer a contribution from dipolar orientation 

polarisation and only distortion polarisation remains, in which case: 

e°° — 1 _ 47rN>a ^ ^ 
eoo + 2 3e 

By this method Debye also obtained an expression for the relationship between the macroscopic 

relaxation time r D a n d the molecular relaxation time T " 1 1 0 

'eo +21 
r 0 1 ' 0 2.14 

eoo + 2 J 

Recognising that the Lorentz field was inadequate, only being valid for low density gases or 

dilute solutions and predicting ferroelectricity58 for many dielectrics such as water (which does not 

exhibit this phenomenon), Onsager8 5 established a relationship between the permittivity and the 

dipole moment with a different model for the determination of the internal field. This model is 

similar to that of Lorentz except that the sphere is now considered to be of molecular dimensions 

in the homogeneous medium. The molecule is assumed to have the properties of a point dipole at 

the centre of the sphere and the total volume of the spheres is equal to the total volume of the 

system. 

The internal field then comprises two parts: 

1. The cavity field (G) i.e. that which would be produced in the empty sphere by the 

applied field E, given by 

3eo _ 
G = - E 2.15 

2eo+1 
2. The reaction field (R) which results from the polarisation caused by the dipole in the 

cavity, given by 

„ 2 ( e o - 1 ) m 1 
R = — T - 2.16 

2eo + 1 a 3 e 
where a = sphere radius 

m = total moment of molecule 

m = n +aF 
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The internal field according to Onsager is then given by F = G + R; in full 

[ 3eo / (2eo + 1)] E + [2(eo — 1) / (2eo + 1 )e] n/a3 

1 - [2(eo-1)/(2eo+1)e] a / a 3 

Onsager then derived his expression for the static permittivity 

(eo — e°°) (2eo + e°°) _ 4irN,/x2 

2.17 

.2.18 
eo (e°°+~2) 2 9 k T e 

where via has been rewritten e°° (according to Maxwell). 

The main differences between Onsager's model and Lorentz's are that Onsager's equation 

does not predict ferroelectricity and that he has not had to make the assumption that the field F3 

is zero. However, the assumption that a molecular sized cavity can be treated as a sphere can only 

be valid in special cases (spherical, molecules) where there are no strong local fields. In fact, it is 

unlikely that the cavity would be spherical in the case of CH3CN which has an ellipsoid ratio of 

1:1.7. 

For the dynamic case, Collie et a l 8 6 have applied the Onsager field to Debye's diffusive 

theory of relaxation (described previously). The result shown below: 

(e(co) - e°°) (2g(co) + 1) (2eo + e°°) g 47rN,ju2 1 

e(co) (e°° + 2 ) 2 (2eo + 1) " 9kTe l+ icor m i c 

(where e°° =Voo) 

can be solved for e(co) as a function of cor 1™ 0 by successive approximation. 

Nee and Zwanzig 4 3 have also solved the Onsager for the dynamic case and rederived the 

results of Klug et a l 9 6 , Fatuzzo Mason 9 7 and Scaife. 9 8 The general expression for the frequency 

dependent case based on the Onsager cavity model is 

(e( co) - e°°) (2e(co) + e°°) _ 4TTN, H2 / - d ^ \ 
3e(co) " 3kT V dt / • " " 2 , 2 0 

where <j>{t) = <ju (0 ) . n(t) > / < ju (0) . n (0) > (the normalised dipole correlation function). 

Z denotes a Laplace transform. 

To solve this expression the concept of dielectric friction is used. 

Dielectric Friction 

The field associated with the dipole induces polarisation in the surrounding medium, but the 

response of this medium isnot instantaneous (determined by e(co) ). Therefore the dynamic 

polarisation field is no longer identical to the static polarisation field for a given dipole orientation. 

The net effect is the creation of an electric field in the cavity which exerts a torque opposing 

reorientation of the dipole, and its rotational kinetic energy is degraded into random molecular 

motion in the surrounding fluid. 

(Dielectric friction is in addition to Stokes friction which pertains to viscosity). 

The expression for the dielectric friction (£ D ) derived for rotational Brownian motion is 

. . . 2kT (eo - e°°) (e(co) - eo) 
f D (co) = - — 2.21 

u ico eo (2e(co) + e°°) 
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Then considering the case of the unhindered rotation of a spherical isotropic molecule and 

assuming Debye type low frequency behaviour yields the useful relation 

r D = [(2eo + e~) / ( e o + 2e~ ) ] ^ ' , C 2.22 

Lobo's 1 0 2 expression for dynamic dielectric behaviour is a Nee and Zwanzig 4 3 - Onsager 

model which is generalised for the high frequency region by the inclusion of the inertial terms 

and incorporates single particle and collective behaviour. They have criticised Fatuzzo and 

Mason's 9 7 dielectric function because the polarisability used was of a freely-rotating dipole, i.e. no 

allowance was made for the dipole renormalization energy due to the reaction field which 

contributes to the viscous torque (see Hubbard and Wolynes 1 0 3 ) . 

The following relations have been defined 

r ™ ' 0 = T D ( e o + 2 e < » ) / ( 2 e o + e o o ) 

as for Nee & 
Zwanzig 

. equation 2.22 

= r" 1 * (2eo 2 + e°= 2) / ( e 0 { e 0 + 2 e < x > ) > 2.23 

Kirkwood 8 7 and Frohlich 8 8 derived expressions for the static permittivity of a dielectric 

without making the assumptions which lead to the limited applicability of Debye's and Onsager's 

equations by modelling the system with the sphere (or non-spherical in Frohlich's case) in a 

dielectric medium and solving by statistical techniques. They arrived at similar results to each 

other for the case of non-polarisable dipoles but when the effect of polarisable dipoles was included 

their expressions appeared to be different. Brown 8 9 has shown that this difference was due to 

Kirkwood's use of the cavity field when calculating the distortion polarisation where in fact application 

of the total field expression and rewriting some of the terms yields a result identical with that of 

Frohlich. 

(eo — e°°) (2eo + e°°) 4n-N gpg2 

= '-—— .. . . 2 24 
eo (e°° + 2 ) 2 9kTe 

where g is Kirkwood's correlation parameter, a measure of local order, and fig refers to the dipole 

moment in the gaseous state and \i is related to pig 

(using Onsager's definition of internal refractive index) by 

(2eo + 1) (n 2 +2) 
M = — r r r r r — Mq 2.25 

3(2eo + n 2 ) 9 

In 1957, Cole derived a similar expression to Kirkwood and Frohlich by a method based on 

Van Fleck's calculation for non-polar liquids and later 9 2 developed an expression for the dynamic 

case using a method first applied by Glarum 9 3 employing linear response theory, 5 2 which relates 

the behaviour of a weakly coupled system under the influence of a stimulus to its behaviour in the 

absence of a stimulus. 
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By this method the following expression for the relationship between r D a n d T " 1 1 0 has been 

derived. 

3 e o r m i c 

r n = 2.26 
u 2eo + e*> 

When the value for the relaxation time of the inner sphere used by Cole in this derivation was 

applied to Powles 9 4 result it was shown that the relationship of T Q to T M I C from the separate 

derivations is identical. 

Fatuzzo and Mason 9 7 ' ' applied the Glarum-Cole approach using linear response theory and 

arrived at a different result for the relationship between 0(t) and e(o>) 

(e(oj) - 1) (2e(co) + 1) eo 
i.e. {Fatuzzo and Mason) Z (-dtf/dt) = ' ' ' , 2.27 

(eo — 1) (2eo + 1) e(o>) 
(e(co) - 1) 3eo 

(Glarum and Cole) Z (-d0/dt) = , ' , , \ n , 2.28 
(eo - 1) (e(co) + 2eo) 

where Z denotes a Laplace transform 

e(cj) denotes the frequency dependent dielectric permittivity 

0 is the normalised autocorrelation function for the net dipole moment of an embedded 

sphere 

Fatuzzo and Mason also derived their equation by direct application of linear response theory 

to the sphere in a medium which was the method employed by K lug 9 6 , Zwanzig 4 3 and Hi l l 9 9 , who 

generalized the theory to include induced dipoles. Titulear and Deutch 1 0 0 have suggested that the 

reason for the discrepancy between Fatuzzo-Mason and Glarum-Cole is that Glarum-Cole assumed 

that the medium in which the sphere is immersed has frequency independent permittivity, where 

Fatuzzo-Mason have assumed that the surrounding medium has the same frequency dependence as 

the sphere. In the case of a strongly polar molecule in dilute solution of a non-polar solvent, the 

Fatuzzo-Mason assumption is unlikely to hold, but Titulear and Deutch have favoured their approach 

and indicated that it is a convenient point to start for molecular modelling. 

More recently, Williams 9 5 has examined the Kirkwood-Frohlich expression and extended it 

to include the frequency dependent case. His solution introduces a dynamic factor g(t) which is 

the time dependent Kirkwood g factor. (Brot 4 2 has reviewed this approach.) 

However, Kivelson and Madden 1 0 1 have pointed out that most of the theories discussed 

model the system with sample cavities which are reduced to molecular dimensions but then assume 

that macroscopic dielectric theory can be applied. They have criticised expressions relating 

macroscopic to molecular parameters (such as equations 2.22 and 2.23) on the grounds that a 

molecular property cannot be related to a macroscopic property by an expression which only has 

macroscopic parameters. The theory which they have developed relates the frequency dependent 

permittivity to a true single particle correlation function without the use of local field theories. 

Initially, the relationship between the macroscopic correlation function $m(t) and the complex 

dielectric constant is found with the use of Kubo 8 0 linear response theory. The relationship 
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between the macroscopic correlation function $m( t ) and the corresponding molecular correlation 

function 0 s ( t ) is then sought by application of the 'corresponding micro - macro correlation 

theorem' (cmmc). This theorem states 'that if the molecular correlation function can be expanded 

as a sum of exponentials, then the macroscopic correlation function has the same form with 

appropriately scaled parameters'. 

Assuming that the moiecuiar and macroscopic relaxation decays exponentially, Keyes and 

Kivelson 4 4 have given the expression: 

r = r * ^ 1 ^ 3 2 2 9 
D (1 + Nf 2 , 2 9 

where f is a structure factor which measures the orientational correlation of the dipoles 

f is the dynamic f 

and (1 + Nf) is equivalent to the Kirkwood 'g ' factor . 

The theorem has been applied by Kivelson and Madden 1 0 1 to derive the expression for spherical 

samples in a vacuum 
(e°°+2) (eo+2) N <y>2 4TT 

r s = T — 2.30 
D ( e o - e ° ° ) 3kT 3 

A similar expression for an embedded sphere of Kirkwood-Frohlich is 

T& = T eo (e°°+2) 2 4 T T N , < H > 2 • 

D (eo-eoo) (2eo+e°°) 9kT 

where the mean squared dipole moment < p > 2 is given by the approximation 

N < j u > 2 / 3 k t = 4.85jLi g

2p/M(T/300) 

p = density 

M = molecular weight 

Note with reference to criticisms of other results that these expressions include both macroscopic and 

molecular terms. K / i > 2 ) . 

Brot et a i 1 0 4 ' 1 0 S » 1 0 6 have developed a moiecuiar dynamics simulation approach to the problem 

which is based on an electrostatic two-dimensional disc of approximately 13 molecules in diameter, 

representing an isolated dipolar system of Stockmayer molecules. Comparison of the autocorrelation 

functions of the inner microscopic disc and the outer disc gives the response function which is in 

agreement with Fatuzzo and Mason. By this method, Brot has shown that a good simulation can be 

made by the statistical modelling of a few hundred (313) molecules. For distances greater than 3-5 

molecule diameters,, macroscopic laws of electrostatics apply. The results obtained 

, eo [ ( d -1 ) eo+1 ] 
I jxuc = J 2 > 3 2 

D (d -1 )eo 2 + 1 

d = No. of dimensions 

can, wi th appropriate assumptions, be shown to be in agreement with Fatuzzo and M a s o n . 9 7 b 
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rmic 

Kluk et a l l o s a have given a complete breakdown of the long and short range effects as 

follows. The macroscopic measured parameter TQ is related to a microscopic multiparticle 

correlation time T M L C by the use of Frolich's model and the application of linear response theory. 

This accounts for the longe range effects. The relationship obtained is given by 

1 + ( e ° ° / 2 e o 2 ) ] 

1 + ( 1 / 2 e o ) J ' D S " H « * H - ' D 2.33 

This expression can be shown to be identical to that derived by Brot for the three dimensional 

case (equation 2.32). It should be noted that taking typical values of eo = 5 and 6°° = 2.25 reveals 

that the ratio of r m , c / r Q is 0.95 which is in agreement with Hi l l ' s 5 8 suggestion that taking 

r 1 ™ 0 = TQ was a reasonable approximation. 

A rigorous method using the Mori formal ism 5 1 based on Kivelson and Maddens 1 0 1 approach 

with variables taken from Gierke's paper 1 0 9 has been applied to calculate the short range effects. 

This yields an expression relating T M , C to 7 S , the single particle dipole moment correlation t ime. 

r m i c 

i- oo 
= K" 1 [ (7 s ) - 1 + (1 - K'hjT ( c o l ( 2 , ( t ) , o ; l ( 1 ) (O)dtJ 2.34 

where K = 1 + (N - 1) (Y 4

0 (2 ,0) , c ) 

and Y o ' describes the coordinates of the molecular tensors of rank = i 

w l denotes the. angular velocity coordinate which is perpendicular t o the Z axis of the 

molecule. 

An approximation of this expression is made by neglecting the 2nd term and assuming that: 

the molecule has at least symmetry ( C H 3 C N has ) symmetry 

i. the dipole is at the centre of the molecule 

i i . the effective dipole depends only on instant polarisation 

The Kirkwood coefficient K is then given by the expression for an ellipsoid cavity which is 

appropriate for C H 3 C N . 

9kT (eo — e») (2eo + e°°) 
K = 2.35 

4 7 r l V g

2 [1 + D (e°°—1)] 2 eo 

where D = depolarisation coef f ic ient 1 2 2 along the principle axis (for C H 3 C N , D = 0.21) 

The relationship of 7 S to T M , C is then given by 

Xs = K"1 2.36a 

and for 7 s to r D 

long range short range 
1s = f [eo ,e°°] K " 1 T d 2.36b 

Equation 2.36b in ful l becomes 

l"l + (e°° / 2eo 2 ) 1 \4irN /x n

2 (">' + D (e°»-1 ) ) 2 eol 
7 S = T D ±

 J L - 2.37 

[ l + (1/2eo)] [ W (eo - e°°) (2eo + e°°)] 
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In a study of the dielectric relaxation of liquid methyl iodide, K l u k 1 0 8 ' 3 has neglected the 

correction of long range effects and applied equation 2.36b wi th TQ for T micro. The results f rom 

this have been adjusted by the Hubbard relat ion. 1 6 

T 1 R = 3 t 2 R 

microwave Raman 

and have been found to be in good agreement, within experimental error, wi th the results obtained 

from Raman Scattering experiments. 

Bordewi jk 1 0 7 has also taken account of the long and short range effects wi thout recourse to 

the sphere in a continuum model. By his statistical method he has rederived the Kirkwood-Frohlich 

expression for the static case, and found agreement with Ti tu lear-Deutch 1 0 0 and Fatuzzo-Mason 9 7 

for the frequency dependent case when e°° is taken as unity i.e. for non-polarisable dipoles. Further 

reduction of his expression 
. oc . ( £ M - e») (2e(u>) + e°°) eo 

_L ZiwAti(o). 2Mj( t )Y= , 2 38 
9M2 N / o e(w) (eo - e°°) (2eo + e°°) 

where n = jug for spherical molecules 

with isotropic polarisability. 

by removing the cross correlation terms yields Klug's 9 6 result and Rivail's if g = 1. 

Hubbard and Wo lynes 1 0 3 3 have developed a theory of dielectric fr ict ion, which has been 

criticised by Brito and Bordewi jk , 1 1 0 based on a rotational Smoluchowski equation derived f rom 

Einstein's equation for Brownian m o t i o n 8 4 wi th the inclusion of terms to account for interacting 

particles and external fields. This is a macroscopic theory originally developed by Smoluchowski 

to explain coagulation in colloidal dispersions. The model allows for fluctuating torques caused by 

variations in the polarisation which arise in the dynamic system and therefore permits the external 

(long range) medium to have a different decay t ime to that of the cavity. An expression for 7S is 

given 
4 / < ! 2eo+1 
1 / T S = + 6 D 2 3 G 

3 T D
 0 

Do = 'bare' rotational diffusion coefficient 

The limitations to the model are that a diffusional system has been assumed to apply the 

Smoluchowski equation and this breaks down for smooth molecules. In addit ion, local structure 

has not been accounted for in the calculation of the electric field fluctuations. 

The ful l equation for the total fr ict ion on the molecule which comprises a dielectric part 

P Q and a viscous part p vis is given b y 1 0 3 * 3 

3k T T Q (eo — e°°) 2 

*>D + Pvis = (87rrja3a) + - — 
u V I S eo (2eo + e«>) 

4a 61a 2 

3 3 + 60 
2.40 

where a is a fr ict ion coefficient which is equal to zero for perfect slip and unity for stick 

conditions. 
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The method used by Schurr 1 1 1 involves the rigorous determination of the relationship 

between the self rotational diffusion coefficient, D p , and the initial (short time) part of the 

orientational correlation funct ion. An approximate expression for the relation between the auto

correlation function of the net permanent dipole moment and the total dipole moment of a sphere 

as described by Onsager with time dependent dipole moment in the cavity is then derived by 

application of linear response theory. A simple expression has been given for an assembly of 

permanent dipoles with a single relaxation t ime. 

(2DF,)" 1 = r D (4ir<^Jj^j / (eo - 1) [ w h e r e ( 2 D p ) _ 1 = r m i c ] 2.41 

However, as Schurr has indicated, this is not a realistic physical situation and so the equation is of 

l i t t le value. Instead we must make use of equation 2.42 and its derivatives 2.43 and 244. 

For dielectric relaxation 

(4irpUA ti2\ 1 / ( 2e~ + 1) (e«H-2)\ 2 

B D „ ) - - „ J — - j wZZzk / 2.42 M 

p = density 

N ^ = Avogadros constant 

M = molecular weight 

For dilute solution in non-polar solvent 

/ 4 T K N > 
G D R ) " 1 = r D 

' {2e r + 1) (e, +2)2 

V 3 k T / 81 (e s - e j L C 1 

o 1 1 

2.43 

For very dilute solution in non-polar solvent 

( 2 D R r = T D ( ^ p J ."..2.44 

< N > / V = p N A / M 

ei = dielectric permitt ivi ty of solvent 

e s = static permitt ivity of solution 
o 

By applying this method and comparing results for a wide range of solutes and solvents, Schurr has 

found that in general the correlation times have fallen approximately 30% below the results obtained 

by the Rayleigh scattering and NMR techniques. 

Rosenthal and Strauss 4 1 have made use of the theories developed in recent years to relate 

the measured parameters obtained f rom the Raman and Far-Infrared spectra of chloroform and 

chlorobenzene. Corrections to the far infrared correlation times were made using Klug's internal 

f ield. This was then compared to the Kirkwood-Frohlich model as a check by back calculation of 

the g factors. The agreement was found to be very good for C H C I 3 but unsatisfactory for chloro

benzene. This is thought to be because of the use of spherical fields where in fact an elliptical field 

is probably more likely to be a true physical representation. 
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It was also found that the intensities of the depolarised Rayleigh spectrum did not match up 

with theoretical levels which was again attributed to the need for cavity corrections to the polaris-

abil i ty anisotropy. Combination of the correlation functions found in the experiment yield the 

'distinct' correlation function given by 

The distinct functions were found to decay much more slowly than those for the Fl R, IR, Rayleigh 

and Raman, which is in agreement wi th Keyes and Kivelson. 4 4 
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C. DETAILS OF SOME OF THE MODELS USED TO DESCRIBE THE MOLECULAR 

DYNAMICS OF LIQUIDS 

The models used to describe liquid molecular dynamics are all based on a knowledge of the 

behaviour of macroscopic objects according to the fundamental laws of mot ion. The simplest 

model which might be used to describe molecular rotation is that of the free rotor. As this 

condition could only be expected to apply in the very dilute gas phase i t is of no use for describing 

condensed liquid phases in which the molecules are undergoing multiple interruptions to their 

motion by their 'collisions' w i th each other. 

The expression for free rotation of a symmetric top molecule is given b y 1 1 3 

• F R W - ( * i ( o l . M . i ) « / 7 < , . J [ s ( I J o g j - 2 B « p ) 

/«-0 (A-B)O K 2 h c \ 
6XPl kT exp | - ~ [%r - 1 ) ^ ) c o s (2*5ct ) dv 2.45 

where J = iV2B—1 

S (l,K) is the nuclear spin weighting fac to r 1 1 4 

A and B are rotational constants 

K is the quantum number for the component of angular momentum along the C 3 axis. 

i) Rotational Diffusion 

For the condensed phases Debye 1 5 considered the rotational motion of a spherical molecule 

in an applied field to be constantly interrupted by collisions with its neighbours. The collisions are 

assumed to be completely elastic i.e. they are instantaneous and therefore the acceleration is 

inf inite. This condition for the collisions implici t ly assumes that the rotating, interacting 

molecules have no inertia which if they had would modify the acceleration characteristics to 

something other than a delta funct ion. The second of Debye's assumptions is that the t ime between 

collision isinfinitesimally small: the molecules are literally undergoing continuous collisions which 

limits the change in angle of the molecules to small values. This allows the application of the 

diffusional theory and equations of motion originally derived by Langevin 8 2 for the Brownian 

motion of macroscopic particles under the influence of collisions by molecules undergoing thermal 

motion i.e. 

mi>{t) = mcv + K(t) 2.46 

—mci> fr ict ion retardation 

K(t) randomly fluctuating force arising from molecular impact 

Debye considered the effect of the applied field on a molecule and exerting a torque, to be resisted 

by the microscopic fr ict ion introduced by collision wi th its neighbours. 

The torque on a dipole is given by 

M = Fix sind 2.47 

if it is assumed that F is the field experienced by a dipole of moment 11 at an angle of 0 to the field. 
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This torque exists because of the resistance arising from local coefficient of frequency 

independent fr ict ion 0 

M = 0d0 /d t 2.48 

This situation is usually expressed as 

Sin dfiF = - 0d0 /d t ; 2.49 

The Langevin equation for rotational motion per unit moment of inertia is then 

d0/dt = -0d0 /d t + T (t) 2.50 

where r (t) is the random torque on the molecule due to the motion of its neighbours. 

The neglect of inertia in the Debye equations was known to l imit their range of application 

t o relatively low frequencies (i.e. longer t ime motions). Debye predicted that his expressions were 

valid up to field frequencies of approximately 1 0 ^ H z . In terms of the dielectric response which 

Debye obtained by application of the Lorentz field as described previously in this Chapter, the 

expression below was given 

(e(w) - e°o) / (eo - e°°) = (1 - 2.51 

It was predicted that equation 2.51 was valid for frequencies 0 of less than (2-ITTQ)'1 which in terms 

of the Debye relaxation t ime TQ is approximately 1 0 " ^ S. The breakdown of the Debye theory is 

shown most dramatically by the power absorption coefficient a(co) which is related to the loss e " (« ) 

by 

a(co) = coe" M / i ? M c 2.52 

It can be shown 1 1 5 by integration of equation 2.50 that 

a(co) a w

2 (1 + co 2)" 1 ' (approx), 2.53 

This relation of a(co) and co accounts for the familiar 'plateau' in the a(co) spectrum at frequencies 

above the microwave as illustrated by Figure 6 .1 . This opacity, which would extend to the visible 

region, is obviously not observed in practice. 

Despite the failure of the Debye theory, i t has been used extensively, particularly by early 

workers who were unable to observe the far-infrared region where the deviation from the model 

becomes pronounced. The apparent lack of importance of the breakdown of the Debye theory at 

very high frequencies did not, of course, deter the theorists from attempting to formulate a theory 

which was valid over the wider range. A t the t ime of the early Debye mod i f i ca t ions 7 7 ' 7 8 the 

presence of any additional absorption features as later predicted by Poley 6 1 ' 6 3 had not been 

suspected and so the models proposed were the Debye type, corrected by including inertial terms, 

which would predict a return to transparency of the absorption spectrum at some frequency below 

the visible region. 

ii) Inertia Conrected Debye Models 

Rocard 7 7 and later Powles 7 8 gave expressions for the Debye theory with the additional 

inertial terms. The expression for the torque on the dipole is then given by 
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M = 0d0/dt + I b d 0 / d t 2.54 

fr ict ion inertial 
term term 

where 1 ^ = moment of inertial perpendicular to C 3 axis. 

This introduces a fr ict ion time Tp into the equation for the dielectric permitt ivity and the equivalent 

of equation 2.51 is then given by 

(Rocard) ( e M - e°°) / (eo - e°°) = OJT d ) <1+iwrp)^| '* 

where r p = l / ( 2 k T r D ) 

(Powles) (e(oj) - e°°) / (eo - e°°) = j^1+iwT D+(1-X)iojTp—rpr Dco 2 j 1 2. 

where \ is an arbitrary parameter 0 < A 3 M 

2.55 

2.56 

57 

This expression is identical to the Rocard result for \ = 0 and for A. = 1 reduces to equation 2.58 

which is itself identical to the relation derived by Sack. 7 9 

(e(w) — e°°) / (eo — e°°) = jj + iajTQ — w2^o rF ] 1 
2.58 

K u b o 8 0 has pointed out that this equivalent to the use of the Debye equation 2.51 with TQ 

substituted with the frequency dependent relaxation t ime T (Sack) where 

T (Sack) = T d (1 + iw rp ) 2.59 

McConnel l 1 2 0 has recently criticised the result of Rocard on the grounds that the derivation 

was based on a non-existent differential equation of Brownian motion. He has carried out a 

rigorous derivation of the equations of motion for liquid molecules and shown that the Rocard 

result for spherical molecules (equation 2.55) is more accurately given by 

( e ( w ) - e ° ° ) / ( e o - e ° ° ) = £(1 + M r D - J r p ) ) ( 1 + i w r F ) j 2.60 

McConnell has also given the expression for other model shapes, the one of interest in the case of 

acetonitrile being for the symmetric top rotator 

(e(w) — e°°) I (eo—e°°) = 1 + iodT. 1 + io>r. 

where D-j ' 2 ' and ^ ' are the rotational diffusion cons tan t s 1 1 6 ' 1 1 7 

D 1 ( ' ) = k j _ 

D 
( 2 ) 

1 

<1 B1 

(kT ) 2 

S 2 |

: 

,2.61 

,2.62 

,2.63 

I 
2 B 1 - B 3 

1 
+ I 

- 3 B - , 2 + B q 8 3 + 6 3 ^ ( ' 1 - I 2 > 2 

B . , 2 B 3 ^ + 6 3 ) 3 B 1

3 B 3 ( B 1 + B 3 ) W < B

1

+ B 3 ) 

where I and B denote the moment of inertia and frictional constants appropriate to the axis of 

rotation. 

.2.64 
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iii) The Far Infrared 'Foley' Absorption 

Microwave studies of the dielectric properties of liquids have most frequently been analysed 

f rom the form of the dielectric loss spectra (e" ( w ) ) . These analyses, often made wi th the Cole-

Cole plot representation 1 2 3 , expose the deviation of the system behaviour from the Debye model at 

high frequencies 6 8 where previously experimental limitations became apparent. 5 4 However, the 

presence of very large features in the e (cu) spectrum in the far-infrared result is only a small feature 

on the shoulder of the loss curve. The converse of this is also true in that observations in a (co) do 

not clearly reveal evidence of large features in the e"(<o) spectrum. 

The presence of an additional absorption region was first suggested by Poley 6 1 in 1955, 

fol lowing a study of the spectroscopic parameters of a series of halobenzenes, which had been 

recorded elsewhere. Initially Poley observed that the values recorded for e«> (the value of dielectric 

permitt ivity e' at infinite frequency) were not equal to the value of n ^ 2 ( n ^ the refractive index 

in the optical region) as they should be according to Maxwell's equations if the difference due to 

the IR vibrational bands is neglected. This led him to speculate that there was a region of 

absorption between the microwave and the infrared which must be fairly large to account for the 

discrepancy and since the difference was proportional to the square of the depole moment then it 

must be of dipolar or ig in . 6 3 Further support for his theory was published the same year when he 

noted the deviation from Debye behaviour in the Cole-Cole plots (e' vs e") of these liquids. Poley's 

explanation of the additional feature, which has since become known as the 'Poley' absorption, was 

that i t arose from the oscillation of polar molecules about a locally temporarily defined position in 

the l iquid. 

In 1963, H i l l 5 6 formulated a theory which predicted the presence of a feature in the far-

infrared in order to account for the e ^ n ^ differences which remained after the IR resonance 

modes had been accounted for. The model proposed was one in which the absorbing molecule is 

librating in a flexible molecular cage which by damping of the resonances wi l l result in the broadening 

of the feature. This band was predicted to occur at approximately 30cm" 1 , well out of the 

microwave range and below the frequencies studied wi th extended infrared instruments. This was 

the first version of the 'itinerant oscillator' model also known as the 'quasi crystalline' model. 

Finally, in 1964, evidence of the Poley feature was observed for the first t ime at the National 

Physical Laboratories 5 9 (NPL) wi th the newly-developed HCN Maser operating at 29.712cm"'. This 

initial observation showed that the value of a for chlorobenzene at this frequency was more than 

twice the hypothetical value a°° obtained from the extended Debye models accounting for the 

microwave feature. In the same year interferometer experiments by Chantry and Gebbie 5 5 revealed 

the ful l far infrared spectrum and confirmed the presence of the Poley feature in Chlorobenzene. 

It is worth noting that also in 1964 working down from the low infrared 250cm" 1 - 50cm' 1 using a 

double beam Perkin Elmer 301 grating spectrophotometer, Gunthard 7 0 et al had observed the edge 

of the Poley feature for a number of liquids both polar and non-polar including chlorobenzene but 

did not discuss i t in their assignment of the features. 
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Chantry and Gebbie 5 5 noted that the integrated intensity of the Poley absorption remained 

constant wi th temperature but the frequency shifted to slightly higher frequency and became 

sharper on cooling. This behaviour is similar to that observed for lattice bands and was assigned to 

a pseudo lattice mode with the supportive evidence that the crystal structure of chlorobenzene 

recorded at 130K showed some sharp lattice band absorption in this region. It was speculated 

that these features could partially collapse to give the broadened feature of the liquid spectrum. 

In 1966 Bradley 6 0 et al performed some experiments on liquids in order to examine the 

effects of pressure on the Poley band. It was shown that the intensity of the feature increases 

rapidly with pressure which led them to the conclusion that they must have been observing the 

result of a multipole interaction which would be expected to depend on molecular separation to 

a high inverse power. 

In 1967 Kroon and van der Elksen 7 1 first suggested that the far infrared Poley absorption 

was predominantly the result of a rotational motion but there was a residual component which 

was accounted for by a translation mode. The evidence for the presence of a resonance absorption 

in the Poley region was presented by Chamberlain 7 2 in 1968 when he obtained the far infrared 

refractive index spectrum of chlorobenzene by dispersive fourier transform spectrometry at NPL. 

The refractive index spectrum showed the type oscillatory features which are assoc ia ted 5 4 ' 1 2 4 

with resonance phenomena at the centre of the Poley band. A t the same t ime H i l l 7 3 calculated 

the profiles of <z(co) and e"(co) for a model of 3 overlapping resonance features which was in good 

agreement with the spectra recorded to d a t e . 5 5 ' 6 4 ' 6 7 ' 7 1 In fact, i t was suggested that the Poley 

band was composed of a continuously distributed number of overlapping damped resonances. 

Brot and Lassier's74 explanation (1969) of the observed features allowed for the presence 

of relaxation and resonance phenomena. They envisaged a situation where the absorbing molecules 

are librating in a shallow potential well which accounts for the resonance contr ibut ion. The 

relaxation contribution is then accounted for by the molecules periodically ' f l ipping' into other 

configurations. Adjustment of the parameters in this theory, known as the 'multisite' or libration 

in a two well potential model, enabled them to reproduce the correct form for both the absorption 

and refractive index (dispersion) spectrum in the far infrared region. 

Also in France during 1971-2 B r o t 7 5 , 7 6 carried out some high pressure gas far-infrared 

measurements on carbonyl sulphide, chloroform and some halobenzenes. These spectra were 

recorded at pressures up to the critical point and it was concluded f rom the appearance of the 

Poley band that most of i t results f rom a hindered rotational type of molecular mot ion. 

Further extensions to Hi l l 's 5 6 ' itinerant oscillator' model have been made by Co f fey 1 2 1 

and Wyl l ie . 4 7 In this model the molecule of interest is considered to be librating wi th in a cage of 

neighbouring molecules which is itself performing a rotational diffusion mot ion. The librator 

frequency is fixed in the 'Poley' region and the cage rotational diffusion gives rise to a feature 

in the Debye relaxation domain. The result of this model is that a clear distinction is seen 

between the microwave and far infrared region absorptions. (See Figure 6.1.) 
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Recently Chantry et a l 1 1 8 have examined the two component hypotheses by a novel 

technique which they have attributed in the first instance to Darmon, Gerschel and Brot . 7 S The 

assumption has been made that if the 'Poley' absorption arises f rom some kind of l iquid ' latt ice' 

vibration then i t wil l be evident in the spectrum of a non-polar liquid while the reorientational 

Debye type absorption wi l l be absent. Thus it has been assumed that the comparison of two 

physically (inertially) similar molecules, polar and non-polar, can be used to reveal the 'non-

resonant' contribution to the polar spectrum by subtracting the non-polar spectrum after suitable 

scaling. (This scaling is required because of the much lower absorption found in non-polar 

liquids). In the case of methyl chloroform ( C H 3 C C I 3 ) the subtraction of a carbon tetrachloride 

spectrum (X 10.8) has produced a low frequency feature of approximately the same intensity and a 

similar shape to that predicted by an inertia-corrected Debye model developed by McConnell. 

A t present the agreement is not completely satisfactory but the result does offer some support to 

the argument for the two component hypotheses. However, i t must be noted that Hildebrand has 

indicated by thermodynamic argument 1 2 5 that structure, such as lattices, cells, etc. cannot exist in 

simple liquids (see Chapter 6 ) . 

iv) The Extended Diffusion Models of Gordon 8 1 

Gordon recognised that the Debye model (in which the molecules undergo rotation in 

infinitesimally small steps) was not realistic for small molecules. Accordingly, his theory developed 

two models in which the steps between collisions are of an arbitrary large size. The probability of 

a molecule undergoing n collisions from t (0P (t) is described by a Poisson distribution 

P (H t ) * -7 (— exp M / T c ) 2 . 65 

where r c is the mean t ime between collisions. Both of Gordon's models are basically inertia-

corrected Debye models. In t h e ' m ' diffusion model the instantaneous collisions result in the 

randomising of the direction of the angular momentum of the molecule. 

The J diffusion model describes a system in which the instantaneous collisions results in both 

the magnitude and direction of the angular momentum being randomised. 

Gordon's general expression (for linear molecules) for the correlation function 0(t) is given 

by 
<» 1 r t tn 

0( t ) =exp( t / r ) 2 = o —n£ d t n c o s c o n + 1 ( t - O J tX^cosu^X^A > • • • • 

t2 

• j dt^cosco2 ( t 2" t 1 ) c o s w l t ' j ) 2.66 

where t n denotes the instants of collision and o ; n are the angular velocities. 

For the m-diffusion case, o>n are all equal and are taken to be 

w 0 = y 2kT/ l 2.67 
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Bro t 1 1 9 has solved this expression for three cases u 0 > 1 / (2TC) ; w 0 = 1 / (2T c) and 

« 0 < 1 / (2T c). However for the case of C H 3 C N the solution for a symmetric top is required. This 

has been given by McC lung 1 7 3 for the J diffusion case as 

v ( j ) , , . ~ TJ v , 1 4 r n! /2V/a _ j - 0 0 co 2 exp( -c j 2 /2a 2 ) 
,n-

(2/TT) / 2 « 3 2 J . f dw OJ 2exp ( - w 2 / 2 w 2 ) - - - 7 - — & 
b=-j o J [1 + (bco + 

a=-j o 

2r 
2.68 

where €3 = (kT/l) 1 ' ' 2 and K m ^ (J.W^) is the Fourier Transform of the correlation function 

^ (J,t). Figure 6.1 illustrates the result of applying this model to C H 3 C N with some results 

obtained from other models. 

The models described so far in this section are inadequate because they are all based on the 

simple rotational Langevin equation (2.50). This equation contains a fr ict ion term j3 which is 

constant with respect to t ime and therefore cannot represent the contribution to the intermolecular 

torques which arise f rom the dynamic interactions in the liquid phase. The solution of the simple 

Langevin equation yields an auto-correlation function of the form given by equation 2.69 which is 

a pure exponential 

C W ^ S ' l n i t -^<-»> 2'69 

OJ < w ( 0 ) . w(0) > 
where co = the angular frequency d0/dt 

In practice the correlation functions of molecules in a liquid are far f rom e x p o n e n t i a l . 2 ' 1 2 6 ' 7 ' 4 

In order that a model be valid for, and describe, the Poley feature of a l iquid i t is necessary that i t 

includes the correlated motions of the molecules since i t is these dynamic interactions (rotational 

hinderance) 1 2 7 which account for the Poley feature lying to the high frequency side of the gas phase 

rotational envelope. 

v) The Memory Function Formalism 

The method which has been applied in this work is the development and solution of a more 

complex equation of motion by the memory function approach . 5 0 ' 7 5 This formalism does not 

require an underlying model but is a scheme which allows the introduction of memory functions, 

denoted by K(t) that can be developed to describe the observed phenomena. The method adopted 

here is that which has been applied by Evans et a l 2 ' 1 7 ' 2 3 ' 2 5 ' 2 6 to the solution of a more general 

Langevin equation attributed to K u b o 1 2 8 

a>(t) + J K (t - T ) W ( T )dr ' = T (t) 2.70 
o 0 3 

where K ^ t t ) is a memory funct ion, the correlation function of the random torque on the molecule 

(the t ime dependent fr ict ion tensor). 
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Then from equation 2.70 we can w r i t e 2 2 ' s o 

d < c j ( 0 ) . w ( t ) > 

d t 

t 

= - f K J t - r ' ) < w ( 0 ) . a ; ( r ' ) > + < t o ( 0 ) . r ( t ) > .2.71 
o 

We know that for a stochastic process < r ( t ) > = 0 and <Lw(Q)... P(t) > = 0 

The rotational autocorrelation function C m ( t ) of a microwave/far-infrared band is given b y 8 1 

C m ( t ) = <m.a<t)> 

-oo 

. 3hc a(c j )dc j n 7 o 
eXD(ICOt) 

H 4TT2 « [ 1 - e x p ( - I W k T ) ] 

where a (w) =, absorption cross section per unit area; 

Using C m ( t> in the classical l imit (h"0) equation 2.71 yields. 2 2 

t 

C m ( t ) = - / * K o ( t - / ) C m ( T ' ) d T ' 2.73 ' n v w I , x v ' , ,• ' ' w n r 
o 

where the Fourier transform of Ko(t - r') is the frequency dependent fr ict ion coefficient ((3(w)). 

The set of memory functions Ko(t) Kn(t) obey a set of coupled Volterra equations 

such t h a t 5 0 

3 Kn-1 (t) J 
— = - f K n ( t - r ' ) K n - 1 ( T ' ) d T ' 2.74 

3 t o 

Hence' we can write the expressions 

t 
6 Ko(t) 

' o 

and 

— = - f K i (t - T') KO (T') d r ' 2.75 

at L 

t 
3 K ^ t ) = - J K 2 ( t - T') W) d r ' 2.76 

3t ° 
Definitions 

Laplace t ransformat ion 1 2 9 

Z j f ( x ) | denotes a Laplace transform of f (x) 

Z j f ( x ) j = f (p) = j f e " P x f ( x ) d x 

If f (x) = e a x 

then z j e ax} = f ( p ) = f e " P x e a x d x = ~ 

Laplace transform of a derivat ive 1 3 0 

Z j f ( t ) j = p Z jf(t)J - f(0) = p f ( p ) - f ( 0 ) 
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Convolution Theorem 1 2 9 

Z f X f (x-y)g 
I J o 

Taking Laplace transforms of equation 2.73 and applying convolution theorem. 

»t 

o 
Cm(t) = Z 

= f ( p ) g ( p ) 

K Q (t - T') Cm ( r W 2.77 

P C m ( p ) - C m ( 0 ) = Z nv K Q ( t ) = - K Q ( p ) C m ( p ) 2.78 

Using the approximation for Gordons M diffusion mode l 8 1 i.e. K has no memory, then the 

correlation function is a simple exponential 2 2 

K Q ( t ) = K o (0 ) exp ( - 7 o t ) 

this leads to Z j KQ(t)J = K Q (p) = J' exp ( -p t ) K 0 ( t ) d t 

substitution for K Q ( t ) 

rearranging 

J exp (=pt),exp U 7 0 t ) K 0 (o )d t 

CO 

K o ( 0 ) 7 exp (=pt) exp (~7 0 t ) d t 

K o (0>y e x p ( - t p + 7 0 ] t ) d t 

solution 

K Q (p ) 

K Q (P) 

K o ( 0 ) 

K o ( 0 ) 

exp { - [ P + 7 0 ] t ) 

rewriting equation 2.78 gives C m (p) 

P + 7 0 

P + K 0 (P) = C m ( o ) 

substituting for K Q (p) and rewriting yields 

C m ( 0 ) 

now p = —icj 

therefore C m ( - M = 

P + / K o ( 0 ) \ 

\ P + 7 0 / 

P 2 + P 7 0 + K 0 { o ) 

" which is Mor is 5 1 "> 
continued fraction 
representation of 
the correlation 
function truncated 
at 1st order 

C m (Q) ( - i c o + 7 0 ) 

- c o 2 - i c o 7 0 + K 0 ( o ) 

2.79 

2.80 

2.81 

2.82 

2.83 
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The spectral density (a(a>)) is related b y 9 2 

a(w) « a)2 Real [ c m (—ico) J 

rearranging 2.83 gives C m ( M 
7 o C m ( 0 ) - i a ; C m ( 0 ) 

( K o { 0 ) - w 2 ) - i w 7 0 

multiplying by denominator/denominator and tak ing 5 0 C m ( 0 ) = 1 

( 7 0 - i c o ) [ ( K o ( 0 ) - f c j 2 ) + iayY o ] 

[ K o ( 0 ) - c u 2 ] 2 + c o V o 

expand and separate 

7 O K o ( 0 ) - i [CJKO(O) + co3 + W 7 Q

2 ] 

leads to C m ( - M = 

C m ( - i c o ) = 
[ K o ( 0 ) - o ; 2 ] 2 + a j 2 7 O 2 

. a (w) = ACQ 2

 7 O K O ( 0 ) 

[ K o ( 0 ) - c o 2 ] 2 + W

2 7 o

2 

[Koto) - <sj + c o 2 7 0

2 

where A is a constant. 

Now applying the same approach to equation 2.75 

z { K 0 ( t ) } = z | - ^ K , (t-r') K Q ( r ' ) d r j 

p K 0 ( p ) - K Q (0 ) = - K ^ p J K ^ P ) 

Using the approximation 

K ^ t ) = 1 ^ ( 0 ) exp ( - 7 . , t) 

Z { ^ ( t ) } = K ^ p ) =f e x p ( - p t ) K ^ t j d t 

substituting for K ^ t ) 

K ^ p ) = a exp ( -p t ) K^O) exp ( - 7 - j t ) dt 

% 

= K ^ O ) / exp ( -p t ) exp ( - ^ D d t 

rearranging 

= K ^ O l l exp [ - ( p + 7 i > t ] dt 

solved as previously 

K-,{p)= K^O) 
exp [ - ( p + 7 1 ) t ] 

- [ P + 7 i ] 

Ki (p ) 
Kito) 

2.84 

2.85 

2.86 

2.87 

2.88 

2.89 

2.90 

2.91 

2.92 

p + 7 t 
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Using equations 2.78 and 2.86 leads to the construction of the continued fraction in ful l (to 2nd 

order). 

p = —ICO 

Cm(P> - C m ( 0 ) 

P+K Q(P) 

cm(Q> 
P + K o ( 0 ) 

P + K o ( 0 ) 

P + K^P) 

P + K^O) 

C m ( p ) = 

P + 7 1 

P t P + K ^ O J l + K^O) 

p + 7 1 

P + 1^(0) 

P + 71 

" P + K ^ O ) " 

P + 7 1 _ 

P (P 2+P71 + K 1 ( 0 ) ) + K Q (0 ) (P + 71) 

P + 7 1 

= C m ( 0 ) [ P 2 + P 7 1 + K 1 (0)] 

P 3 + P 2

7 1 + K 1 (0)P + K Q (0 ) (P + 71) 

C m ( 0 ) = 1 C m ( p ) = P 2 + P 7 1 + (0) 
p3 + P 2 7 1 + p K 1 ( 0 ) + K o ( 0 )p + K o (0>7 i 

C m ( p ) = K^O) - co2 - ico7i 

K o ( 0 ) 7 i ~ W 2 T 1 ~ i o j K 1 ( o ) ~~ i c j K o ( 0 ) + 

Separating variables 

Now let R = K Q (0 ) - c o 2

T l = 7 l [ K Q ( 0 ) - O J 2 ] 

and I = co3 - coK 1 0) - coK o(0) = w 3 - co [ K , (0) + K Q ( 0 ) ] 

then C m ( - i c o ) = K 1 JO) - co2 - ico7-| X R - il 

R + il R - if 

2.93 

2.94 
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= RK^O) - R O J 2 - Riury 1 - ilK 1<0) + i l w 2 - l o ^ 

R 2 + l 2 

= RK^O) - R O J 2 - l c o 7 l - i [Rory, + IK-, (0) + I O J 2 ] 

R 2 + I 2 R 2 + I 2 

taking real part substituting for R and I 

K, ( 0 ) ^ ( 0 ) 7 ! - o^^ar-j^h^^+<^^ 

R 2 +1 2 

Re [ C m M O J ) ] = K ^ K ^ O ^ 

R 2 + l 2 

a(oj) = A co2 Re [ C m ( - iw) ] 

Result of the 2nd order truncation of the Mori continued fraction 

a(co) = A C J 2 K i (0) K q T i 2.95 
7 2 [ K o ( 0 ) - C J 2 ] 2 + [w 3 - 0 0 ( ^ ( 0 ) + K o ( 0 ) ) ] 

where K o (0) = 2kT/ lg for a symmetric top or linear molecule 

« i (0) is related to the intermolecular mean square torque < 0 ( V ) 2 > (Chapter 5) 

y'1 is a torque relaxation time 

The model described by equation 2.95 has been applied in this work with the proportionality 

constant A determined by the relation. 2 2 

A = 4TTNM2 = eo — e°° 2.96 

3kTV T?(W) 
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CHAPTER 3 

FAR—INFRARED SPECTROSCOPY USING A M1CHEISQN I N T E R F E R O M E T E R 

INTRODUCTION 

A detailed account of the theory of a Michelson interferometer is not included in this thesis. 

For such information the reader is referred to two of the many excellent books on this subject, 

those by B e l l 1 3 1 3 and Chamberlain 1 . 3 1 0 A fully detailed description of the operational procedures 

and theory applicable to the particular instrument and peripherals used in this work has been given 

previously. 1 3 2 Therefore in this chapter only a brief description is given, highlighting where 

necessary the features pertinent to the study of the systems described in Chapters 5 ,6 and 7. 

A. G E N E R A L T H E O R Y OF A MICHELSQN I N T E R F E R O M E T E R 

This type of interferometer can be represented as shown in Figure 3.1. The source, a 

mercury vapour lamp emits polychromatic radiation with frequencies from the far-infrared into 

the ultraviolet. This broadband radiation is collimated at C and directed onto the 'Mylar' 

(polyethylene terephthalate) beam splitter B. This thin dielectric sheet partially reflects and 

partially transmits the incident radiation onto the two mirrors M̂ j and The two beams are 

then reflected back to the beam splitter where interference occurs due to the phase lag of one 

relative to the other. The radiation is again partially transmitted and reflected, the beam which 

returns to the source is lost while the other beam is focused at C ' , then passes through the sample 

and is detected usually by its heating effect at the detector D. The movement of the mirror M2 

allows the introduction of a variable phase difference between the two beams. This phase difference 

results in an interference which can be plotted from the intensity of the radiation incident at the 

detector D against the optical path difference x. This plot known as the interferogram has the form 
+00 +00 

l(x) = / G(u) cos (27ri5x) dw + / / T G(t» sin (27n5x) du 3.1 
00 J 00 

where G(D) is the spectral intensity 

v = frequency (cm"^ when x is in cm) 

For a perfectly symmetrical interferogram the sine term of equation 3.1 is zero and can be 

neglected therefore Fourier transformation of equation 3.1 yields the desired expression for the 

spectral intensity given by 
+00 

G(0) = I l ( x j cos (2ir0x) dx 3.2 

Now, since the interferogram is symmetrical about the point of zero path difference (i.e. where 
x1 = x 2 ^ t n e n e ° . u a t ' o n 3.2 can be rewritten; 

x max 
G(v) = l j l(x) cos (27ri)x) dx 3.3 

Thus the spectrum can be recovered from the interferogram recorded from the point of zero path 

difference to x max (half the total interferogram). 
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There are two main advantages which the interferometer enjoys over the conventional 

grating spectrometer for the study of the far-infrared spectrum. 

i) The Fellgett Advantage 1 3 3 

In a grating instrument the particular frequencies are scanned and analysed separately for 

short periods and therefore very little energy of interest reaches the detector compared to any 

background energy (noise). For far-infrared radiation this becomes more of a problem because 

in the first instance the radiation is very difficult to diffract and secondly the commonly available 

sources are very weak in this region. However, the interferometer is a multiplex instrument which 

samples all of the 'scanned' frequencies for the duration of the measurement. Therefore provided 

that the system is detector noise dominated 1 3 4 there is an improvement in signal to noise ratio 

with this type of system of V f t where N is the number of spectral elements equal to the resolution. 1 3 0 

This is known as the Fellgett or multiplex advantage. 

ii) The Jacquinot Advantage 1 3 5 

The second advantage arises from the high energy throughput of the interferometer because 

it does not have the radiation limiting slit of the grating instrument. In the case of the Beckman-

RIIC FS720 interferometer used in this work the optical configuration allows the propagation of a 

beam approximately 7cm in diameter. This feature which leads to the Jacquinot or throughput 

advantage enables a higher signal to noise ratio to be achieved by ensuring that the signal energy 

dominates the detector. 

The one major disadvantage which the interferometer suffers from is that a computer 

analysis is required to extract the frequency spectrum from the interferogram. Therefore it has often 

been necessary (as in the case of this work) to record the interferograms onto punched paper tape 

prior to transfer onto large multiple access computers for this calculation. This procedure has often 

led to delays of up to 36 hours between recording the interferogram and obtaining the required 

spectrum. The advent of inexpensive microcomputers which can be connected on line to the 

instrument such as the dedicated system now operating in Durham 1 3 6 have obviously reduced this 

problem to a minimum. One further problem remains however, due to the fact that the interfero

meter is a single beam instrument. This requires that sample and background spectra (interferograms) 

are measured separately and ratio'd numerically afterwards if the experiment requires a background 

subtraction. 

Hi) Spectral Resolution 

The spectral resolution obtainable by this method is determined in the ideal case by the 

maximum magnitude of the path difference ( x m a x ) over which the interferogram is recorded . The 

expression for the calculation of the resolution AO is given b y 5 3 

A»5 = l ^ / x ^ ^ x ^ r 1 3.4 

In practice the resolving power of an interferometer is limited by the solid angle S2 of the 

limiting stop of the collimating optics due to the phase difference which exists between the axial 

and meridianal rays. 
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For a uniformly radiating disc Jacquinot has given expression 3.5 for the path difference 
x max ' a n c * n e n c e t n e maximum resolution by equation 3.4) over which the intensity interferogram 

can be recorded. 

S2 = 2ir [v x m a x ) ' 1 3.5 

where ft is given by J2 = 7ra2 / f 2 -

a = radius of the aperture (limiting stop) 

f = focal length of collimating system. 

Therefore, in the case of the FS 720 interferometer a 2 / f 2 = 2.5 X 10"3 (for example) and thus 

for a frequency D = 50cm" 1 the limiting resolution is approximately 0.06cm" 1. However 

the total mirror travel is only 10cm, or ±5cm about the Zero Path Difference (ZPD) position, 

which limits the theoretical resolution to 0.1cm"1 by equation 3.4. Higher resolution 

(0.05cm' 1) could be achieved if the fixed mirror was adjusted (displaced by 5cm along the 

optical axis) such that the point of ZPD was at one extreme of the moving mirror range and 

a single sided interferogram was recorded ( x m a x = 20cm). 

iv) Apodisatson 

The interferogram produced in an experiment can only be recorded over a finite path difference 

x m a x . The truncation of the interferogram at this point results in a sharp 'step' which if transformed 

may lead to the generation of undesirable (and unreal) features in the frequency spectrum. 5 3 This is 

easily overcome by applying a weighting function to the interferogram which smoothes the intensity 

to zero at x m a x thus eliminating the sharp transition. This procedure, known as apodisation results 

in a reduction in spectral resolution by a factor of approximately 2. The function employed for 

apodising the interferograms in this work (FTRAN series of programs) is given by 

f (x) = cos 2 (wx / 2 x m a x ) 3.6 -

v) Sampling of the interferogram 

The interferogram generated by the movement of the mirror M2 is sampled at discreet 

intervals of path length known as the sampling intervals Ax. Sampling theory requires that in order 

for a wave to be correctly recovered it must be sampled at least once every half cycle. This imposes 

an upper frequency limit i > m a x on the spectral range of the instrument in terms of Ax given by the 

expression 

umax 3.7 
2Ax 

The replacement of the continuous function by a sampled one requires that equation 3.3 is 

now rewritten as the summation:-

G(u) = 2 A x z " I (x) cos (27ri)nAx) 3.8 
o 

n = number of points 

This gives rise to a further complication as follows 

If waves of a higher frequency than 0 m a x are present in the system they will also contribute 

to the energy of the sampled interferogram but they will not be explicitly resolved. Their effect 

is to distort the recovered spectrum and generate a pattern which repeats itself at regular intervals,5 3 
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a phenomenon known as aliasing. To prevent this it is essential that frequencies higher than u m a x 

be excluded from the detector by some suitable optical filtering. Sampling at discreet intervals also 

results in the recovery of an asymmetric interferogram due to the fact that the exact centre, i.e. 

the ZPD is unlikely to be sampled. Other asymmetry may also be present because of misalignment 

in the instrument itself. These effects can be substantially reduced by the application of an auto

correlation procedure 1 2 6 ' 1 3 7 or alternatively by a phase correction process. 1 3 8 The autocorrelation 

method which has been employed throughout this work requires that double sided interferograms 

are recorded. In contrast the phase correction procedure requires only a single sided interferogram 

and a few points over the ZPD from which the phase function of the spectrum can be calculated. 

The results obtained by the two different methods have been shown 1 2 6 to be virtually indistinguishable, 

vi) Beam Splitters and Optical Filtering 

The thin dielectric beam splitters which are most commonly employed in a Michelson inter

ferometer exhibit a regular variation (in the ideal case) in efficiency through the frequency spectral 

which arises from the interference within the film itself. This interference pattern is a function of 

the thickness of the film such that 

d = (2t + 1) / (4T?UCOS0) 3.9 

where d = the thickness of the film 

TJ = the refractive index 

u = frequencies of maximum efficiency 

0 = refraction angles in the film 

1 = 0, 1 ,2 ,3 , etc. 

Figure 3.2 shows the theoretical efficiencies of some typical beam splitters used with the instrument 

in Durham. This phenomenon requires that several interferograms are recorded with different beam 

splitters and separately computed in order to obtain a spectrum over a wide frequency range. The 

resulting spectra are then matched up to obtain the full spectrum. 

An alternative beam splitter which has been used in part of this work is a free standing wire 

grid which is employed with the instrument converted to the polarising m o d e . 1 3 2 ' 1 3 9 (See Part B) 

The important feature of these grids is that they are almost 100% efficient (for the appropriate plane 

of polarisation) up to the frequency limit given by 

c max = 1 / 2 d 3.10 

where d = the spacing between the grid wires 

Modified coil winding techniques have been employed, for example, at the National Physical 

Laboratories to manufacture such grids with approximately uniform (high) efficiency over a several 

hundred wave number (cm" 1) range. The tungsten wire grids (manufactured by Queen Mary College, 

London) used in this work have a useful, efficient high frequency limit of 120cm"1 and have employed 

mainly to take advantage of their high throughput when used with the polarising interferometer 1 3 2 ' 1 3 9 

which allows the study of highly absorbing samples at low frequencies. 
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It was indicated in section v that optical filtering is essential to prevent the distortion of the 

recovered spectrum due to a phenomena known as aliasing. However it is also advantageous to filter 

the radiation from the source so that the dynamic range of the instrument detector and electronics 

are filled with the information from the frequency region of interest. This is a particularly valuable 

technique for low frequency studies since the intensity of the source decreases rapidly at longer wave 

lengths. A wide range of filters are available for this purpose, for example, ruled polyethylene filters 

which attenuate by interference effects, have sometimes been employed. 1 3 2 Figure 3.3 shows the 

absorption characteristics of a range of this type of filter. 

B. THE DURHAM I N T E R F E R O M E T E R 

i) General 

- The Beckman-RIIC FS720 interferometer and its general mode of operation has been described 

previously. 1 3 2 The important features are as follows. 

The radiation from the source is amplitude modulated at 12.5Hzby a rotating sectored disc 

of approximately 7cm diameter. A reference signal from this disc is used to synchronise the signal 

from the detector in a phase sensitive electronic circuit in the FS200 electronics. The recovered signal 

is amplified, digitised and outputed onto punched paper tape. Double sided interferograms were 

recorded so that the symmeterising autocorrelation procedure in the FTRAN series of programs could 

be applied. After subtraction of the mean level the symmetrical interferograms were then Fourier 

transformed with a Cooley-Tukey 1 4 0 algorithm on a main frame IBM 370/168 computer. The sampling 

intervals available on this instrument were 4, 8, 16, 32 and 64 microns. Most of the interferograms 

recorded in this work were sampled at 16 or 8 micron intervals. When recording the interferograms 

the instrument was usually evacuated to eliminate water vapour which absorb strongly in the far-

infrared region. When evacuation of the entire instrument was not possible, for example, if the 

temperature control module was fitted, the open compartments were flushed with dry nitrogen gas. 

io) The Cooled Detector 

In addition to the standard Golay detector which has an effective low frequency limit of 

approximately 15cm"1 the interferometer can be fitted- with a low noise liquid helium cooled detector 

for lower frequency studies. This detector, which has been described in detail previously, 1 3 2 ' 1 3 7 is a 

thermal device operating at 1.5K. Essentially the device detects the impinging radiation by its 

heating effect and subsequent change in resistance of the detector element, an antimony doped 

germanium crystal. With the standard thin film beam splitters and suitable filtering this detector 

extends the range of the interferometer down to below 5cm" 1. 

iii) The Polarising Optical Configuration 

The Durham interferometer can be configured to operate in the Martin-Puplett139 polarising 

mode as described in references 132 and 137. The principle features of this configuration are as 

follows. A rotating wire grid chopper modulates the polarisation of the source radiation which is 

then collimated as in the conventional instrument and directed onto a wire grid beam splitter 

(described in section A (vi). The beam splitter transmits or reflects (according to the direction of 
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polarisation) the radiation onto the mirrors. In this case the mirrors are 90° roof mirrors or retro-

reflectors and therefore the polarisation of the reflected wave is orthogonal to the incident wave. 

This ensures that no radiation is transmitted or reflected back to the source when the recombination 

occurs at the beam splitter and thus a high throughput is achieved. In the focusing optics a plane 

polarising 'analyzer' allows the transmission of one of the polarisation planes and therefore the 

detector receives an amplitude modulated signal. 

There are several advantages of operating the interferometer in the polarising mode. Firstly, 

the method effectively eliminates the interferogram mean level with its associated noise and allows 

the dynamic range of the digitising electronics to be filled more easily without using large offset 

bias voltages. The higher throughput allows the study of highly absorbing samples and/or studies in 

the region where the source intensity is weak i.e. long wave lengths. 

The overall advantage of these effects combined with the high efficiency and relatively 

feature less transmission characteristics of the free standing wire grid beam splitters are that the 

frequency range of the instrument can be extended to cover approximately 3cm"1 to 100cm"1 in a 

single experiment (using the cooled detector). 

Figure 3.4a shows the low frequency spectra of a highly absorbing system recorded with the 

conventional optical system (beam splitter 400G (100M). For comparison Figure 3.4b shows a 

similar spectrum recorded with the polarising interferometer. In both cases heavy optical filtering 

has been used to attenuate the frequencies above 70cm"1 and thus optimise for the low frequency 

region. The low frequency limit in each case is below 5cm' 1 (possibly slightly less noise on 3.4b) 

however 3.4a clearly shows at 30cm"1 evidence of the beam splitter efficiency characteristic which 

has not been accurately subtracted with the spectral background, 

iv) Operational Configuration of the Interferometer 

These can be summarised as follows: 

a) Low Frequency Studies 

These can be achieved with the instrument in the polarising or non polarising mode 

with the cooled detector. Either of these systems will cover the range 5cm"1 to 60cm" 1 

which provides good overlap with the high frequency spectrum. The need for conversion to 

the polarising system will be determined by the exact nature of the experiment, (for example 

absorption or dispersive study, see Part iv, c) the problems arising from beam splitter effects 

and possibly the time required for instrument conversion. 

b) Higher Frequency Studies 

In general the Golay detector has been employed for studies of the frequency range 

above 15cm"1 although the cooled detector is also sensitive in this region however it has a 

high frequency limit of 200cm"1 due to the internal low frequency optimisation filtering. 1 3 2 

The polarising wire grid efficiency decreases rapidly above 1 3 2 120cm"1 therefore the 

conventional beam splitter configuration has usually been adopted. The actual beam splitter 

and filtering selected are determined by the feature to be observed and reference to Figures 

3.2 and 3.3. 
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c) Refractive Index Determinations 

In this work the refractive index spectra of some liquids have been determined by 

the dispersive technique described in Chapter 4. These experiments require that the liquid 

specimen is held against one of the mirrors in a special cell and therefore forbids the use of 

the polarising system which requires retroreflectors in both arms of the interferometer. 

Either the cooled detector or the Golay detector can be used. 

w) Further Modifications 

In the final stages of this work some further instrument modifications were introduced but 

not tested. They are included here for completeness. 

a) Modifications were made to the Rl IC FS200 amplifier to incorporate the later 

model's increased range of time constants of 0.08, 0.16, 0.4, 0.8, 2 ,4 , 8, and 16 seconds. 

b) The digitising electronics were expanded from 12-bit to 16-bit resolution. 

c) A faster tape punch (Data Dynamics 1183) capable of operating at a theoretical 

120-bits per second. 

The combined effects of these modifications was to reduce the data collection time by a 

factor of 2 — 5 depending upon the range and resolution of the spectrum required. 
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CHAPTER 4 

THE DETERMINATION OF R E F R A C T I V E INDEX S P E C T R A BY 

DISPERSIVE FOURIER TRANSFORM SPECTROSCOPY (DFTS) 

A. INTRODUCTION 

In this work the refractive indices of some C H 3 C N / C C I 4 solutions have been determined by 

the Transmission Dispersive Fourier Transform Spectroscopy (TDFTS) technique. 1 4 1 " 1 4 9 These 

experiments 1 5 0 were carried out at the National Physical Laboratory (NPL) using a cell developed 

jointly between the NPL, Division of Electrical Science and The Gorlaeus Laboratoria, 

Rijksuniversiteit, Leiden, The Netherlands (henceforth referred to as The Leiden c e l l ) . l s l ' l s 4 In 

addition some measurements of the refractive index spectra of two pure liquids were made using 

the free layer technique. 1" » 1 5 6 These results are compared to the measurements made in this 

laboratory 1 5 7 using vertically mounted sealed cell (referred to as The Durham c e l l ) . 1 3 2 ' 1 5 7 

Dispersive Fourier Transform Spectroscopy has been the topic of many research papers 1 4 1 " 1 5 9 

since 1963. More recently the subject has been covered by a series of papers 1 6 0 ' 1 5 1 ' 1 5 S an excellent 

review 1 6 1 and a bibliography1 6 2. 

In this work the details of the theory of DFTS and the design of liquid cells are not repeated 

however references and experimental procedures specifically relevant to the systems studied are 

given where appropriate. 

i) An Outline of the Basic Principles and Theory of DFTS 

During a 'normal' non-dispersive experiment (as described in Chapter 3) a phase lag is 

introduced into one of the interferometer beams by the displacement of the moving mirror. This 

produces an interference pattern which is a function of the frequencies present and the displacement 

A™ 
l(x) =| G ( 0) cos (2TT0X) du 4.1 

-00 

Fourier inversion of this function yields and expression for the intensity as a function of frequency:-

G(0) = I l(x)cos(2m)x)dx 4.2 
J —c (as for 3.2) 

For the symmetrical interferogram this can then be written 
x 

l(x) cos (2irox) dx 4.3 
(as for 3.3) 

G(u> = 2j 

where X = total path difference. 

The introduction of a dielectric material into one of the beams in the interferometer as 

illustrated in Figure 4.1 causes an additional phase lag (27r(T?-1)d) which effectively displaces the 

interference maximum from the original position of zero path difference (Figure 4.2) by x given by 

k = 2 ( T } - 1)d 4.4 

where fj = the mean refractive index of the sample in the frequency range observed 

d = sample thickness 
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When the dielectric material exhibits some dispersion, its refractive index is not constant in 

the frequency region observed. In this case the displacement x is frequency dependent (x(u)) and 

therefore the resulting interferogram is asymmetrical as indicated in Figure 4.2. The path difference 

due to the sample at a frequency 0 is given by 

xiv) = 2 ( r? (0 ) -1 )d 4.5 

Whereas in the case of a symmetrical interferogram the sine terms in equation 4.1 are zero 

(see Chapter 3) this is not so for the asymmetrical interferogram. This interferogram has the form 

l ( x j = / G(0) cos <{>(v) cos (27rux) do +Lci G(0)sin<£(u)sin(2ir0x)d0 4.6 
—oo J— oo 

where <j>(v) is the total phase difference arising from the introduction of the sample + the 

residual phase shift due to other asymmetry. 

Fourier transformation as previously yields the terms: 

/
+oo 

I (x) cos (2jri3x) dx = G (u) cos <p(v) 4.7a 
m 

and . 
.+oo 

Q(0) = I l(x) sin (2?rux) dx = G(u) sin <f>(v) 4.7b 
—oo 

The energy spectrum is then given by 

G(5)= ( P 2 ( u ) + Q 2 (w)j / 2 4.8 

and the phase by 

<(>{v) = arctan [(1(0) / P ( D ) J 4.9 

The recovery of the frequency dependent refractive index rj{v) from this interferogram is then 

completed with a knowledge of the sample thickness d the optical displacement x and the 

expression 
x 1 / Q(u) \ 

T?(U) = 1 + — + (arctan +m7r) 4.10 
2d 47rdD \ P(0) j 

Where m is an integer which is zero except for regions of high absorption where 1 3 2 the optical 

thickness 7j(0)d deviates by more than !4u from the mean optical thickness T j d , a situation which 

results in the branching of the recovered phase spectrum which can be corrected by inspection. 

Some examples of this phenomenon are shown in Section B of this Chapter. 

In an attempt to eliminate systematic errors due to instrument imperfections and phase 

errors resulting from surface reflections a background subtraction can be made and equation 4.10 

is then rewritten :-
x 1 

Tj(0) = 1 + — + 
2d 47ri)d 

, Q(D)\ / QM0)\ 
(arctan I - larctan )+ mir 

\ p ml V P 1 (OK 

4.11 

49 



where sample Q(u) / P(D) includes cell and instrument residual phase errors, 

background Q 1 (v) I P 1 (v) is solvent or empty cell and includes residual phase. 

ii) A Brief Description of Some Practical Methods of Applying D F T S 

The study of solids by the dispersive technique described is a relatively simple task providing 

that the samples are not too highly absorbing and are available in thin uniform sheets (where the 

exact thickness depends on the absorption properties). This type of sample can easily be mounted 

in front of one beam of the interferometer without elaborate equipment modifications and much 

of the early work by researchers in this field has been carried out on solid samples. 1 4 1 The study of 

liquid specimens requires that the sample is contained in some w a y . 1 S 7 ' 1 S 8 ' 1 6 0 However for certain 

non volatile non-toxic liquids which do not absorb too strongly (a(u) <150 nepers cm" 1) this can 

be a fairly simple arrangement with the liquid held by gravity against the reflecting mirror (referred 

to as the free layer method). For liquids which do not meet these criterion or for instruments 

which do not.readily allow the horizontal mirror configuration (eg. the Beckmann—RICC FS720 

used in this work) a more sophisticated cell is required in which the liquid can be totally sealed 

(temperature controlled) and studied at thinner path lengths than surface tension effects will allow 

in the free layer method. 

Associated with the sample and the cell components in the beam are a number of reflections. 

These occur at the window and sample interfaces as well as at the mirror. These cause a number of 

problems, all of which can be overcome with a knowledge of the full theory 1 6 0 and sophisticated 

computation. In some cases certain reflection effects can be reduced by background subtraction 

techniques but in the simplest experiments the close proximity of an unwanted reflection fringe, 

such as that from a sample surface may result in the length of available interferogram being severely 

limited in which case the resolution of the recovered spectrum will be low. A third method, which 

has not been applied in this work is Reflection D F T S 1 6 1 (RDFTS) . This technique can be applied 

to liquids or solids and is particularly useful for studying highly absorbing samples. The method 

requires that the interferogram from one of the sample interface reflections is recorded. This 

interferogram contains all of the necessary phase information required to recover the spectrum. 

A combination of this with the DFTS method is also possible and is sometimes known as the full 

interferogram method 1 3 6 ' 1 5 1 >1S2i.e. the spectral information is recovered from the total interferogram 

arising from all of the sample interface reflections. 
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B. THE APPLICATION O F THE DFTS TECUM8QUE IN THUS WORK 

i) Refractive Index Measurement Using the Durham Cell 

A full description of the Durham cell and details of its operation have been given previously. 1 3 2 

In addition an outline of its operation and some results obtained prior to and during this work are 

presented in reference 157 a copy of which is included in Appendix 5. 

This sealed cell is designed to mount vertically on the fixed arm of an FS720 interferometer 

separated from the evacuated instrument by a thin 'mylar' membrane which is supported by a wire 

grid. The space between the cell window which is also mylar and the vacuum window, is flushed with 

dry nitrogen during the course of an experiment. 

The cell depth (d) is varied by the use of teflon spacers which are sealed with rubber ' 0 ' rings. 

The assembled cell can be filled and drained via teflon tubes located through the back of the gold 

plated glass mirror. The main feature of this cell which distinguishes it from several other designs 

is the incorporation of a reference mirror in the same plane as the main mirror. This can be used to 

calculate the cell optical thickness when a sample has been introduced and hence facilitates the direct 

calculation of T? if d is known. (Note that this also requires a knowledge of the displacement due to 

the cell window). 

This cell does not have any means of temperature control therefore all of the spectra were 

recorded at room temperature 20°C ±2°C (293±2K). The frequency dependent refractive, indices 

of pure liquid p.difluorobenzene (CgH4f2) and 1.1.2.2 tetrabromoethane ^ I ^ B r ^ ) have been 

recorded. In both cases a background empty cell phase spectrum was subtracted from the sample 

phase spectrum. The resolution of the recovered spectra (limited by the length of interferogram 

available between window reflections in the background cell) is approximately 10cm' 1. The use of 

this cell considerably reduces the intensity of the radiation incident on the detector therefore the 

more sensitive helium cooled detector was employed for the study of these liquids. 

Results and Analysis 

A typical set of interferograms recorded with the Durham cell are shown in Figure 4.3. A 

full assignment of the reflection fringes can be found in Appendix 5 of this thesis. The spectra 

obtained for the two liquids measured are shown in Figure 4.4 compared with results obtained 

by the free layer technique which is described in the next section. The dispersion curves obtained 

with this cell have been found to be consistently higher than those obtained at The National 

Physical Laboratories although the profiles show good agreement. It can be shown 1 5 7 that the 

differences in level are within the random error of the two experimental methods but the systematic 

nature of the deviation suggests a more fundamental problem. The cell window of the Durham cell 

is a thin mylar film which by a single internal reflection gives rise to a fringe (6) very close to the 

main reflection fringe (5) from the mirror. 'This fringe and its effects on the phase changes observed 

have been completely neglected in the computation procedures applied to the interferogram recorded. 

This will obviously introduce additional phase errors of an undefined nature. In addition there are 

the phase changes at the liquid/window boundaries which differ in a complex way from the air/window 

boundary effects of the empty background cell. Moreover these phase terms (see Section i i)) become 
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more significant as the cell depth (d) is decreased to study more absorbing samples (such as 

acetonitrile solutions}. Therefore the subtraction of an empty cell phase spectrum background 

from the sample cell phase spectrum without accounting for these characteristics may lead to a 

large phase error. However in the frequency range of interest (5 — 100cm"1) in this work the . 

spectral profiles are in good agreement with those observed by other workers 1 5 5 ' 1 6 3 therefore the 

cell may be put to good use if a maser measurement is available to 'fix' the level of the spectrum. 

This method has been applied by early workers 1 5 5 in this field who found similar 'level' problems 

which were probably also due to the neglect of interface effects when applying the free layer 

method. Unfortunately such maser determined refractive index values are not available for the 

range of acetonitrile/carbon tetrachloride solutions studied in this work. Further there are other 

problems associated with the Durham cell as follows: 

a) Pathlength. 

This is difficult to vary precisely since the spacers are only available in standard thicknesses 

and distortion occurs when under compression in the cell. Changing the path length is 

time consuming because it requires that the cell is emptied and cleaned before dismantling 

particularly if toxic chemicals are studied. The path length of the assembled cell can be 

measured from the internal window reflection however this is subject to relatively large 

errors due to the small size of this reflection. Larger reflections are observed from the 

silicon window used in the Leiden cell (described in this Chapter) due to the high refractive 

index of silicon with respect to air. 

b) Window Properties. 

In addition to the problem arising from the close proximity of the internal reflection 

fringe (6) to the main fringe (5) there is also a problem due to the window distortion which 

occurs in this non rigid 'mylar' when dense liquids are studied. This leads to a loss of 

intensity due to the defocusing effect and also results in an uncertainty in the path length 

determination. These problems could be resolved by the modification of the cell to accept 

a thicker rigid window such as silicon, as used in the Leiden c e l l 1 6 0 , germanium which has 

been employed in a similar c e l l 1 5 9 developed by workers at the University of Nancy, France 

or possibly crystal quartz if a relatively narrow transmission window could be tolerated 

(absorption feature at 120cm" 1). 

c) Temperature Control. 

This is not a feature of this cell, thus rendering it unsuitable for the study of the solutions 

over the full range of conditions desired. Incorporating temperature control would be a 

relatively simple task requiring the bonding or clamping of some thin walled copper tubes 

to the cell body. These would then be circulated with water or other suitable fluid from 

a thermostated bath. In conjunction with this it may be necessary to thermally insulate 

the interferometer from the cell as large temperature variations will result in interferometer 

distortion. (Some recent modifications 1 3 6 to the Durham interferometer include independent 

temperature stabilisation). 
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d) Vacuum Window. 

it is necessary to separate the cell from the main body of the interferometer by a vacuum 

window supported by a wire grid. Although the intensity losses due to the presence of this 

window are of little significance compared to those arising from window bowing of the cell 

window they are none the less undesirable. The two alternatives which eliminate the need 

for this window are either to flush the entire instrument with dry nitrogen rather than 

evacuating (to remove water vapour) or to seal the cell window against the instrument body, 

which requires that the window be rigid and strong. The second method employed by the 

Leiden group has also been adopted more recently for the cell which has been developed 

jointly between The National Physical Laboratories and this Laboratory. 1 3 6 ' 1 5 8 

ii) Refractive Index Measurement By The Free Layer Technique 

These measurements were made at the National Physical Laboratory, Teddington. Initially 

the free layer technique was employed to establish the refractive index spectrum of para 

difluorobenzene for comparison with the results obtained from the Durham cell. This method 

does not require the liquid to be contained by a window and hence does not suffer from the phase 

errors thought to arise from the computation of fringe 6 as outlined previously. Using a Goiay 

detector the interference patterns of three different thicknesses of sample were recorded in addition 

to several empty cell interferograms. Some examples of the interferograms recorded are shown in 

Figure 4.5, where the separation of the main fringe from the surface reflection can clearly be seen 

to increase with sample thickness. (Note the different form of these interferograms due to the fact 

that this is a phase modulated instrument 5 4). The interferograms were recorded on paper tape 

in ASCII code (ISO-6). A copy was also made in binary code which could be easily read to determine 

the sample optical thickness x. These tapes were also used to determine the exact centre of the 

interferogram maximum (which is not necessarily sampled) so that a correction could be made to 

the computation origin in the manner described by Chamberlain. 1 4 5 However it has recently 

been shown 1 6 1 that these corrections were not necessary and may actually lead to greater errors in 

the final spectrum. 

Computation of results 

The relatively long path lengths employed ensured a wide separation of the reflection fringes 

and thus enabled a simple editing procedure to be carried out to remove the unwanted signatures. 

The phase spectra calculated from the edited sample interferograms are shown in Figures 4.7a, 4.8a 

and 4.9a. In these examples the phase branching (see Section A) can clearly be seen to increase 

with the optically thicker, more absorbing samples. Conversion of these spectra to binary code on 

paper tape facilitated the accurate location of the branch points and their subsequent correction with 

the appropriate phase terms. The corrected spectra are shown in Figures 4.7b, 4.8b and 4.9b. 

For the free layer method the interferograms with and without a sample present can be 

represented by Figure 4.6. 
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The optical shifts x a and x t including boundary phase change effects are then given by: 

Xg = - 2 d + [I/2TO] ( 0 a

r - i r ) 4.12 

and x t = 2(T? - 1) d + [ l /2 iro] ( 0 ^ + 0 ^ + 0 [ M - TT) 4.13 

Where the subscripts 0, L and M refer to air, liquid and mirror respectively, 

superscripts t = transmitted 

r = reflected 

therefore 0 ^ is the phase change of a transmitted wave at the air/liquid boundary and the 

— 7 T term is due to the phase shift which occurs at the moving mirror. 

The final refractive index spectra shown in Figure 4.10 have then been obtained by two 

different methods. The slightly higher values have been calculated by subtracting an empty cell 

'background' spectrum and neglecting the interface phase terms of equations 4.12 and 4.13. 

These are expected to be directly comparable with the results obtained with the Durham cell and 

have been reproduced with those results for comparison in Figure 4.4. 

Also included in Figure 4.4 is the spectrum of tetrabromoethane obtained previously 1 3 2 

with the Durham cell compared with Chamberlain's spectrum 1" recorded by the free layer method. 
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It is apparent from the comparison of these sets of results that the level problem encountered 

with the Durham cell is not simply due to the neglect of the phase changes at the reflecting 

boundaries unless these are considerably greater for the mylar window used. This is possible but it 

is thought that such a large systematic error probably arises from the difficulties of using the cell 

in its present form. Cell window distortion for example must be eliminated before this problem 

can be approached with confidence. 

The second method which has been applied to the computation of the refractive index from 

these results is the two thickness method described by Afsar. 1 6 4 Quite simply this method requires 

the subtraction of one phase spectra of a thin sample from another of a thicker sample in a similar 

method to that employed in transmission spectroscopy. Because the phase changes on reflection 

will be constant for each spectra these are removed by the subtraction procedure and thus a phase 

corrected spectrum can be calculated. The results of the two possible subtraction for the data 

recorded are also shown in Figure 4.10, (the lower spectra). The difference in level between these 

and the uncorrected sets serve to illustrate the error that arises from the neglect of surface phase 

change effects i.e. the liquid thickness is underestimated and therefore the refractive index curve 

obtained is too high. 

An attempt was made to obtain the spectra of the CH3CN/CCI4 solutions by the free layer 

method. As anticipated this proved difficult because of the highly volatile nature of these solutions. 

The one result obtained, for 0.018 mf CH3CN/CCI4 at 45°C is presented in Figure 4.11. Further 

measurements of these solutions were made using the Leiden cell described in the next Section, 

iio) Refractive Index Determinations of CH3CN/CCI4 Solutions Using the Leiden Cell 

These solutions are particularly volatile and toxic and therefore it was not possible to study 

them using the free layer technique. To prevent excessive loss of vapour, which would lead to 

concentration variation and exposure to harmful vapour these studies were made at The National 

Physical Laboratory using the sealed Leiden cell mounted on an NPL cube interferometer. This 

cell has been described in detail previously 1 5 4 ' 1 6 0 and therefore in this work only the salient features 

are outlined. 

The Leiden cell, which is shown schematically in Figure 4.12 is constructed as follows. The 

window, exposed to the interferometer vacuum, is a piece of optically flat silicon approximately 

40mm in diameter and 2.5mm in thickness. Behind this in a parallel plane is situated the gold plated 

stainless steel cell mirror, mounted on a piston which can be moved, relative to the window thus 

varying the cell path length. The movement of the piston is controlled by air pressure and accurately 

monitored by the slip gauges and a dial gauge shown. Thermal stability of the cell is ensured by 

recirculating fluid from a thermostated bath whilst the actual temperature is monitored by a thermo

couple attached to the window mounting. The entire unit is encased in an air tight jacket which is 

exposed to the evacuated instrument. The liquid samples are introduced into the cell by two thin 

walled tubes passing through the evacuated jacket. The complete assembly is mounted on top of 

the interferometer as shown in the diagram. 
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The interferometer was a heavily modified NPL cube incorporating phase modulation, wire 

grid beam splitter, stepping motor mirror drive and in this case employing a Helium cooled Putley-

Rollin detector capable of low noise operation at low frequency. This instrument is fully 

temperature stabilised with a recirculating water system (25°C) and thermally insulated from the 

Leiden cell with a perspex spacer. 

A Summary of the Advantages and Disadvantages of the Leiden Cell Compared to the Durham Cell 

Advantages 

a) Temperature Control 

Precise temperature control is possible while in addition the thermal stability of the 

interferometer is ensured. 

b) Cell PathOength 

This is accurately determined from the slip gauges and can be varied conveniently without 

dismantling. A knowledge of the exact pathlength also facilitates the calculation of 

transmission spectra. 

c) Window Reflections 

The single internal window reflection gives rise to a fringe as in the Durham cell. In this 

case the fringe is conveniently displaced away from the central fringe by the thicker 

window (2.5mm). Thus the computation of this fringe and the associated uncertainties 

are avoided. 

Disadvantages 

a) Window Reflections 

The size of the reflection fringes from the window surfaces serve to indicate the loss of 

energy in the system. These losses are greater than those found in the free layer method 

or the Durham cell because of the high refractive index of silicon (*3) . The top window 

reflection cannot be used to recover spectral information of the liquid however the internal 

reflection can be used in the full interferogram method described by Honijk and Passchier. 

b) Operation 

This highly sophisticated cell is complicated to operate and difficult to adjust if it becomes 

misaligned. In addition the piston and sleeve arrangement by which the cell mirror is 

moved, seems to be prone to jamming when used with the solutions studied in this work. 

A Brief Description of Operation of the Leiden Cell 

The cell pathlength is set by the use of the slip and dial gauges whilst the mirror is held in 

position by air pressure. Dry air is flushed through the cell to ensure that all vapour has been 

eliminated. The cell is then sealed and allowed to reach thermal equilibrium (approximately 10 

minutes). The interferograms of different pathlengths were then recorded consecutively. Each 

run was started at the same point, (read from the stepping motor drive) just before the window 

reflection, for the convenience of analysis and computing. 

The freshly prepared solutions (for details of preparation of all solutions refer to Chapter 5) 

were flushed through the cell to eliminate air bubbles, the cell was then sealed and again allowed to 
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reach thermal equilibrium. It has been found to be good practice to work through the sample runs 

recording the longest pathlength interferogram first. In this way the problem of air bubble trapping 

need only be considered when filling the cell initially. 

The sizes of the two main peaks corresponding to the front window reflection and the cell 

mirror reflection were checked prior to recording the interferogram. Gain adjustments were made 

as appropriate to achieve good modulation depth and thus fill the dynamic range of the digitizing 

electronics. A typical set of interferograms recorded with the Leiden cell in this work are shown 

in Figure 4 . 1 3 . The ASCI I coded tapes were converted to binary for point counting and estimation 

of the true zero path position as in the free layer method. The phase spectra were calculated from 

the main fringe as previously using a fast Fourier transform program and then examined for the 

effects of phase branching. After correcting for branching the final refractive index spectra were 

derived from the ratio of the solution phase spectra against the empty cell phase spectra. For 

comparison interferograms were recorded for two different pathlengths at each temperature. T h e 

pathlengths used were 2.6mm and 3.1mm for the 0.018mf solutions and 1.1mm and 1.6mm for 

the 0.061 mf solutions. 

Results 

The results obtained for the four solutions studied, 0 .018mf and 0.061 mf at 1 5 ° C and 4 5 ° C 

are shown in Figures 4 .14 and 4.15. In these figures the broken lines are the refractive index curves 

obtained from the ratios of the various cell thicknesses against empty cell backgrounds as described. 

The continuous line smooth curves are the estimated averages used in the model analysis described 

in Chapters 5 and 6. 

The absorption spectra have also been calculated from the dispersive interferograms and are 

shown in Figures 4 .16 and 4.17. These spectra clearly show a higher absorption level than the 

results given in Chapter 5 which were recorded with the non-dispersive technique. This difference is 

due to the solution background subtraction which has been made in the latter case which yields 

solute in solvent spectra whereas the dispersive experiment described yields the solute + solvent 

spectra. 

Some of the spectra (both 17(u) and a(v) ) recorded in this experiment exhibit noise which 

appears to be oscillatory. A f s a r 1 6 5 has observed similar features (though of greater magnitude) 

in the recovered spectrum when the surface reflection fringe is transformed with the main fringe at 

the dispersion interferogram of liquid chlorobenzene (free layer method). Therefore it seems likely 

that the small oscillation observed are due to the transformation of a superfluous feature in the 

interferogram which may be present because of inaccurate editing of the window/solution reflection. 

iv) Errors in the Refractive Indices Determined 

It is apparent from the previous discussion that the Durham cell suffers from a large 

systematic error due at least in part to the neglect the l iquid/window boundary phase effects. 

This leads to a discrepancy between these results and those obtained by the free layer measurements 

at N P L of +2%. An error of this magnitude is expected to dominate the random errors completely. 
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For the Leiden cel l , used in the manner described in this thesis, Passch ie r 1 5 4 has estimated 

that the refractive index determinations are subject to an error of ±0 .001 maximum and the 

absorption values calculated to be accurate within a few per cent. Comparison between the results 

obtained with the Leiden cell and the one solution measured by the free layer method show 

agreement within 0.8%. However the solution studied by the free layer method is subject to some 

additional uncertainty due to the presence of vapour and the variation in concentration resulting 

from evaporation. A f s a r 1 S 9 has made similar comparisons for chlorobenzene (CgHg CI) at 2 5 ° C 

and found agreement to with 0.2% in refractive index values and 1-2% in absorption. F o r the 

liquid para, difluorobenzene measured by the free layer method in this work the scatter in refractive 

index curves recorded for different sample thicknesses is approximately 0.07% and 0.1% maximum 

over the frequency range 20-150cm" 1 for the two thicknesses and the empty cell subtraction 

methods respectively. (This neglects the results of the 0.5mm sample which shows considerably 

more deviation in the region of low absorption around 20 -40cm" 1 ) . The deviation in the values 

obtained for the C H 3 C N / C C I 4 solution by this method is 0.5% maximum which is too small to 

account for the difference between them and the Leiden cell results. However these also exhibit a 

scatter of approximately 0.5% (for the 0.081 mf at 4 5 ° C 1.3%) but as these are maximum deviations 

(i.e. ±0 .25% of the mean) the results cannot be said to be in agreement. 

From these observations it is clear that the scatter in the results obtained from the Leiden 

cell are considerably greater than the error estimates made by Passchier. These larger figures are 

assumed to be the relevant ones for the assessment of these results. 
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C H A P T E R 5 

A S T U D Y O F T H E F A R I N F R A R E D S P E C T R A O F A C E T Q N I T R B L E ( C H 3 C N ) 

IN S O L U T I O N W I T H C A R B O N T E T R A C H L O R I D E (CCJ^) 

[ B E N Z E N E (CgHg) A N D n. H E P T A N E ( C 7 H 1 6 ) 1 ( C 7 H 1 s ) j 

I N T R O D U C T I O N 

This Chapter describes the results obtained from the study of the far-infrared spectra of 

solutions of acetonitrile (CH3CN) across a range of temperatures and concentrations. The feature 

of interest here is the 'Poley' a b s o r p t i o n , 6 1 , 6 3 which for these solutions is found between 5cm" 1 

and 1 0 0 c m " 1 . (See Chapter 2.) 

The absorption spectra were measured in this laboratory with the instrument described in 

Chapter 3 , a modified Beckman-RI IC F S 7 2 0 interferometer. The higher frequency part of the 

features were observed using a Golay I R 5 0 detector, whilst the low frequency (5cm" 1 — 60cm" 1 ) 

were recorded separately using a helium cooled germanium bolometer. In all cases the instrument 

was also modified to operate in the polarising m o d e 1 3 2 , 1 3 9 for the low frequency studies in order 

to eliminate the intensity variations which occur with conventional beam splitters (which decrease 

the signal-to-noise ratio) and to obtain data to the low frequency possible with this method. 

The solutions were contained in Beckman FH01 cells between high density polyethylene 

windows and teflon spacers. The temperature was maintained (monitored by a thermocouple 

inserted in the cell) by recirculating water from a thermostated bath through a jacket surrounding 

the cell and by heating coils. When operating in this configuration, the cell compartment was 

separated from the main instrument (evacuated) by an additional polythylene window and flushed 

with dry nitrogen for the duration of the experiment. A detailed description of the instrument and 

its method of operation, data recording and data handling can be found in Chapter 3 . 

Four of the solutions described have also been studied at the National Physical Laboratory 

using the dispersive t e c h n i q u e 1 3 2 . This method enables calculation of the refractive index spectra 

which have been combined with the absorption spectra for analysis. A description of the instrument 

used and its operation to obtain these spectra is given in Chapter 4 . 

The following chapter also includes the analysis of some far-infrared and microwave data 

obtained by A r n o l d 1 2 6 for a range of concentrations of acetonitrile in carbon tetrachloride, benzene 

and n. heptane. The far-infrared spectra were recorded in this laboratory with the instrument 

described previously with further modi f icat ions. 1 3 6 The microwave data were recorded at the 

University College of Wales, Edward Davies Chemical Laboratories, Aberystwyth. The frequency 

range 4 -18GHz was measured using the swept frequency technique on an instrument manufactured 

by the Systran and Donner Company. Measurements were also taken at two higher 'spot' frequencies 

of 3 3 . 9 7 7 5 G H z and 69 .66GHz . The combined span of these microwave measurements is 

approximately 0 .13cm" 1 to 2 .337cm" 1 . The Kramer re la t ion 1 6 6 

E o / E i = Kexp (ad) = t 

where E o and Ei are the output and input wave amplitudes 

5.1 
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d = sample depth 

K = a reflection coefficient 

a = attenuation coefficient ( c m ' 1 ) 

has been used to derive the absorption coefficient. This data has been extrapolated into the far 

infrared to join with the spectra recorded by the interferometry techniques. A full account of the 

experimental details of this work can be found in the thesis of A r n o l d . 1 2 6 

A . E X P E R I M E N T A L P R O C E D U R E S A N D E R R O R S 

(i) Solution Preparation) 

The solutions were prepared from spectroscopic grade reagents purchased from Kodak 

Eastman and the B.D.H. Chemical Companies. Before use the reagents were thoroughly dried, and 

subsequently stored, over molecular sieves. The water content of the samples is estimated to be 

less than 0.001 %. Before a period of runs with the instrument a batch of the required solutions 

was prepared. These batches were used over a period of 5-7 days. T h e prepared samples were 

not stored over molecular sieves so as to preclude the possibility of concentration variations which 

might occur if the solute and solvent molecules bound unequally to the sieve. As these solutions 

were not stored for long periods, fresh samples had to be prepared when the instrument was 

converted from the polarising mode to the normal mode or vice versa. The variation which occurs 

between the concentrations of samples prepared separately is estimated to be less than ± 1 % . 

(ii) Sample Cell Preparation 

The cells used in this temperature and concentration study were Beckman FH01 type, 

compatible with the temperature control equipment described in section (iii). The cells were also 

drilled to receive a thermocouple so that the local temperature, in addition to the water bath and 

water jacket temperature, could be monitored. The cells required for the concentrations studied 

varied in path pength from 3mm to 160/um. These were prepared with new polythene windows, 

sealing washers and teflon spacers. The spacers were measured by micrometer before assembly; 

the thickness, and therefore the nominal path lengths of the cells were known to within 0.25/ im. 

As it was not possible to measure the path length of the assembled cells, great care was taken to 

ensure that the minimum distortion of the cell components occurred when the bolts were tightened. 

The same cells were then used for all runs of a particular concentration so that any path length errors 

would be constant. In some cases, particularly the highest and lowest temperatures ( 7 0 ° C and 

- 2 1 ° C ) , it was necessary to tighten the cells to prevent leakage. It is anticipated that this may 

have caused some additional cell distortion and hence led t o path length inconsistencies between 

runs recorded at different t imes. O ' N e i l l 1 6 7 has recorded distortion of up to 0 .052mm in the 3 m m 

cell windows of a cell which has been dismantled after tightening down hard for a short time. If 

both of the cell windows suffered the same distortion on compression of the cell components, the 

total reduction in path length would be approximately 0 .1mm. In the study of the more dilute 

solutions, which are recorded with long path lengths (3mm in the case of a 0.018mf solution) the 

error resulting from this problem would be 3%. (Note that this distortion only results in a reduction 

of path length.) 
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The solutions studies would have a maximum error where the path length was shortest i.e. 

with the most concentrated solutions. In the case of the 0.370mf solution, which was studied in 

a 160 /OT I path length cel l , the error would be - 6 2 % . A r n o l d 1 2 6 has carried out similar measure

ments on these cells and concludes that a window distortion of 5jum is a realistic figure for a cell 

which has not been tightened down abnormally hard. 

Arnold has also checked for compression of the cell spacers (teflon) by clamping them 

between rigid silicon windows and scanning them through the mid-infrared region with a Perkin-

Elmer 580B spectrometer. By measurement of the interference fringes arising from the internal 

reflections between the cell windows, it is possible to calculate the path length and it was found 

that no spacer compression was evident. Table 5.1 shows the range of concentrations studied and 

the cell path length indicating the percentage errors which may result from cell window distortion, 

Concentration 
(Mole Fraction) 

Path Length 
(/im) 

Error Resulting 
From a Total 
Distortion of 

tOO/im 

Error Resulting 
From a Total J 
Distortion of 

10/Ltm 

0.018 3000 - 3 . 3 % - 0 . 3 3 % 

0.061 1000 - 1 0 % - 1 . 0 % 

0.162 330 - 3 0 % - 3 . 0 % 

0.370 160 - 6 2 % - 6 . 2 % 

T A B L E 5.1 

S O L U T I O N C O N C E N T R A T I O N S , P A T H L E N G T H S A N D P A T H L E N G T H E R R O R S 

The observed spectra (Section B) do not appear to show the deviations in intensity which 

would be expected if the path length errors were as large as 100/am, therefore I consider that the 

actual error lies somewhere between the upper and lower estimates. For the three longer path 

lengths an error of 10% is estimated, while for the 160/jm cell a figure of 15% is more realistic. It 

should be noted that this error is the maximum difference which might be observed between two 

cells or runs i.e. it represents the upper and lower limits 0% — -10% or 0% — -15% and may be 

expressed in the more familiar form showing the deviation from the mean i.e. ± 5 % and ±7.5%. 

The error which occurs as a result of the thermal expansion of the cell components over 

the temperature range 2 5 2 K to 3 4 3 K is 0.12%. This very small change in path length is not 

considered to be significant. 

Before filling, the cells were flushed several times with the prepared solutions and finally 

stoppered and dried prior to mounting in the temperature control jacket. Flushing the cells in 

this way ensured that there were no air bubbles trapped inside, which would cause intensity 

errors, and that any traces of contaminating solvent or solution from a previous run were removed. 
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(iii) Temparatuire Control 

The filled ceils were mounted in a Beckman V L T - 2 variable temperature control jacket 

which was connected to a Eurotherm T E M 1 C controller unit. The higher temperatures, 3 1 8 K 

and 3 4 3 K ( 3 3 8 K ) , were achieved by pumping water from a thermostated bath through the central 

core of the jacket. The water bath temperature was maintained ±0 .5K by the combined heater 

and pump ( T E C A M T U - 1 4 ) . The cell temperature and jacket temperature were monitored by 

separate thermocouples embedded into the drilled metal bodies. The cell temperature was 

observed to approach jacket temperature and therefore equilibrium before the spectra were 

recorded. This generally took about 5 minutes. The lower temperature ranges 2 8 8 K and 2 5 2 K 

were achieved as follows. For 2 8 8 K , the central body of the temperature jacket was filled with 

iced water. T h e cell jacket heaters were then used to maintain a constant temperature, ±1K . A 

similar method was employed to obtain a cell temperature of 2 5 2 K ± 1 K by filling the central 

reservoir with acetone and solid carbon dioxide. During the recording of the low temperature 

runs it was particularly important to ensure that the cell compartment was completely dry in order 

to prevent 'frosting' of the external cell windows. This was achieved by passing the already 'dry' 

laboratory nitrogen through a silica gel drying tube before flushing through the instrument cell 

compartment. 

(iv) Recording of 1 interferograms and Calculation of Spectra 

Full details of the instruments and computation used to measure the absorbance spectra 

and refractive index spectra have been given in Chapters 3 and 4 respectively. In this section a 

short description is given of the experimental details which are pertinent in these particular 

experiments. Examples of the spectra are shown in Sections B and D of this Chapter. 

Absorbance Spectra 

The absorbance spectra were recorded in two parts, these being dictated by the frequency 

range of the F S 7 2 0 interferometer in its two modes of operation. The low frequency data, 5 c m ' 1 

to 6 0 c m ' 1 , was recorded with the instrument in the polarising mode with the helium cooled 

germanium bolometer detector. The interferograms in this case were recorded over a total mirror 

displacement of 1.6cm and sampled at path differences of 16jum. Double sided interferograms 

were recorded so that phase errors arising from the instrument imperfections (alignment and 

collimation) and sampling effects could be corrected by the autocorrelation procedure described 

previously. The resolution of the low frequency range spectra, calculated from equation 3.4 was 

0 .61cm" 1 (1 ,22cm" 1 after apodisation). The aliasing frequency given by equation 3.7 was 3 1 0 c m ' 1 

and all frequencies above this were effectively eliminated by the rapid decrease in efficiency of the 

polarising wire grid beam splitter above 100cm" 1 . In addition, 3mm of black polythene was used 

to limit the range of detection to below 70cm" 1 and thus concentrate the full dynamic range of the 

instrumentation on the region of interest. 

The higher frequency range part of the spectra, 20cm" 1 to 2 5 0 c m " 1 , were recorded with the 

instrument configured in its 'normal' mode i.e. with conventional 'Mylar' beam splitter and I R 5 0 

Golay type detector. The beam splitter used was 12fmi thick (50 gauge) which due to internal 
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interference effects has a theoretical efficient frequency range of 0 — 230cm" 1 in the first 

transmission window. (For further explanations of beam splitter efficiency and 'hooping', see 

Chapter 3 ) . The interferograms were recorded over a mirror displacement of 0 .8cm, which yields 

a spectral resolution of 1.22cm" 1 (2 .44cm" 1 after apodisation). The interferograms were sampled 

at 8/um intervals (path difference) and a thin piece of black polythene was used to ensure that 

frequencies above the aliasing limit ( 6 2 5 c m ' 1 ) did not impinge on the detector. 

In both cases, background interferograms were recorded with the cells filled with pure 

solvent. Several runs of sample and background were recorded to ensure that the results were 

reproducible. The background transmission spectra were subtracted from the solution spectra 

before calculation of the absorbance spectra which are analysed in this thesis. Examples of the 

spectra showing the typical reproducibility are shown in Figures 5.1a and 5.1b. 

It is apparent that a background subtraction performed in this way in fact amounts to an 

over-subtraction because the sample cell does not contain the same number of solvent molecules 

as a full background cell of the same path length (the same cell in this case). The error which arises 

from this technique will vary according to the solvent absorption intensity in the region studied. 

In the ideal case the solvent will not have any absorption features in this region i.e. the background 

will be flat and 100% transparent so there would be no shape change resulting from the subtraction. 

In the second case to be considered, assuming that there is some solvent absorption the error 

arising will vary according to the concentration of the system studied, because the over-subtraction 

will become more pronounced at high concentrations when the number of solvent molecules is 

least. The magnitude of this error at the band peak for each of the concentrations studied is shown 

in Table 5.2. 

Concentration 
(Mole Fraction) 

Solvent Subtraction 
Factor * 

Error in a m a x t 

% 

0.018 1.018 - 0 . 4 
0.061 1.065 - 0 . 4 
0.162 1.193 - 0 . 5 
0.370 1.587 - 0 . 6 

* Given by Ns/N's where Ns = number of solvent molecules in background cell 

and N's = actual number of solvent molecules in the solution. 

t Calculated from equation 5.2. 

T A B L E 5.2 

E R R O R S R E S U L T I N G F R O M T H E S U B T R A C T I O N O F A S O L V E N T 

B A C K G R O U N D 
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The error in (Table 5.2) is given by 

Error = (N s /N ' s ) a^v) - a^Ot) / a 0 D S ( u ) 5.2 

where a s (u ) = 

a o b s ( 0 ) = 

average solvent absorp t ion 1 6 7 (Figure 5.2a) 

average observed absorption'after subtraction (Table 5.5) 

It is clearly seen from Table 5.2 that as the solvent over-subtraction factor increases in 

magnitude this is off-set almost completely by the overall increase in absorption of the system, so 

that the errors remain approximately constant for this range of concentration. The actual 

percentage error which results, approximately 0.5%, is well within the other experimental 

uncertainties such as those arising from the measurement of the peak height and total intensities 

described in Part B of this Chapter. However, the error resulting from this problem is systematic 

and will always result in an observed spectral intensity being lower than the 'true' value. 

In addition to the intensity errors, which occur due to the subtraction of a solvent back

ground by this procedure, there will also be a change of band shape unless the solvent spectrum is 

exactly the same shape and centred at the same frequency as the solute system spectrum recovered. 

This change of shape is a direct result of the intensity error described previously, which varies 

according to the relative spectral intensities of the solvent and sample at different frequencies. The 

selection of a solvent, such as carbon tetrachloride which has relatively small absorption features 

in the region of observation, has contained these errors to low magnitude: approximately 2.4% for 

the worst case in the region of the 'Poley' absorption at 120cm" 1 where the relative intensity of the 

solvent is greatest. 

The calculated errors for a 0 . 0 1 8 m f solution at 3 1 8 K are given in Table 5.3 and expressed 

graphically in Figure 5.2b. This plotted error can be thought of as the bandshape distortion curve. 

Above 120cm" 1 the error continues to rise as the solution absorption decreases and the solvent 

absorption begins to increase again. However, in this region other w o r k e r s 1 6 8 have not found such 

a high absorption level, and the plateau observed extends to 170cm" 1 where the solution band 

approaches zero intensity, therefore the error calculated in this region may itself be erroneous. 

The intensity of radiation reaching the detector is also reduced by reflections which occur 

at the boundaries between regions of varying refractive index. These are present at the external 

and internal surfaces of the cell windows, but as the external reflections are constant for sample 

and background interferograms we need only to consider the effect of the reflections from the 

internal cell surfaces. The ratio of the reflected radiation intensity ( Ip ) to the incident radiation 

intensity (lo) is given by F r e s n e l 1 6 9 

^ - n ^ / ( n 2 + n 1 ) j 2 I D / I R ' 'o 5.3 

where n 2 = refractive index of medium met by the incident ray. 

= refractive index of propagating medium. 
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Frequency 
(cm" 1 ) 

Solvent 
Absorption 

(neper cm M ) 

Solution 
Absorption 

(neper c m _ 1 ) 

Oversubtraction 
(neper cm' 1 ) 

Error With 
Respect To 

Solution 
Absorption 

20 1.05 2.22 0.019 8.7 x 10" 3 

30 1.55 2.55 0.028 1.1 x 10 ' 2 

40 1.9 3.02 0.035 1.2 x 10 ' 2 

50 1.9 3.70 0.035 9.4 x 10 ' 3 

60 1.7 4.50 0.031 6.9 x 10 ' 3 

70 1.5 5.02 0.028 5.5 x 10 ' 3 

80 1.3 4.46 0.024 5.3 x 10 ' 3 

90 1.2 3.19 0.022 6.9 x 10 ' 3 

100 1.15 2.05 0.021 1.02 x 10- 2 

110 1.05 1.30 0.019 1.5 x 10 ' 2 

120 1.05 0.80 0.019 2.4 x 10 ' 2 

130 1.1 0.54 0.020 3.7 x 10 ' 2 

140 1.3 0.37 0.024 6.4 x 10 ' 2 

150 1.35 0.27 0.025 9.17 x 10 ' 2 

160 1.3 0.20 0.024 11.9 x 10 ' 2 

Note: N/Ns 1.0184 

T A B L E 5.3 

THE E R R O R S C A L C U L A T E D FOR T H E SUBTRACTION O F THE S O L V E N T SPECTRUM 

SHOWN IN F I G U R E 52a FROM A SOLUTION SPECTRUM O F 0.018mf C H 3 C N / C C I 4 

R E C O R D E D A T 318K 

In the region from 20cm' 1 upwards, this does not cause very large errors because the refractive 

index of the solutions becomes very similar to that of the window. For example, where the solution 

refractive index is 1.5 and the window refractive index is 1.4 the ratio given by equation 5.3 is 10"3 

(i.e. 0.1 % of the radiation incident on the cell window liquid face is reflected back). However, in 

the lower frequency region 5 — 25cm' 1 the refractive index of the solutions studied rises dramatically 

and therefore the reflection losses become more significant. The losses due to this phenomenon will 

also become more apparent in the spectra of the pure CH3CN which is also analysed in this Chapter. 

For example, where the liquid has a refractive index of 2.0 the factor I R / I Q increases to 3 x 10"2 

i.e. 3% of the radiation is reflected at the liquid surface. 

In the case of samples which are studied with path lengths of the order of millimetres it is 

possible to eliminate the reflection errors by subtracting a background of the same solution measured 

at a different path length. However this yields a spectrum of the solute + solvent rather than the 
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spectrum of the solute in solution which is required. To achieve this, a separate calculation of a 

solvent spectrum from a similar 'two path length' experiment, is necessary. It is then possible to 

subtract the solvent spectrum, suitably scaled for path length (to avoid the over-subtraction 

problem discussed previously), from the solute + solvent spectrum to obtain the desired result. 

Obviously this method is more rigorous than the one adopted, but it must be appreciated, 

that there may be additional path length errors introduced which will in part negate the advantages 

to be gained. Furthermore, the errors remaining in the system, such as path length errors, are 

dominant. Also, the method has the disadvantage of time, in that twice the number of interferograms 

have to be recorded and the computation task is more than doubled. 

Finally, it should be noted that the spectral features observed in this region may well be due, 

in part, to solute induced solvent effects such as dipole-induced dipole absorptions. If this is the 

case then even the most rigorous solvent subtraction method, such as that described, will be 

inadequate due to the different environments of the solvent molecules in solution and in pure liquid. 

Refractive Index Spectra 

These experiments were carried out at the National Physical Laboratory using the Dispersive 

Fourier Transform Spectroscopy (DFTS) technique described in Chapter 4. The cell used for these 

measurements, developed at the Leiden University, Netherlands, was maintained at the constant 

temperatures required by a recirculating water supply from a thermostated bath. 

The observed solute + solvent spectra exhibit a scatter of ±0.25% which dominates the 

theoretical errors. 1 5 4 

(v) The Determination of the Static and Infinite Frequency Permittivity, eo and e°°, of 

the Solutions Studied 

The static permittivity (eo) values of the solutions studied in this work were measured in 

this laboratory with a WTW Dipolemeter Type DM01, manufactured by Weilheim of Germany. 

This instrument operates by the superposition principle by which the oscillations of two high 

frequency (2.0MHz) oscillators are mixed so that beating can occur which is measured on an 

oscilloscope. The sample is placed in a cell which combined with a tuning condenser contributes 

to the capacitance of one of the oscillator circuits and therefore controls the frequency of its output. 

The variation in the tuning condenser required to return to the 'zero beat' condition provides a 

measure of the capacitance of the sample which is directly related to the permittivity. Calibration 

of the instrument with samples of known permittivity then facilitated the calculation of the 

solution permittivities. 

The instrument is fully temperature stabilised and capable of measurement to 5 decimal 

places on all ranges (manufacturers' specification). The measurements taken were recorded after 

temperature stabilisation for one hour and calibration checks were made before and after the 

experiment. No variation in the values of eo for the calibrating samples (cyclohexane and 

Toluene) were recorded. 
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The range of the instrument was not sufficient to cover the high concentration solutions 

studied, and therefore extra points were recorded within the range for extrapolation purposes in 

order to carry out the initial data analysis since the value of eo is expected to have a linear relation

ship with concentration for low concentrations. The data recorded elsewhere 1 2 6 at 25°C shows 

this approximation to be true. However, in the final analysis this uncertainty was avoided by 

utilising the results obtained by direct measurement on a Wayne Kerr bridge instrument at The 

University College of Wales, Aberystwyth. The values used for the lower temperature solutions 

(288K and 252K) were also taken from this data. 

The refractive index measurements carried out at The National Physical Laboratory and 

described in Chapter 4 enabled the calculation of the permittivity at infinite frequency by the 

familiar Maxwell relation (see Chapter 2). 

n2 = e 
oo oo 

(Note: A similar relation can be used to obtain e 0 if rj[v) is known for very low frequency). 

The e°° values for the solutions 0.018mf, 0.061 mf at 252K and 343/338K were approximated 

to the values calculated for 288K and 318K respectively. The e°° values for the two higher 

concentration solutions 0.162mf and 0.370mf at 318K were calculated from the 1700 values obtained 

from the Kramers Kronig analysis carried out by Arnold 1 2 6 for solutions at 298K. The results 

obtained and used in the analysis are summarised in Table 5.4. 
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B. TREATMENT OF RAW DATA AMD INITIAL A N A L Y S I S OF S P E C T R A 

(i) Averaging of Spectra 

The model which is analysed with the spectra recorded in this work is essentially a Debye 

type with modifications, described in Chapter 2, to extend its applicability to include the 'Poley' 

feature observed in the 5cm"1 to 100cm"1 frequency region. The method of obtaining the model 

parameters, related to the intermotecular torques, which have been included in this extended model, 

is mainly by a routine of fitting the equations derived in Chapter 2 (part C (v)) to the observed 

spectra. The model is intrinsically a low frequency, microwave model and is therefore expected to 

be particularly sensitive to the lower frequency region of the spectrum when fitted in this way. 

The spectra recorded in this region are highly reproducible and show very little noise from 7cm"1 

to 40cm" 1 , but exhibit considerably more deviation (noise) below 7cm' 1 . Therefore, in order to 

obtain smoother spectra in this range, the data sets used in the analysis were averaged from two or 

three runs recorded consecutively. A typical set of three low frequency spectra and the average 

set derived from them is shown in Figure 5.3. For the higher frequency region the raw spectra 

were analysed except where indicated in the next section. 

(ii) Matching of Data Sets and Editing Procedures 

Attempts to match the high frequency and low frequency data sets have revealed a 

considerable absorption level 'step' between these regions in several of the spectra. The discrepancy 

between the absorption coefficients in the region of 40cm" 1 where the matching was carried out 

was in the worst case 15%. The errors described in Section A of this Chapter can account for this 

difference (when applied to both spectra) i.e. it is within the estimated random error - however, 

it appears to be mainly a systematic error arising from path length uncertainties. This is likely 

because the high and low frequency spectra were often recorded with a considerable time lapse in 

between. During this period cells were used for different temperature runs, which may have 

necessitated them being tightened to prevent leaking (see Section A) and thus the path length 

may have changed due to window distortion. In addition, there is the possibility (although this 

is merely conjecture) that a cell left assembled for a long period may be subject to a path length 

change due to the gradual deformation of the polyethylene cell windows which would be under 

compression. In some cases record book notes have enabled the error to be corrected with 

reasonable certainty. In the cases where this was not possible, an editing procedure has been 

carried out as shown in Figure 5.4a. 

Also shown in Figure 5.4b is the editing of a spurious feature which was recorded in the 

spectrum of the 0.018 mole fraction solution at 70°C. Figure 5.5 shows evidence at 70cm"1 of a 

polyethylene absorption band which has not been fully subtracted with the background. Where 

this is apparent, the smoothed curve has been taken for the purposes of peak height a m a x , peak 

position u m a x measurement, and total intensity calculations. 

055) Initial Analysis of Spectra 

Table 5.5 summarises the parameters measured from the absorption spectra of each of the 

solutions studied. The integrated intensity values were calculated from the smoothed curves as 
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Temperature 

(K) 

Concentration 
(Mole 

Fraction) 

± 1 % 

umax 
(cm"1) 

12cm' 1 

a max (j 
(neper cm" 1 ) 

±2% 

ADi /a 

(cm" ») 

±2cm _ 1 

Integrated 
Intensity 

(neper cm 2 ) 

±5% 

Integrated 
Intensity per 

Molecule 
(neper 

cm mol"1) 
±5% 

252±1 0.018 77 6.9 
(36.3) 

87 640 3369 

252 0.081 82 23.5 
(35.8) 

89 2192 3337 

288 0.018 72 6.7 
(35.3) 

88 602 3168 

288 0.081 76 22.2 
(33.8) 

92 2159 3286 

318±0.5 0.018 64 6.2 
(32.6) 

91 
96 a 

588 
613 a 

2991 
3230 a 

318 0.061 70 21.2 
(32.3) 

93 2077 3162 

318 0.162 77 57.0 
(30.8) 

94 5686 3074 

318 0.370 80 138.0 
(29.7) 

99 14862 3196 

343 0.018 62 6.0 
(31.5) 

91 

93° 

617 ^ 
555 b 

600 c 

3248. 
2919 b 

3 1 5 8 c 

338 0.061 66 19.9 
(30.4) 

94 2012 3063 

a. Parameters recorded for a spectrum with wider half width (A0y2) i.e. outside of estimated 

errors. 

b. Spectral intensity did not reach zero values obtained with artificial base line. 

c. Parameters measured for a spectrum with slightly wider Avy2 not requiring baseline 

correction. ° • 

d. Values in parentheses are neper cm" 1 mole"1. 

T A B L E 5.5 

A SUMMARY OF THE O B S E R V E D S P E C T R A L F E A T U R E S OF 

THE A C E T O N I T R I L E SOLUTIONS STUDIED 
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described above, using an Apple 11 microcomputer with an electrostatic graphics tablet. The 

intensities are recorded in both absorption and absorption per molecule i.e. absorption divided 

by concentration. The band heights {o^^) are also given in absorption (neper c m ' 1 ) and in 

absorption per molecule (figures in parentheses) measured from the base (a - 0). The half width 

values, Avy2, quoted are the width of the absorption features at half their height. 

The results obtained by Arnold 1 2 6 in this laboratory are also analysed here and discussed 

in Chapter 6. The parameters measured from these spectra recorded at 298K are shown in Table 

5.6. In this case the intensities were calculated by computer and include the noise in the spectra. 

This may account for the difference observed between the average intensities per molecule of the 

two sets of data. The average intensity per molecule values differ by approximately 12% from 

the values recorded by Arnold for the same concentration range which are higher at 3660 neper 

cm mole"1. A recalculation of some of the intensities using the graphics tablet method and 

tracing a smoothed curve accounted for 2% of the observed difference. Arnold has estimated 

errors of ±10% on the values recorded, which means they fall well within the values (±5% error) 

recorded in this work. 

The direct comparison of the values cannot be made with any certainty, as the 

spectral bandshapes are expected to vary with temperature (although the total integrated 

intensities may remain constant), becoming lower and broader as the temperature is increased. 

However the values recorded at 298K would reasonably be expected to lie between the average 

values obtained at 288K and 318K in this work, whereas in fact they are larger than either of these 

figures (7% greater than the mean). Again this discrepancy falls well within the random errors 

estimated for the two data sets. However, the systematic nature of the deviation is probably 

accounted for by the differences between the lines assumed when approximating the peak height 

and shape when there is noise on the spectra (such as that arising from the 70cm"1 polyethylene 

band described previously). 

For similar reasons, a direct comparison between the 0 m a x values cannot be made, except 

for a reasonable approximation in the case of the 0.08 mole fraction solution. The u m a x value 

for this concentration at 298K recorded by Arnold is 73.5 13cm"1, which falls between the values 

recorded in this work for the 0.061 mole fraction solutions at 288K, 76 12cm"1 and 318K, 

70 12cm' 1 . 

From these comparisons, it is concluded that the independently recorded data sets are in 

good agreement, within the experimental errors. 

In the S-SOcm*1 the refractive indices of the solutions studied decrease asymptotically 

(Figures 4.14 and 4.15). In addition the spectra of the 20-180cm"1 region (Figure 4.11) exhibits 

a shallow dip at 70cm"1 which may be associated with a resonance process S 4 ' 1 2 4 in the absorption 

as described in Chapter 2. ' 

(iv) The Variation in the Observed Spectral Features with Temperature 

The u m a x values from Table 5.5 are plotted against temperature in Figure 5.6a. This plot 

clearly shows the trend of decreasing frequency of the peak in the Poley feature as the temperature 
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Concentration u max a max Avy2 Integrated 
intensity a 

(neper 
cm mol" *) (mole fraction) (mole dm' 3 ) (cm' 1 ) 

(neper 
c m ' 1 m o l ' 1 ) (cm' 1 ) 

Integrated 
intensity a 

(neper 
cm mol" *) 

C H 3 C W / C C I 4 

0.01 0.099 71.8 ±3.0 37.1 ±10% 87.72 ±10% 3413.77 ±10% 

0.016 0.170 72.4 37.5 95.39 3962.48 

0.06 0.652 73.5 36.6 93.20 3662.26 

0.10 1.085 74.6 36.5 91.01 3413.92 

0.16 1.825 80.0 36 .0 93.2 3558.5 

0.20 2.294 80.0 36.6 93.20 3610.17 

0.30 3.608 82.2 35.7 93.20 3723.5 

0.40 5.072 85.5 36.8 98.49 3939.6 

0.50 6.718 86.6 36.4 ±20% 99.78 ±20% 3929.6 ±20% 

0.70 10.682 88.8 37.3 107.46 4363.37 

1.00 19.137 93.3 35.1 100.88 3712.7 

CIH^CN/Benzene 

0.016 0.182 72.4 ±3.0 35.7 ±10% 95.4 ±10% 3727.9 ±10% 

0.08 0.704 74.6 35.0 100.88 3725.8 

0.16 1.955 80.0 35.1 97.58 3597.6 

CH3CN/n-Heptaine 

0.027 0.189 44.76 ±3.0 33.0 ±10% 81.88 ±10% 2691.48 ±10% 

a Measured from 0 - 250cm' 1 

T A B L E 5.6 

A SUMMARY OF THE O B S E R V E D S P E C T R A L F E A T U R E S OF A RANGE O F 

SOLUTION O F A C E T O N I T R I L E AT 298K 
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is increased. This type of behaviour, normally seen in Poley features of dipolar liquids, is the 

opposite of that observed in non-polar f luids 1 7 0 and the rotational relaxation behaviour observed 

in the microwave loss curves of liquids. The reason for this apparent trend and its different 

temperature dependence compared to Debye type behaviour is taken to be an indication that the 

processes giving rise to the features are, at least in part, different. If the breakdown of the Debye 

model at high frequencies can be accounted for by its lack of intermolecular torque terms then 

the extended model described previously in Chapter 2 and applied in Chapter 6 should elucidate 

this process by exposing an associated trend in the magnitude of the model parameter K<| (0) 

which is directly related to the intermolecular mean torques < 0 (V) 2 > . (This relationship is 

described in Section C of this Chapter.) 

Figure 5.6b shows the change in integrated intensity with temperature. Although it appears 

that there is a decrease in intensity with temperature, the total variation is very close to the error 

of ±5% and with only 4 temperatures for comparison it is difficult to justify any detailed analysis 

of this. Furthermore, the intensities of two additional spectra recorded for the 0.018mf 

solutions at 318K and 343K lie well outside this trend. However, if the existence of such a trend 

is to be considered, it would possibly be explained in terms of a breakdown of clusters of molecules 

which are contributing to the overall absorption. This hypothesis draws some support from the 

theory of Leutloff and Knozinger, 1 7 1 who have found evidence for the presence of CH3CN dimers 

in the gas phase which lead to a weak band in this region (78cm"1) due to the intermolecular 

vibrational modes. The presence of dimers in the gas phase indicates the tendency for the 

molecules to group, and the underlying strong attractive forces may well be exerting considerable 

influence in the liquid/solution phase-particularly at short range. The molecular clusters which 

form in such a system would not necessarily be permanent of course - they would quite likely be 

breaking down and reforming continuously and would be less likely to reform as the temperature 

of the solution rises due to the increase in thermal motion. It should also be noted that the study 

of non-dipolar l iquids 1 7 0 (carbon disulphide) over a range of temperatures has revealed evidence of 

an increase in integrated intensity with temperature, and that this has been explained in terms of 

an increase in the collisionally induced dipole moment with increasing collisionai energy at higher 

temperatures. The absorption observed for dipolar liquids may be composed of a permanent 

dipole part and an induced dipole part and therefore this opposing mechanism would be masking, 

to some degree, the evidence of dimer/cluster type behaviour. 

The plots of a m a x and Avyx against temperature (Figures 5.7a and 5.7b) show the steady 

decrease in band height accompanied by a broadening of the 'Poley' feature which accounts for 

the almost constant values of total intensity discussed. The exception to this is the point 

recorded for 318K 0.018 mole fraction (Footnote a, Table 5.5) which has a much wider half 

width and resulted in a greater total intensity as seen in the previous figure. The second value 

recorded at 343K (Footnote c, Table 5.5) for the 0.018 mole fraction solution falls on a line drawn 

through the other data points recorded and is therefore, if judged by this criterion, a reliable 
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point. However, the total intensity calculated from this spectrum clearly does not add weight to 

the argument for the existence of a trend with temperature related to the formation of clusters as 

discussed in the previous paragraph. The broadening of the band with temperature is due to the 

increase in the thermal energy which leads to an increase of the relaxation rates in the system. The 

model parameter y (Section C) provides a measure of the relaxation rate of the intermolecular 

mean squared torques <0(v ) 2 > and is expected to reflect the increase in energy, becoming faster 

as the temperature is increased. 

(v) The Variation in the Observed Spectral Features with Concentration 

The band peak frequencies u m a x show an increase which tends to level off at higher 

concentrations (Figure 5.8a). A similar pattern is exhibited by Arnold's data (Figure 5.8b) for 

the CH3CN/CCI 4 solutions and also for the C^CN/Benzene solutions, which have very similar 

values. The shift in the peak frequency is probably due to the closer packing of the molecules in 

the more concentrated solutions and is discussed in Chapter 6 in terms of the variation in the model 

parameter K-| (0) which is related to the mean squared torque < 0 ( V ) 2 > between the molecules. 

The changes in a m a x and Avy2 with concentration at 318K are shown in Figure 5.9. It 

can be seen that the decrease in band maximum is offset by an increase in half band width which 

accounts for the constant values of the integrated intensity of the features i.e. Beer's law is obeyed. 

In contrast, the data recorded by Arnold does seem to exhibit a steady increase in band width over 

the concentration range from 0.1 to 0.7 mole fraction which is not offset by a decrease in a m a x 

and hence gives rise to a similar increase in the total integrated intensity. However, the errors 

estimated are ±10%, which almost completely 'swamps' the change in the A0y2 values and leaves 

little clear evidence of any deviation from Beer's law. 

(vi) The Calculation of Loss Spectra (e" vs u) for the Solutions at 288K and 318K 

The loss spectra have been calculated using the relation (Chapter 2) 

„ , a{v) T ? ( U ) 

e M = — . . " 5.4 
2irv 

The results are shown in Figures 5.10 and 5.11. The loss spectrum of the 0.018 mole fraction 

solution at 318K exhibits a maximum at a frequency of 2.44cm" 1. This peak frequency of the 

loss spectrum has been used to calculate the rotational correlation time r loss via the relation 

Tloss = ! / 2 j r c o l 0 s s 5.5 
max 

This yields a value of r l o s s = 2.2 ±0.3 p sees (error derived from spectral resolution of 0.61cm" 1), which 

is considerably shorter than the values obtained by the integration of the total correlation function 1 7 2 

(microwave and far-infrared). In the work cited, the nearest experimental conditions for comparison 

would be the value recorded for a 0.016 mole fraction solution at 298K for which a T of 4.41 p sees 

was obtained. The peak in the loss spectra of the remaining three solutions was not observed. 
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C. A DESCRIPTION OF THE PROCEDURE APPLIED TO THE MODEL A N A L Y S I S 

The model developed by the memory function approach and described in Chapter 2C Part V 

has been applied in this work by a procedure of computer fitting to the observed spectra and by a 

numerical calculation. With these methods, some values have been obtained for the model 

parameters. These parameters are related to the torques (magnitude and correlation time) acting 

between the molecules in the solutions and are intended to elucidate the mechanism from which 

the spectral feature arise. 

In this section the methods of application of the model are described with the results of 

some tests which have been performed on the fitting routine. The results obtained from the 

application of the model to the spectra are given in Chapter 6. 

(i) The Definitions Applied in the Model Analysis 

The basic equation, derived in Chapter 2C, which encompasses the model is given by: 

(e 0 - 7 • K 0 (0 ) . K ^ O ) co2 

a (co) = 
!?<«) 

where KQ(0) = 

1^(0) 

1/7 
e 0 = 

co 

|V (K Q (0) - co2)2 + co2 [co 2 - (Krj(O) + K ^ O f l 

2KT / lg (rotational 2nd moment) 

is related 1 7 3 to the intermolecular mean square torques < 0 ( V ) 2 > via the 

rotational 4th moment, M^p (equations 5.7 and 5.9) 

is the torque correlation time 

static permittivity 

permittivity between far-infrared (Poley absorption) and mid-infrared 

(vibrational features) 

angular frequency given by co - 2mi> where v = wavenumber (cm" 1) 
2 

5.6 

M 
4R 

1 + 
41 B 

< 0 ( v ) 2 > N 

k 2 T 2 > 
5.7 

Since the short time part of the orientational correlation function has been given 

/ ( t ) = 1 - a ^ 2 / 2 ! + a 2 t 4 / 4 ! 

= 1 - M 2 R t 2 / 2 ! + M 4 R t 4 / 4 ! 

where K Q (0) = 2 k T / l B = - a 1 and K^O) = - a 2/a-] 

then M 4 R = Kg(0) K., (0) + K g 2 (0) 

174 

5.8a 

5.8b 

5.9 

In addition expressions have been given 1 7 5 ' 1 7 6 for the permittivity and loss in terms of the model 

parameters, i.e. 
(e Q - e o o ) K 0 (0 ) K, (0) 7 w 

2 
e"(co) = 

K 0 (0 ) - co2 + coz C O J - | K 0 ( 0 ) + K-j (0) 

5.10 
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e' (w) = 
e 0 - ( e 0 - € < » ^ 

! [ [ C J 2 - K 0 ( 0 ) ] [ w 2 - [ K p t O K K ^ O l ^ + T 2 [ c o 2 - K 0 ( 0 ) ] 

7 2 [ K 0 ( 0 ) - w 2 ] 2 + C J 2 [ W 2 - [ ( ^ - K f j K H + K ^ O ) ] ] 5 

Through the definition of the dielectric loss given by equation 5.4 and the relation 

[ [(e"(w) + e ' ( w ) 2 ) 1 / 2 + e'(w)J 
5.12 

an expression has been developed for the determination of the model values of a(oj) in the absence 

of a knowledge of 17 (w) viz 

a(oj) = 
V 2 e " (co)w 

5.13 

: |V (w ) 2 + e"(w) 2 ) % + e ' M 

Expressions which enable the calculation of the parameters K<j (0) and 7 without recourse 

to the fitting procedure have also been applied in this work. The relation derived by the 

differentiation of equation 5.6 i s 1 7 7 

K^O) = 
4 w m [ « a m " K 0<°> 1 

w [K Q (0) - w 2

m ] tK 0 (0 ) + oj2

m] +4co m " 
5.14 

which only requires a knowledge of the peak frequency, u>m, and the second moment, KQ(0) to 

obtain K-j (0). This value can then be used to calculate the torque correlation time parameter via 

the expression given by Drawid and Hal ley 1 7 8 

5.15 

The parameters obtained, by either method, are used to recalculate the various spectra of 

the solutions, i.e. a(co), e"(co), e'(a>) and T?(O») from equations 5.4, 5.10, 5.11 and 5.12 respectively. 

The relaxation time T " 1 0 ^ ' can be obtained directly from the peak frequency of the loss spectrum 

(see previous section) or by the relation 

, % 

5.16 
K 0 ( 0 ) 2

 7

2 

^ c d e l = / [ K 0 ( 0 ) + K 1 ( 0 > ] ^ - 2 K 0 ( 0 ) ^ y ^ 

V kr«m»2 -v2 / 

These models produce very similar values but the calculation from the loss peak has the disadvantage 

of a finite resolution limit which is imposed by the recalculation frequency interval. The results 

of both methods of calculation are given in Chapter 6. Another expression for the calculation of 

the relaxation time has been derived 1 7 8 by the differentiation of the expression for the dielectric 

loss. This approximation is given by the equation 

K^O) * 7 
2k T T 

- , 2 

5.17 
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(ii) A General Description of the Least Squares Fitting Routine 

A Numerical Algorithms Group (NAG) computer routine E 0 4 F A F has been employed to 

calculate the best fit of the model to the observed spectra. The routine is based on a procedure 

described by Peckham which calculates the minimum sum of squares of the deviation between 

observed and calculated solutions, without calculating the gradients (an alternative method using 

spline functions). This technique enjoys the advantage over other methods (see, for example/ 

Powell) 1 7 9 that it requires less function evaluations to achieve a solution and is therefore 

economical in computing time: an important consideration when fitting typically 200 plus data 

points in this work. The routine is called by a program NEWFITF.S3/ 4 which is based on a 

series of programs originally translated from Evans' Algol version to F O R T R A N by Arnold and 

O'Neill and subsequently modified to its present form in this work. For the purposes of a more 

rapid calculation and the minimizing of rounding errors which would result from the manipulation 

of very large and very small numbers, the equations and the input parameters to the routine are 

weighted by the factor 2KT / lg . This weighting factor is removed before the spectral parameters 

are recalculated. Double precision (approximately 15 significant figures) logic is used throughout 

the fitting routine. The equations applied are 5.6 and 5.13 rewritten in the general form 

Residual 0 ( 0 ) = FUNCTION (PARAMETERS F ITTED) 

- O B S E R V E D V A L U E a(0) 

for manipulation by the NAG routine. 

The program can be configured to allow up to four parameters in the function applied to 

vary in order to obtain a fit to the observed spectrum. The four possible variables are y, K-j (0), 

Ko(0) and (e0—€<»). In this work mainly two parameter fits y and (0) have been applied 

although the analysis in Chapter 6 includes some three parameter fitting (7, (0), Ko(0)) and in 

Appendix 3 an example of a four parameter fit can be found. 

Convergence and Determination of Solution 

The first calculation made by the routine determines the values of a(u) for each of the 

observed points using the starting values of y, (0), Ko(0) and (e 0 —e^). The starting values are 

the routine users guesses of the possible solution values in the weighted form referred to in the 

program as Theta (I) where I is equal to the number of function variables. The observed value of a 

at each point is subtracted from the recalculated value and the residual is squared. The sum of the 

squares of the residuals is a measure of the degree of fit obtained and must be minimized for the 

best fit, hence the name 'least squares fit'. A perfect fit would yield a value of zero sum of squares. 

Assuming that the parameters have not led to a zero sum of squares, successive iterations will take 

place. For these iterations theta (I) or theta (l)'s will take up new values which will depend on 

the values of the sum of squares (SQS) from the previous fit/fits and a user selected parameter V(l ) . 

These values are user estimates of the relative magnitude of the variables and the range of values 

over which a function minimum might be found. A third condition applies if the point set becomes 

degenerate i.e. it does not span the whole space. In that case a new point is generated by an internal 

random number generator. 
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The 'flag' IFAl L indicates the success or failure of the routine: the conditions are 

IFAl L 0 successful exit from program 

IFAl L 1 parameters out of range (SQS not converging) 

IFAl L 2 maximum number of iterations (user determined) 

completed — SQS converging 

If the iterations are successful i.e. the values have been set such the function minimum has 

been found, the sum of squares will reduce in successive iterations as the values approach the 

lowest point in the minimum. Exit from the program with this solution can then occur in several 

ways. The conditions which were satisfied by the parameters are indicated by the flag XPS, which 

on exit from the program will be set to +1.0, —1.0 or 0.0. XPS= +1.0 indicates that the condition 

satisfied was the test on the relative values of the SQS over successive iterations. This is determined 

by an input parameter (XPS (in)).XPS = - 1 . 0 indicates that the relative condition on the position 

of the minimum was satisfied. This condition is given by 

where Y is the best point obtained for one iteration, Z is the best point obtained for a successive 

iteration and A L F is directly related to the Input value of XPS. 

These two conditions can be illustrated by Figures 5.12a and 5.12b. 

F I G U R E 5.12a 
A WIDE FLAT—BOTTOMED MINIMUM IN WHICH L A R G E VARIATIONS IN X ( R E L A T I V E 

TO V(l)) ONLY PRODUCE SMALL VARIATIONS IN Y (XPS = +1.0) 

Y | - Z , < A L F x V ( l ) 

I = 1,2 N 

Y 

X 

Y 

X 

F I G U R E 5.12b 
A STEEP-SIDED MINIMUM IN WHICH S M A L L VARIATIONS IN X L E A D TO 

L A R G E FUNCTION VARIATIONS. (XPS = -1 .0) 
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The flag XPS = 0.0 indicates that the absolute condition was satisfied i.e. SQS < input XPS. 

If the condition IFAl L 1 is flagged the starting values assigned are out of range of the routine 

and new values must be assigned. Following an IF Al L 2 message, inspection of the SQS values over 

a few iterations may indicate that more iterations are required. If the failure is a result of a 

restriction of the range of the parameters by the value V(l ) , this is indicated by the monitor flag 

'L IMITED' after each iteration. In this case the value of V(l) may be increased or the starting values 

of theta (i) may be adjusted (to bring them into range). However, the effects of these variables on 

the routine are closely related and it has been found that their manipulation can result in exit from 

the routine with alternative solutions which correspond to different function minima as illustrated 

in Figure 5.13. 

main minimum subsidiary minimum (B) 

F I G U R E 5.13 

A SCHEMATIC REPRESENTATION OF THE D I F F E R E N T FUNCTION MINIMA FOUND 
BY A L E A S T S Q U A R E S FITTING ROUTINE 
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Table 5.7 summarises some input parameters which result in solutions at different minima. 

The spectra recalculated from these two function solutions are shown in Figure 5.14. 

Starting values (Weighted) Exit values (Weighted) 

thsta V(1) theta V(2) theta theta SQS iterations 
(1) 

V(1) 
(2) 

V(2) 
(1) (2) minimum 

comments 1 

0.01 1.0 0.01 10.0 3.0282 22.1494 637 40 A jumped 
over B 

0.1 1.0 0.1 10.0 0.0817 0.7107 4418 23 B note SQS 

0.1 1.0 10.0 10.0 3.0282 22.1494 637 34 A note 
iterations 

5.0 1.0 20.0 10.0 3.0282 22.1494 637 29 A note 
iterations 

100.0 1.0.0 100.0 10.0 3.0282 22.1493 637 54 A note 
iterations 

T A B L E 5.7 

T E S T S FOR FUNCTION MINIMA IN A L E A S T S Q U A R E S F IT 

In this work trial runs have been made using XPS(in) values of 10" 7 ,10* 1 0 and 10" 1 S . It has 

been found that setting XPS(in) to a value of 10"7 only leads to very small differences (5th 

significant figure) in the values of Theta (I) between that and the XPS(in) = 10" 1 5 case. In addition, 

when XPS(in) = 10" 1 5 the routine usually fails to reach a solution at 999 iterations. Further tests 

have shown that the Theta (I) values after 200, 500 and 999 iterations, with XPS(in) equal to 10" 1 S , 

vary only in the 7th significant figure. These differences are of course undetectable in the 

recalculated spectra which are only plotted from single precision arrays (7 figures). 

The results of these tests have indicated that a value of 10" 1 0 is suitable for XPS(in), giving 

more than adequate precision and yet still allowing for a programmed exit in all cases. However, 

the exit condition on XPS does vary (+1.0 or - 1 . 0 ) . No absolute solutions (i.e. perfect fits) have 

been found. 

(Hi) Fitting to Different Data Sets 

Tests have been carried out fitting to different numbers of points of the same spectrum. The 

results of this test have shown that there is a small advantage in computing time to be gained in 

fitting smaller numbers of points (28 - 200). However, the difference in the final solution values 

(3rd or 4th significant figure) for a factor of 7 in the number of points fitted, and the uncertainties 

involved with different data sets, dictated that all of the observed points were fitted (points fitted 

marked 'x' in the figures throughout this thesis). The fitting routine was also tested on truncated 

low frequency data sets. However, the results of these fits did not produce satisfactory recalculated 
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spectra. A spectra recalculated from the parameters given in Table 5.8 obtained from a low frequency 

data fit is shown in Figure 5.15. 

I frequency 
| range - cm"* 

7 X * 
T A 

<ps) (ps> 
SOS iterations . 1 

2 - 4 0 2.3270 13.8353 1.93 1.88 42 19 

x = l B / 2 k T 

from Equation 5.16 

TQ from loss peak frequency via Equation 5.5. 

T A B L E 5.8 

P A R A M E T E R S OBTAINED FROM A LOW F R E Q U E N C Y DATA F IT 
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CH3CN/CCU 0.0I8MF AT 7QC (FIT TO LOW FREQ) 

u 
u. 

6 U 

20 40 60 80 tOO 120 

WAVENUHBER (CfT1) 

140 160 180 

REFRACTIVE INDEX 

J 1.54 

1.52 

1.50 

1.48 

1.46 

200 22 

m o 

CH3CN/CCL4 0.018MF AT 70C 

0 .14 

0 . 1 2 

0 .10 

0.08 

g 0.06 
UJ 

0 .04 U 

0 . 0 2 

0 . 0 0 

(FIT TO LOW FREQ) 
PERMITTIVITY 

18 20 

F I G U R E 5.15 
S P E C T R A R E C A L C U L A T E D FROM A MODEL F IT TO LOW F R E Q U E N C Y DATA 
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D. THE C A L C U L A T I O N O F M O L E C U L A R AND MICROSCOPIC C O R R E L A T I O N TIMES 

(i) Internal Field Factors 

The microwave data for the range of concentrations of acetonitrile in carbon tetrachloride 

studied by Arnold 1 2 6 have been analysed using a modified Fuoss-Kirkwood equation 1 8 0 to obtain 

the microwave correlation times T Q . The equations are 

umax (3eQ + O j (e Q + 3 e o o ) ] ^ j2TTTD 5.18 

where u m a x is obtained from the function 

(<*(»>/"max) a l . . . 
1 / T ~ 7 T ~ = ^ l o g e u m a x / u cosh"1 , : — = 8 log- (vmaJv) 5.19 

where a = an absorption coefficient 

v = frequency (Hz) 

B = an empirical parameter (0 < fi < 1) 

In this section the microwave correlation times T Q derived from this analysis are 'corrected' to 

obtain the microscopic/molecular correlation times, denoted by r m j c and I s respectively. These 

'corrections' are made using the equations derived from the internal field theories described in 

Chapter 2. A summary of the internal field factors applied, in their appropriate form, is given in 

Table 5.9. 

(in) A General Discussion of the Results of the Internal Field Calculations 

The results of the application of the internal field theories cited are shown in Table 5.10. 

These results have been divided into two main groups according to the type of field approximation 

inherent in the model. The first group comprises the T values which cannot be true single particle 

(molecular) correlation times because they are calculated from theories which approximate the 

internal field to the field experienced by a cavity of microscopic proportions in the dielectric 

medium. Figure 5.16 compares the TQ and r m j c values across the concentration range. In all 

cases, these r m j c values are shorter than the observed T Q times. In general, the r m j c values follow 

the trend in the TQ values, i.e. they reach a maximum value for a concentration of approximately 

0.5 or 0.6 mole fraction. 

The results from the Brot and the Kluk (long range) equations are only slightly shorter than 

the observed T Q values, which is in agreement with Hill's approximation5 8 that r m j c = r D . The 

main exceptions are in the values obtained from the Debye, Lorentz(DL) theory and the Nee, 

Zwanzig, Onsager (NZO) expression. Both of these field corrections predict a maximum of T m j c 

occurring for the 0.2 mole fraction solution. In addition, the results of the Debye, Lorentz 

equation show a rapid decrease at higher concentrations, yielding a microscopic correlation time 
T mic * o r t n e P u r e ''Q1 1'0' acetonitrile of less than 1 ps (7 x 10" l 3 s) . 
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The theories which pertain to the molecular correlation times, Is, fall into two groups. The 

first group comprises the K l u k 1 0 8 3 (short range) and the L o b o 1 0 2 theories. Both of these theories 

relate the T M I C values, obtained by one of the previous methods, to the 7 S time by accounting for 

the short range interactions which are effective within the microscopic cavity. The application of 

these methods yields 7s times which are longer than the T ™ 1 0 times from which they are calculated. 

For most of the concentrations studied the values obtained by Kluk's equation are also longer than 

the observed Tq times. A similar trend has been observed by Kluk et a l 1 0 8 b for Methyl Iodide 

across a range of temperatures. 

The results yielded from the equations derived by Kivelson and Madden's 1 0 1 'corresponding 

micro-macro correlation theorem' are in all cases longer than the observed T Q values. It is not 

surprising that the relation derived for a sphere in a vacuum is particularly badly behaved as this 

neglects all effects (long range) of the surrounding medium. The results of the calculations for the 

model of a sphere embedded in a dielectric also exhibit correlation times in general greater than T Q . 

In this case the explanation may be due to the neglect of the dynamic factor 1 + Nf (see Chapter 2). 

The dynamic correlations in the system are presumed to be effective at close range i.e. within 

the reaction sphere. By neglecting this contribution, the theory can only at best account for the 

long range interactions which may not be the dominant factors. These comments are not intended 

to be exhaustive, as a further discussion is included in Chapter 6. 
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CHAPTER 6 
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CHAPTER 6 

T H E M O L E C U L A R DYNAMICS OF ACETONtTRJLE IN SOLUTION : 

MODEL ANALYSES AND DISCUSSION O F R E S U L T S 

A. MODEL A N A L Y S I S 

INTRODUCTION -

In this Chapter some results from the application of various models described in Chapter 2 

are presented. These include the models of Debye, 1 5 Rocard 7 7 and Powles, 7 8 Gordon 8 1 (J. diffusion) 

and Hil l 5 6 (itinerant oscillator). Comparisons are made between these early inertia-corrected Debye 

type models and the model developed by the memory function formalism approach described in 

Chapter 2. This model, which is distinguished from the alternatives by the inclusion of the torque 

related parameters Kf (0) {directly related to the intermolecular mean squared torque < 0 ( V ) 2 > and 

7 (torque relaxation rate), has been applied by three different methods to the data recorded for a 

range of concentrations of carbon tetrachloride solutions of acetonitrile across a range of temperatures. 

These results have been complemented by those obtained from a 2 parameter model fit to 

the spectra of a wide range of acetonitrile solutions in carbon tetrachloride, benzene and n-heptane 

recorded 1 2 6 at 298K. 

(i) A Brief Evaluation of Some Models Applied to C H 3 C N / C C ! 4 Solutions 

Firstly, it must be appreciated that all of the models described fit the very low frequency 

region equally well. In the region of the Debye feature they predict an exponential decay in the 

orientational correlation function and cannot be distinguished from each otfier. Therefore it is 

necessary to consider the behaviour of the models in the short time region, where the decay is 

distinctly non-exponential and they can more clearly be discriminated, i.e. it is essential to examine 

the short time characteristics of the models in order to evaluate their validity for the entire frequency 

range where re-orientational motion gives rise to absorption. 

Figure 6.1 shows a comparison of observed spectra of a 0.018mf solution of CH3CN in CCI4 

compared to the spectra predicted by the three models mentioned previously. 

The Debye model, on which the others are based, predicts no spectral features above the 

microwave region and in fact does not even account for the return to transparency which must occur, 

as these liquids are not opaque in the visible region. Debye was well aware of the limitations imposed 

by the neglect of inertia in his model, and indicated that it was valid up to frequencies of approxi

mately 10 1 2 Hz only. 

The addition of inertial effects to the Debye type model as described by Rocard and Powles 

results in the 'roll off' of the Debye absorption through the far-infrared and beyond the observed 

Poley feature. This obviously eliminates the paradoxical absorption in the visible region but does 

not predict the increase in absorption seen in the far-infrared spectrum. 

The next model to be considered is that of Gordon, the J . diffusion model. As described 

previously (Chapter 2), this model is basically an inertia corrected Debye type, where the instan

taneous molecular collisions lead to a randomisation of both the direction and magnitude of the 
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angular momentum. At very low frequencies this provides a reasonable fit to the observed 

spectrum (as all of these models do), but moving out into the far-infrared it becomes apparent that 

the peak of the absorption spectrum is at too low a frequency. In fact, this model predicts a 

peak frequency centred on the gas phase rotational envelope, and it has been s h o w n 1 8 1 ' 1 8 2 that it 

cannot reproduce the absorption in the 'Poley' region unless the collisions are correlated. No 

allowance is made for the intermolecular torques, which shift the peak frequency to approximately 

70cm"1 in this case. The result of the J diffusion model can be summarised as a broadened pure 

rotational contour (J -»J + 1). This model is also unsatisfactory at shorter times, corresponding 

to frequencies of 140cm"1 to 200cm" 1. In this region the observed spectral density has decreased 

almost to zero, whereas the J diffusion model predicts a much slower return to transparency, 

similar to that seen for the Rocard/Powles model. O'Dell and Berne 1 8 3 have established that 

Gordon's models are unsatisfactory even when applied to the dynamics of rough spheres which 

meet almost all of the criteria dictated by the hypothesis. 

The spectrum calculated from the itinerant oscillator model indicates quite clearly the 

distinction which this theory makes between the two regions of absorption, microwave and far-

infrared (Poley feature). These regions correspond to the model environments directly; the far-

infrared part arising from the librational motion of the dipole encaged by its neighbours, and the 

microwave absorption which results from the rotational diffusion of the entire cage complete with 

the 'trapped' dipole. It can be seen here, as it has been found in previous studies on highly polar 

m o l e c u l e s , 2 4 ' 1 8 4 ' 1 8 5 that this model produces a far-infrared spectral feature which is much narrower 

than the observed absorption. It has further been shown, 2 with a model of this type described by 

Coffey, 2 4 that even drastic variation of the model parameters does little to improve its far-infrared 

behaviour. 

(55) Analysis of the Model Developed by the Solution of a GeneiraOised Rotational 

Langsvin Equation 

a) Direct Calculation of the Model Parameters 

Initially equations 5.14 and 5.15 have been applied to obtain the model parameters K-j (0) 

and 7. This method requires only a knowledge of the position of the peak in the absorption 

spectrum D m a x , which are included in Table 5.5, and a value for the rotational 2nd moment Ko(0) 

which has been given by 

Ko(0) = 2 k T / l B 

The relaxation time T 0 1 0 ^ ' has then been calculated from the K 1 (0) value by the approximation 

given by equation 5.17 rewritten 

( T ) 7 © 

The results of this analysis are given in Table 6.1 following. 
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1 

Temperature 

(K) 

Concentration 
(mole 

fraction) (s" 2) 

1/7 x 1 0 + 1 4 

(s) 

rmodel I 

(ps) 

252 0.018 91.49 2.64 3.2 

252 0.061 107.29 2.43 3.4 

288 0.018 80.99 2.80 2.6 

288 0.061 83.46 2.76 2.7 

318 0.018 66.60 3.10 2.1 

318 0.061 75.74 2.90 2.3 

318 0.162 92.90 2.62 2.5 

318 0.370 100.74 2.51 2.6 

343 0.018 55.44 3.39 1.8 

338 0.061 64.05 3.15 2.0 

T A B L E B.1 

MODEL P A R A M E T E R S OBTAINED BY D I R E C T C A L C U L A T I O N 

USING EQUATIONS 5.14 AND 5.15 

The parameters obtained by this calculation have then been used as described in Chapter 5 

to recalculate the spectral profiles. Two examples of the spectra obtained compared to the observed 

features are shown in Figures 6.2 and 6.3. The Poley region is not very well described by the model 

at all when operated in this way. There is a slight increase in absorption level corresponding in 

frequency to the centre of the Poley band, but overall the result does not describe the far-infrared 

region much better than an inertially corrected Debye model, merely ensuring a return to 

transparency at high frequency. However the high frequency 'roll off' is more rapid than that 

seen with some models (Rocard for example) which is in line with the observed feature and reflects 

the fact that the models are describing a different underlying mechanism. 

The calculated parameters (0), 7 and r all increase with concentration and decrease with 

temperature which is similar (except for 1/7 with temperature) to the trends observed in the fitted 

model results which are discussed in the next section. 

b) The Application of the Model Fitting Procedure with Two Variable Parameters K-j(O) and 7 

The least squares fitting routine described in Chapter 5 has been employed here to fit the 

model embodied in equations 5.6 and 5.13 to the observed spectra. The variable parameters (0) 

and 7 are related to the intermolecular mean squared torque, magnitude (via equations 5.7 - 5.9) 

and relaxation rate respectively. The number of points fitted in each case varied from 170-210. In 

all cases the initial values of 7 and (0) were set to 5.00 and 20.00 (weighted by 2kT/lg). 

The other parameters required for the fitting procedure were as follows 

(i) The dispersion (e 0 - €«,). This value was obtained from the observed parameters 

given in Table 5.4. 
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CH3CN/CCL4 0.018MF AT 70C 
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CH3CN/CCU 0.061MF AT 65C 
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(ii) The rotational second moment (Ko(0). This value was calculated from the usual 

relation 2 k T / l B = K o (0 ) 

where 13 = the moment of inertia about the principle axis 

k = Boltzmann's constant 

T = temperature (K) 

The solutions studied by the dispersive technique (Chapter 4) have been characterised with 

their refractive index spectra in addition to their absorption spectra. The fitting routine has been 

applied to these by two methods. Initially the fit has been performed with a refractive index 

calculated by a Kramers-Kronig relation in a similar manner to the earlier work in this field 1 and 

with the other solutions. Secondly, the spectra have been fitted to equation 5.6 which includes 

the variable (observed) refractive index. Comparisons between fitting by the two different methods 

show very little difference, but the quality of the fit obtained can also be judged against the observed 

refractive index and the calculated (observed) loss curve in addition to the absorption spectra. 

The parameters obtained from the best fit to the equations describing the model are given 

in Table 6.2 and 6.3 which also include the recalculated spectra details. Some examples of the 

spectra which have been recalculated from these parameters covering a range of temperatures, 

concentrations and solvents are shown in Figures 6.4 - 6.13. In these examples the full lines are 

the observed spectra, the x's denote the points fitted and the broken lines are the recalculated 

spectra. 

The results have been analysed in terms of the quality of model fit as this assessment is 

required before comments on the values of (0) and 1/7 can be made. Inspection and comparison 

of the recalculated absorption spectra with the observed spectra indicate quite clearly the improve

ment that this model exhibits over some of the alternatives described previously. The agreement in 

the low frequency region is good while at higher frequencies the predicted intensity falls lower 

than the observed value in all cases, and the absorption peak u m a x lies to a slightly higher frequency. 

The integrated intensities of the recalculated spectra of the 0.061 mf solution remain fairly constant 

with temperature, although the 0.018mf solutions do show a slight increase in intensity over the 

entire temperature range which is not seen in the observed spectra. In the case of the 0.018mf 

solutions the recalculated half band widths Auy2 (cm* 1) exhibit a trend similar to that seen in the 

observed spectra with temperature (i.e. an increase). This is not clear in the more concentrated 

solutions although the overall change is a similar increase in Avy2. 

The slight decrease in a m a x values of the 0.018mf solutions with temperature which occurs 

in the observed spectra is not reflected in the recalculated a m a x values, which accounts for the 

slight increase in total intensity for these spectra. The 0.061mf recalculated spectra do exhibit 

the observed pattern overall, which when considered with the overall trend in Ai5y2 accounts for the 

reasonably constant total intensities with temperature. 

Over the small concentration range at 318K the recalculated Avy2 show an increase overall 

which is in line with the observed data. This is accompanied by a slight overall increase in total 

intensity per molecule which is not apparent in the observed data. This is a result of the a m a „ 
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values which remain fairly constant (increasing slightly) as the recalculated Auy 2 widths increase, 

whereas in the observed spectra the increase in AGy 2 is less pronounced and is offset by the slight 

decrease in a m a x (neper per molecule}. 

The recalculated spectra recorded over the wider concentration range at 2 9 8 K exhibit a 

steady increase in & m a x with concentration as seen in the observed data. The half-band widths of 

the recalculated spectra are disappointing in that they do not closely follow the observed values. 

However the only trend in the observed data, an increase at high concentrations, is reproduced. 

This is accompanied by a reasonably constant a m a x value (also as in the observed spectra) which 

together with the A0y 2 trend leads to a reflection of the observed spectra in the total intensity data, 

although on average the recalculated values for both sets of data (Tables 6.2 and 6.3) are 4 1 % lower. 

It has been suggested 2 7 that this discrepancy in absorption intensities is partly due to the difference 

between the dynamic internal field and the Maxwell f ield. There is some evidence to suggest that 

this may be the case in the work of A r n o l d 1 2 6 who has fitted this model to the spectra of pure 

acetonitrile with a Polo-Wilson internal field f a c t o r 1 8 6 and accounted for almost 100% of the 

observed absorption. 

The fits to the benzene solution spectra are not noticeably different from those to the 

C H 3 C N / C C I 4 solution spectra which reflects the similarity of the observed spectra. However, the 

spectrum of C H 3 C N in n.heptane is considerably different. The match on A0y 2 is within the 

experimental error for this solution which leads to an increase (relatively) in the total intensity 

bringing the recalculated value within 24% of the observed. The predicted u m a x is at a considerably 

higher frequency, 16% greater than the observed as compared to an average of 5% in the other 

solutions. 

In general for all of the spectra recalculated the bulge in the absorption spectrum correspond

ing to the microwave region is more pronounced than in the observed spectra. This is the effect of 

the model which does not completely merge the two absorption regions. Evans accounts for this in 

terms of the translational rotation coupling and the 'cog wheel ' effect of large angled m o t i o n s . 1 2 7 

The recalculated refractive index spectra all exhibit a small minimum to the high frequency 

side of the recalculated absorption peak which is evidence of a resonance phenomenon as described 

in Chapter 2 . These spectra are almost within the experimental error of the observed data but at 

all frequencies lower. The one exception to this is the 0.061 mf solution at 2 8 8 K which exhibits an 

observed refractive index spectrum 13% higher than the recalculated data. It is considered that this 

is probably due to an error in the observed data rather than an exceptional deviation in the model 

behaviour. 

The loss spectra for four of the solutions have also been compared with the recalculated 

data (Figures 6.14 and 6.15) . A t low frequency there is very good agreement and in the case of the 

0.018mf solution studied at 3 1 8 K the loss peak observed and the loss peak recalculated are 

coincident (in frequency). However the recalculated loss spectrum and the observed loss spectrum 

are only calculated to a resolution limit of 0 .125cm" 1 and 0 .61cm" 1 respectively in this region. 
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The recalculated loss spectra (for all the fits) also show the small bulge in the region of the peak in 

the absorption spectra. This feature can also be seen in the observed loss spectra, although much 

less pronounced, in the same region. (This may not be clear because the T?(I>) above 50cm" 1 are 

extrapolated values.) 

Variation in the Fit ted Parameters K-j(O) and 1/7 

A table summarising these results is shown below: 

u m a x ADy a 1/7 K ^ O ) 

| Temperature 1 
i 

t J r I 
| Concentration 

1 
i t i t 

a - the results obtained by direct calculation, (iia) 

T A B L E 6.4 

V A R I A T I O N IN F I T T E D P A R A M E T E R S W I T H T E M P E R A T U R E A N D C O N C E N T R A T I O N 

In addition 1/7 j CCL4—oBz—t=>n .Hep tane 

and K i (0) C C I 4 < K 1 ( 0 ) B z > (0) "-heptane 

Figure 6.16a shows the torque correlation time parameter 7 plotted against temperature. It 

is clearly evident, particularly in the case of the 0.018mf solutions, that the 7 values increase with 

temperature. A t a molecular level this can be interpreted as a decrease in the torque relaxation 

time 1 ly at higher temperatures, due to viscosity effects. The width of the band then becomes 

broader as the relaxation rate y gets faster, which is in line with the observed half widths. The 

torque magnitude, which is related directly to K-j (0) , goes down with the temperature increase as 

shown in Figure 6.16b (although there is a slight increase in the value of (0) at 3 4 3 K ) . Th is 

results in the u m a x frequency decreasing as seen in the observed spectra. 

The torque magnitude parameter K<| (0) clearly increases with concentration (see Figure 

6.17) which indicates a greater hinderance to rotation in the system. However this cannot be due 

to simple viscosity effects since the viscosity of pure acetonitrile is less than that in carbon 

tetrachloride s o l u t i o n 1 8 7 ' 1 8 8 and therefore the opposite trend would be observed if these effects 

were dominant. Overall the torque relaxation rate is faster with concentration although the trend 

is not clear (Figure 6 .18) . T h e values obtained from the spectra recorded at 2 9 8 K for a wide 

concentration range seem to show signs of reading a maximum value (in 1/7 the torque relaxation 

time) at a concentration around 0.2 mole fraction. This adds further weight to the argument that 

a simple viscosity effect is not dominant in these systems. 
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Meanwhile comparison with the results for the two remaining solvents, benzene and 

n. heptane, reveal an interesting phenomenon. The torque magnitude is considerably smaller for 

the n. heptane solution which has a lower u m a x frequency. However the observed A0y 2 is also 

much smaller than for the other solutions and therefore, we would expect the 7 values from the 

model to be less i.e. the relaxation rate to be slower. However, the fitted value of Auy 2 is much 

greater than for the other solutions i.e. 1 /y is very much shorter. The most likely explanation of 

this anomaly is probably in terms of the quality or closeness of fit which has been achieved. This 

arises because, in common with the other models, this model describes the long t ime, low frequency 

region very well . Therefore it might reasonably be expected that the fit obtained would be better 

if the observed spectra was centred at a lower frequency (closer to the low frequency 'bulge' seen in 

all of the recalculated results). For the n-heptane solution this is the case with the band peak u m a x 

occurring at 4 5 c m " 1 considerably lower than for the other solutions. 

However this improvement in fit quality is not reflected in the recalculated value of & m a x 

which at 5 2 c m ' 1 is 16% higher than the observed value. This illustrates the care which must be 

taken in judging the quality of a model fit from a routine which only seeks to minimise the sum of 

the squares of the residuals to achieve a solution. 

The model's affinity for a low frequency fit might also account for the scatter seen in the 

1/y^values over increasing concentration (apart from the very highest concentrations, which in 

terms of Ai3y2 fit better than the others); It seems likely that the fit is being further distorted as 

the band centre moves to higher frequency which compromises the 7 values obtained. By a related 

argument it could be suggested that the trend of decreasing 1/7 with temperature could be partly 

if not completely due to the improvement in the fit obtained as the band moves to lower frequency. 

It has been considered that the model might describe the high frequency region more 

accurately if the Mori formalism was truncated at higher order. In Appendix 3 the results of a 3rd 

order truncation using the approximation 

K 2 ( t ) = K 2 ( 0 ) - e x p ( - 7 2 t ) 

are presented. It can be seen that the fit obtained from this solution is in fact considerably poorer 

than for the 2nd order truncation. A similar conclusion was reached by E v a n s 2 7 in the study of 

pure liquid chlorobenzene with a third order truncated solution. 

Rotational Correlation Tomes Obtained from the Model 

The rotational correlation times quoted in Table 6.5 have been obtained by two slightly 

different procedures which are mathematically related. The values marked have been obtained 

from the fitted parameters via the equation 

= [ K o ( 0 ) + K ^ O ) 2 - 2 K Q ( 0 ) 7 2 

K o ( 0 ) 2

 7

2 

The set of values TQ have been calculated from the peak in the recalculated loss curve. It has been 

pointed out earlier that these values have on uncertainty due to the finite recalculation resolution. 
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Temp 

(K ) 

Concen
tration 
(mole 
fraction) 

Freq 
Range 
of F i t 
( c m - 1 ) 

a 
Equat ion T A 

(ps) (ps) 
Comments 

252 0.018 0-210 1 4 .5 4.7 ± .3 

252 0.061 0-210 1 4.8 4.7 

288 0.018 0-180 1 3.1 3.0 

288 0.018 0-180 2 3.1 3.0 17(0) data 0 - 6 0 c m _ 1 

288 0.061 0-200 1 3.2 3.4 

288 0.061 0-200 2 3.4 3.4 
17 (0) data 0 - 6 0 c m _ 1 

(levels of TJ(0) may 
be incorrect 

1 0.018 
0-170 

0-250 

1 2.2 

2.2 

2.1 

2.1 
(observed) * 

= 2.2 ± 0.3ps 

3 1 8 0.018 
0-170 

0-250 

2 2.2 

2.2 

2.1 

2.1 
T?(U) data 0 - 1 8 0 c m n 0 

318 0.061 0-200 1 2.6 2.7 T^S* (observed) 
> 2.6 ± 0.3 ps 

3 1 8 0.061 0-200 2 2.7 2.7 17(0) data 0 - 6 0 c m M 

3 1 8 0.162 0-230 1 2.7 2.7 

3 1 8 0.370 0-240 1 2.7 2.7 

3 4 3 0.018 0-250 1 
1.9 

1.9 

1.9 

1.9 * 

3 3 8 0.081 20-220 1 2.2 2.1 Note lack of low 
frequency data 

Alternative data set. Refer to footnotes of Table 5.5. 

a. 1. Refers to Equation 5.13 with observed a(u) and calculated 17 (u). 

2 . Refers to Equation 5.6 with observed a(u) and T?(U). 

T A B L E 6.5a 
C O R R E L A T I O N T I M E S C A L C U L A T E D F R O M M O D E L P A R A M E T E R S O B T A I N E D B Y A T W O 

P A R A M E T E R F I T . 
( T E M P E R A T U R E A N D C O N C E N T R A T I O N D E P E N D E N C E ) 
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• 

Concentration 

(mole fraction) 
Solvent 

T A (PS) T ° ( p s ) 
Tn ( o b s e r v e d 1 2 6 ) 

(ps) a 

0.01 C C I 4 2.9 3.0 3.26 

0.016 C C I 4 2.8 2.7 2.91 

0.06 C C I 4 3.2 3.4 3.88 

0.10 C C I 4 2.7 2.7 4 .55 

0.16 C C I 4 3.6 3.8 4 .35 

0.20 C C I 4 3.6 3.8 5.90 

0.30 C C I 4 3.3 3.4 6.14 

0.40 C C I 4 3.5 3.4 6.23 

0.50 C C I 4 3.9 3.8 6.47 

0.70 C C I 4 3.4 3.4 5.50 

1.0 C C I 4 3.2 3.0 6.00 

0.016 Benzene 2.8 2.7 3.23 

0.06 Benzene 2.9 3.0 3.55 

0.16 Benzene 3.1 3.0 3.91 

0.027 n-Heptane 1.5 1.5 2.04 

All fitted over frequency range 0 -250CIT I" 1 . 

All fits to Equation 5.13 (observed a(v) and calculatedT? (0) ). 

a Obtained by Fuoss-Kirkwood analysis of combined microwave and far-infrared data, see 
Chapter 5. 

T A B L E 6.5b 

C O R R E L A T I O N T I M E S C A L C U L A T E D F R O M M O D E L P A R A M E T E R S O B T A I N E D B Y A 
TWO P A R A M E T E R F I T . 

( C O N C E N T R A T I O N A N D S O L V E N T D E P E N D E N C E ) A T 2 9 8 K 
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The results are separated into two groups, comprising the data recorded in this thesis which is mainly 

useful for temperature comparison (6.5a) and the data recorded by A r n o l d 1 2 6 which has been 

analysed here for the assessment of concentration and solvent molecule dependence (6.5b). 

The shift in the recalculated loss peak towards high frequency with temperature is clearly 

shown in Figure 6.19. This trend, which is reflected in the relaxation times obtained from the 

model (see Figure 6 .20) , is the behaviour expected for a dipolar system which obeys the Debye 

theory of rotational diffusion. The decrease in rotational relaxation time irot arises from the 

increase in rate of relaxation which occurs as a result of the decrease in density, viscosity effects 

and the increase in thermal motion, which is proportional to R .T where R = the gas constant and 

T = the temperature (Arrhenius behaviour). It is also known that at higher frequencies there will 

be further contributions to the absorption: in particular there is almost certainly a contribution 

from induced dipoles in the solvent. This is accounted for by a theory which was originally 

proposed by W h i f f e n 1 8 9 to explain the far-infrared absorptions observed in non-polar liquids. Of 

particular interest in this case are the induced effects which can occur in the solvent molecule. 

Basically there are two mechanisms which can induce dipoles in a non-polar molevules. There is the 

purely inductive effect which results in the formation of a dipole due to the distortion of the 

electronic distribution on the molecule caused by the close proximity (r"3 effect) of another dipole. 

Secondly there is the dipole which results from a mechanical distortion of the molecule when 

undergoing collisions. In the case of carbon tetrachloride, which is a highly polarisable molecule 

on account of its bulky chlorine groups, Whiffen has calculated that the energy available in a 

bimolecular collision (proportional to R T ) occurring at 293K is 2 . 5 K J mole" 1 . The mechanical 

distortion of the molecule by 6 ° would require an energy of half that figure and result in an 

induced dipole of 0.1 Debye. T h e relaxation of the induced dipole would be able to occur in two 

ways, by reorientation or by configuration changes in the surrounding environment, both of which 

would be on the same timescale and have the same temperature dependence as the relaxation of the 

permanent dipoles and would therefore be indistinguishable in this experiment. 

Comparison of the relaxation times obtained from the model ( T M O R I j w j t r ) those obtained 

by a Fuoss-Kirkwood analysis of observed microwave and far-infrared data (see Chapter 5) indicate that 

T M O R I ! s n o t s j m p | y a rotational relaxation time since r

M 0 R I < r D (observed) particularly at high 

concentrations. 

M a d d e n 1 9 0 has studied the spectrum of C S 2 (liquid) by Raman spectroscopy and concluded 

that the contribution of the induced effects to allowed bands is in the region of 50%, this figure 

being based on the observation of non-allowed bands which are mainly accounted for by induced 

effects. He has further suggested that the collision induced dipole contribution to the far-infrared 

features of acetonitrile solutions is considerably more than .50%. If this is the case then the 

relaxation time 7MORI g j v e s some measure of the time between molecular collisions. 

It is interesting to investigate the effect of temperature on the collision time in the light of 

the trends observed in the model values. A s the temperature is raised the velocity of the molecule 
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FIGURE 6.19 
LOSS AND PERMITTIVITY CALCULATED FROM MODEL PARAMETERS 

FOR 0.018 mf C H 3 C N IN C C I 4 SOLUTION 
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increases. If this were the only effect then there would be a decrease in I j n | j n e with the 
observed results, However, there is an opposing effect: the decrease in density which increases 
the average distance between the molecules. It has been shown13 that for CHgCN, in line with many 
other liquids, the increase in velocity of the molecules is completely 'swamped' by the increase in 
the mean free path caused by the density change. The net effect is that the time bstwssn collisions 
should increase with temperature. As this is not the case, it may be concluded that the collision 
induced effect is not the predominant mechanism of absorption. Further support to this conclusion 
can be taken from the results of a Gordon1 9 2 Sum Rule analysis. This procedure seeks to calculate 
the molecular dipole moment MQALC ^ r o m * e 0 D S e r v e d integrated absorption intensity Aj via the 
relation 4 2' 1 9 2 

A i - 2 ^ 2 C A L C ( ' / ' B ) / 3 C 2 6 - 2 

The calculated dipole moment, which includes all of the effective dipoles which exist in the timescale 
of the experiment, is then compared with gas dipole moment M g a s which is corrected in *) for internal 
(Onsager) field effects by 

M* = (2eQ + 1} (e r o + 2) f i g a s / 3 (e 0 + e j 6.3 

For these solutions it has been found 1 2 6 ' 1 9 3 that n* agrees very well with McALC a n c ' t n e r e ' ' : o r e a n v 

induced dipole contribution to the absorption intensity is small compared to the permanent dipole 
contribution. 

The relationship between the relaxation times and concentration is rather less apparent than 
the temperature dependence. Initially, referring to Table 6.5a and looking across the temperature 
ranges we can see that in all cases r ^ R I < T ^ R I which is in agreement with the observed values 

(0.018> (0.061) - n q e ; 

obtained in this work, i.e. we have an observed value of 2.2 ± 0.3 ps for tq a for the 0.018mf 
solution at 318K measured directly from the loss curve. The corresponding plot for the 0.061 mf 
solution does not peak in the range of measurement but we have recorded to a frequency which 
enables the prediction (with reasonable certainty) that T [ j^ 5 ^ (0.061) > 2.6 ± 0.3 ps. The results 
obtained from the analysis of the data recorded at 298K show, in general an increase in r M 0 R I with 
increasing concentration, at least for the lower concentration range (Figure 6.21). However, as 
mentioned previously the actual values calculated by the microwave analysis described in Chapter 5 
are somewhat longer. 

Moving to the higher concentrations, the calculated relaxation times appear to reach a maximum 
value at about O.Bmf and then decrease with the addition of further solute molecules. This behaviour 
js also reminiscent of that observed for the Fouss-Kirkwood results, although the trend is largely 
obscured by the scatter in the values. The results appear to be even more similar to those recorded 
for the internal field corrected TQ values. For example the Nee Zwanzig-Onsager field corrected 
r D values calculated in Chapter 5 show a similar trend and magnitude to the recalculated model 
values. The scatter in the recalculated values could be due to the fitting problem described earlier 
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i.e. as the concentration increases the u m a x value moves to a higher frequency, and there is some 
evidence from temperature shifts studied that the model does not fit as well to a band centred at a 
higher frequency. 

Although in general at higher concentrations the agreement between the model recalculated 
and Fuoss-Kirkwood analysis, relaxation times is poor the value obtained for the pure liquid 
3.2 ps (298K) is in very good agreement with that recorded by Eloranta,1 8 8 3.3 ps at 308K 
determined by microwave measurement. 

The increase in r^O" ' when moving from the pure liquid acetonitrile to the solution may 
be accounted for by the sharp increase in viscosity on addition of C C I 4 since the viscosity187 of 
C H 3 C N is 325 x 10s cp and that of C C I 4 912 x 10s cp at 298K. This effect may then be countered 
to successively greater extents by the decrease in cross correlation contributions to Equation 1.21 
as the solutions are diluted; thus the T ^ ^ R ! values decrease again in very dilute solution. 
Further Discussion of the Variations in Intensity of the Observed Spectra 

There is a slight decrease in the absorption intensity per molecules of the solutions as the 
temperature is increased (Figure 5.6b) which may be accounted for by the theory of clustering 
outlined in Chapter 5 or in terms of a collision induced dipole contribution to the overall absorption. 
By a similar argument to that applied previously, the opposing effects of density change and 
increased velocity of the molecules with temperature would lead to a decrease in the rate of 
collisions between molecules. Hence the number of collision induced dipoles decreases, which 
leads to a decrease in the intensity. However, there is a complication to this effect in that although 
there are fewer dipoles the increase in velocity of the colliding molecules will result in a greater 
mechanical distortion of the bonds which in turn might increase in magnitude the induced dipole 
moment. To some extent this countering effect could be masking the trend which would be expected 
based simply on the decrease in collision rate. Davies et a l m believe this is the case for liquid 
carbon disulphide which exhibits a positive intensity, temperature dependence. 

The study of the total integrated intensity per molecule with concentration shows that there 
is little evidence of any pronounced deviations from Beer's law, although as pointed out previously 
there is the possibility of a slight increase in intensity over the 0.1 mf to 0.7mf concentration range, 
followed by a decrease to the pure liquid. If induced effects were significant we might expect to 
see some saturation i.e. a limit to the contribution at high concentrations when all of the available 
solvent molecules were highly polarised. Such an effect would be expected to occur at a lower 
concentration, where the numbers of solvent and solute molecules were almost equal. At 
concentrations above that, the contribution from the solvent induced dipoles would decrease 
rapidly due to their diminishing numbers although this effect may well be totally masked by the 
increase in solute dipole contribution, particularly when the permanent dipole moment of C H 3 C N is 
so large. Further complications to the elucidation of these contributions arise if collision dipoles 
are included. These contributions would be affected by the dipole number density, which would 
control the collision rate, and by their total numbers and magnitude. In order to clarify this 
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further it would be necessary to record the solution spectra at constant concentration and 
temperature whilst varying the density (a high pressure experiment such as that made by Bradley60 

and described in Chapter 2C). 
It may be more informative to analyse the spectral intensities of the acetonitrile in solvents 

of different polarisabilities. The polarisabilities of carbon tetrachloride and benzene are very 
similar. An indication of this is given by the 0.016mf solution e M values which are 2.22 and 2.34 
respectively. This is reflected in the intensities of these systems which are also very similar at 
approximately 3700 nepers mole"1 cm . Calculation of the energy required to distort these 
molecules and the dipole moment which would result may shed some light on the collision induced 
contribution to the absorption i.e. if one type of solvent molecule requires more energy to form 
collision induced dipoles whilst the total induced contribution is the same then it could be concluded 
that the electronic induced effect is predominant. The error on these intensity measurements is 
±10% which renders such a detailed analysis futile in this case. The intensity of the acetonitrile/ 
n-heptane solution is only 2700 neper cm mole"1, some 30% less than for the C C I 4 and benzene 
solutions and well outside the experimental error. The polarisability of n-heptane is also considerably 
less than that of the other solvents (e M = 2.00, 0.027mf) which indicates that the solvent induced 
contribution to the absorption in this region is significant. 

Further experiments with a wider range of solvents are required to confirm these theories. 
In addition the solute could be varied, selecting molecules with weaker permanent dipoles which 
should cause less electronic distortion of the solvent molecules. O'Neill's136 work on methyl iodide 
solutions may provide some useful information for such an analysis. Initial results191 indicate that 
the Mori model describes these solution spectra more accurately than it does the solutions studied 
in this work and that the induced dipole absorption contributions are not of major importance for 
the C H 3 I / C S 2 system. 

Finally the collision induced effects might be separated by measuring the intensities of 
mixed systems of non-polar molecules of different polarisability, although it must be appreciated 
that collision induced solvent dipoles can in turn induce electronic distortion effects in neighbouring 
molecules. 
A Brief Comparison of the Spectral 4th Moments, M^R Of the Solutions Studied 

The spectral 4th moments given in Tables 6.6 and 6.7 have been calculated from the model 
parameters via the relation given previously (Equation 5.9). For comparison Table 6.6 includes the 
values obtained126 from the relation 

where l(co) is the spectral intensity with different internal field corrections applied. Since the 
model applied in this work does not explicitly include induced dipole effects the difference between 
these values of M4R and those obtained directly from the observed intensity is taken as some 
indication of the presence of induced dipole contributions in these systems. Further evidence for 

1 00 

n M l(w) u" doj n 6.4 
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Spectral 4th moments, M 4R 
Calculated Obtained by a Obtained by D 

Concentration Solvent from Model Integration Integration 
(mf) x 1 0 - s o U ' 4 ) x 10-so ( s-4 ) x 10 s 0 (s"4 ) 

0.01 c c i 4 21.8 23.95 ± 10% 36.06 + 10% 
0.016 CCI 4 22.3 31.42 46.45 
0.0S C C I 4 23.0 32.12 48.68 
0.10 C C I 4 22.9 24.99 34.56 
0.16 C C I 4 24.8 29.47 49.68 
0.20 C C I 4 25.0 27.46 44.97 
0.30 C C I 4 27.8 36.53 58.08 
0.40 C C I 4 28.4 39.48 64.51 
0.50 C C I 4 28.4 33.88 ±20% 76.39 ± 20% 
0.70 C C I 4 32.8 51.04 76.73 
1.0 — 33.2 34.31 55.01 
0.016 Benzene 25.0 34.18 ± 10% 53.39 ± 10% 
0.06 Benzene 24.7 31.85 49.26 
0.16 Benzene 25.6 30.61 52.53 
0.027 n-Heptane 15.3 9.22 13.04 

Ko(0) = 2 K T / ) B = 8.95 x 1 0 M sec"2 at 293K 

a Corrected with Klug9 6 internal field (as for Nee-Zwanzig,43 see Chapters 2 and 5). 

b Corrected with Polo-Wilson186 internal field (based on Onsager85 model) = 9r)oJ(TJ«>2 + 2) 2 

TABLE 6.6 
SPECTRAL 4th MOMENTS CALCULATED FROM MODEL PARAMETERS 

(2 PARAMETER FIT) COMPARED WITH VALUES OBTAINED BY INTEGRATION 1 2 6 
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Obtained by a 2 variable 
parameter fit 

By direct ] 
calculation | 

Temperature Concentration M 2 R x 10"24 K^O) x 10"2S M 4 R x 1Q-S0 so 
M 4 R x 10" 

(K) (mf). (s"2) Is' 2) (s"4) (s"4) 

252 0.018 7.6196 24.92 19.57 70.3 

252 0.081 7.6196 27.56 21.58 82.3 

288 0.018 8.7081 22.84 20.65 71.3 

288 0.018 8.7081 22.76 20.58 — 
288 0.081 8.7081 25.04 22.56 73.4 

288 0.061 8.7081 24.20 21.83 -
318 0.018 9.6152 21.54 21.64 65.0 

318 0.018 9.6152 22.60 22.65 -
318 0.061 9.6152 22.11 22.18 73.8 

318 0.061 9.6152 22.15 22.22 -
318 0.162 9.6152 26.84 26.73 90.3 

318 0.370 9.6152 32.77 32.43 97.8 

343 0.018 10.3711 23.17 25.11 58.6 

343 0.018 10.3711 22.50 24.41 — 
' 338 0.061 10.3711 22.39 23.93 64.4 

TABLE 6.7 
SPECTRAL 4th MOMENTS CALCULATED FROM THE MODEL PARAMETERS 

(TEMPERATURE AND CONCENTRATION DEPENDENCE) 
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this can be seen in the values calculated by the two methods for the n-heptane solution. In this 
case the induced effects are expected to be less due to the lower polarisability of this solvent and 
therefore the model calculated M^p values would be similar to the observed values. In fact this is 
so for the results corrected with the Polo-Wilson internal field factor (b in Table 6.6). The 
difference is also positive in this example but it is thought that this is probably due to model and 
internal field correction inadequacies rather than a direct consequence of the different solvent 
polarisabilities and relative induced dipole effects, 
c) Fitting With Three Variables: y, K^O), Ko(0) 

The presence of a plateau in the values of TQ obtained from the Fuoss-Kirkwood analysis 
of the range of concentrations of C H 3 C N / C C I 4 solutions described (Figure 5.16) has been 
interpreted126 as evidence for the possibility of the formation of clusters in these systems. It is 
speculated that these clusters could reorient together, giving rise to the increase in rotational 
correlation times observed at higher solute concentrations. It has already been mentioned in this 
thesis (Chapter 5) that there is some evidence for the presence of dimer formation in an acetonitrile 
system studied by Lentloff and Knozinger171. (It has already been established that dimers can be 
observed in gas matrix isolated systems).194 This study, which was initially made of the vapour 
phase acetonitrile at low pressures, revealed a high intensity feature at 20cm'1 which corresponds: 
to the peak in the gas phase rotational envelope, and a weak band at 78cm*1 with a half width A0y2 

of 40cm'1 and no structure. This weak band at 78cm'1 was studied at different pressures whilst 
maintaining the C H 3 C N number density by varying the path length (i.e. path length x pressure = 
constant). The band intensity was observed to increase with pressure and thus it was concluded 
that it must be related to an association of C H 3 C N molecules. Simply on the grounds of the low 
pressures involved the association factor was speculated to be 2 (i.e. dimer) and the equilibrium 
constant was calculated for its formation. A value of 42±26 t.mole"1 was obtained for the 
equilibrium 

2 CH 3CN """f^ <CH3CN)2 

Isotopic dilution experiments revealed a shift on deuteration of approximately 5cm"1 which 
is reasonable for librations about the axes perpendicular to the molecular axis of molecules arranged 
in an anti-parallel configuration. 

In the light of these results it is surprising that the Gordon sum rule analysis described 
earlier does not indicate the presence of any significant absorption in the far infrared other than that 
due to the monomeric dipole reorientation. However it has been indicated195 that the sum rule 
may not be accurate due to the fact that at short time the random orientations caused by librational 
motion of the molecules will not be averaged out. This error is proportional to the size of the angle 
swept by the molecule and for example in the case of a 6° libration amounts to an error of 4% in the 
value of j u c a | c , the effective dipole moment calculated. 

If there are dimers present in the liquid and solution phase acetonitrile and contributing to 
the far infrared 'Poley' absorption, then the rotational moment, Ko(0) in this model set to the value 
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given by 2KT/ I B will be inaccurate because the reduced mass will not have been correctly defined. 
An experiment in which the parameter Ko(0) is allowed to vary might elucidate the dimer theory. 
Such an experiment has been carried out by fitting the model equations described previously with 
three variable parameters: 7, (0) and Ko(0). The fitting was carried out using the same 
parameter values as previously with the 2nd moment set initially to its calculated value (weighted). 
At each iteration Ko(0) was changed by a maximum of 0.1 since the new value was expected to be 
close to the original if any significance was to be attached to it. 

Two examples of the absorption spectra recalculated from the values given in Table 6.8 
are shown in Figures 6.22 and 6.23. A casual inspection of these reveals that the fit is better than 
for the two parameter model. This is not surprising since it has been established previously2 that 
the greater the number of variables in a model the better able it is to fit the data. A four parameter 
fit is a good example of this (see Figure 5, Reference 2). 

The most obvious features of the three parameter recalculated spectra is the increase in 
intensity the improvement of the fit at high frequency and poor fit to the low frequency region. 
The failure of the three parameter fitted model in the microwave region is illustrated by the relaxation 
times 7-^0^' which are now considerably shorter than the observed values. 

Unfortunately, the more variable parameters available in a model the more difficult the 
interpretation becomes. Referring to Table 6.8 we can see that the trend with temperature of the 
torque correlation time parameter 1/7 is still evident although the actual magnitude has changed by 
a factor of approximately two, which is the result of the better match of the Auy2 values. The 
evidence of any pattern in the 1/7 values with concentration is difficult to discern; however this 
trend was not strongly evident in this small concentration range for the two parameter fits. The 
K-|(0) values have remained within about 30% greater than the magnitude of the two parameter fit 
values which is a result of a slightly poorer fit on the u m a x frequency. 

The trends exhibited by the three parameter K^(0) values with both temperature and 
concentration are similar to those seen for the two parameter fits. It should be borne in mind that 
the actual physical significance of the magnitudes of K^(0) and 1/7 are not clearly defined and 
therefore accepting that the salient trends (which are more easily understood) with concentration 
and temperature still exist in these results attention can be turned to the new values of Ko(0), the 
rotational 2nd moment. 

If dinners were present and reorienting together (i.e. as one) then the moment of inertial l B , 
which is calculated for a simple diatomic rigid rotor by the relation 

= r n i m 2 

B m 2 +m 1

 0 

where rQ is the separation of centres of mass of the bodies and m-j and m 2 are the masses of the 
bodies 

would be greater than the calculated IQ and hence the rotational second moment 

M 2 R = 2KT/ I B = Ko(0) 
would be smaller than calculated. In all cases this has taken up a new value of approximately twice 
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that calculated by the conventional formula. In itself this immediately contradicts the possibility 
of dimers being present in quantity and accounting for absorption to any significant degree. 
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B. THE COMPARISON OF VIBRATIONAL CONTRIBUTIONS TO BAND WIDTH 
In Chapter 1 the basic theory for the separation of contributions of the stretching mode 

and the U3 symmetric bending mode to the band width was outlined. This was based on the 
assumption that the vibrational contribution obtained from the isotropic Raman spectrum is the 
same as that in the anisotropic Raman and the infrared spectrum for a given mode. Hence the 
relation 

J R = J S O = 0aniso 
v V *V v v 

is often assumed. 
Since the infrared spectrum comprises a vibrational and a reorientational part and the far-

infrared spectrum does not include a vibrational contribution it is possible to obtain the vibrational 
part of the infrared (total) spectrum by a simple subtraction of the rotational part assuming that 
this contributes equally to the correlation functions. In order to perform this separation the 
assumption is made that r^OR' obtained from the model analysis of a very dilute solution (0.018mf) 
is equal to T* ^ i.e. the cross terms in equation 1.23 are assumed to be negligible1.0 <49 A similar 

assumption allows us to write rn (Fouss-Kirkwood) = r s . for dilute solutions. 
u 1R 

Assuming that the bands are pure Lorentzian we can write 
AOv = (ire T? _ ) 1 6.5 

and hence obtain the far infrared/microwave rotational band width from the T value. The 
half widths obtained are then subtracted from the infrared (total) band width1 for comparison with 
the isotropic Raman4 values. The results of this analysis are given in Table 6.9. 

Band IR (TOTAL) 
FIR (MORI) 

(318K) 
(0.018mf) 

Calculated 
I R v i b 

FIR/Microwave 
(Fouss-Kirkwood) 
(298K)(0.Q16mf) 

Calculated 
I R v ib 

Raman (ISO) 
(318K) 

(0.03mf) 

u1 12.0 4.8 7.2 3.7 8.3 4.5 

u 3 8.0 4.8 3.2 3.7 4.3 4.8 

TABLE 6.9 
CALCULATED AND OBSERVED VIBRATIONAL HALF WIDTHS 

FOR ACETONITRILE IN CARBON TETRACHLORIDE 

It is evident from these results that the vibrational contribution to the infrared and Raman spectral 
bands u<| and 1)3 are not equal. In an attempt to understand this discrepancy it is necessary to 
examine more closely the processes from which the 'vibrational' contribution (s) might arise. 
These are more accurately described as the 'non-reorientational' processes and can be divided in to 
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two types, either or both of which might be contributing to the 'vibrational' correlation functions. 2 8' 1 9 6 

They are, the energy relaxation processes or vibrational depopulation effects and the phase relaxation 
processes. Each of these correlation functions might include contributions from more than one 
process 2 8 ' 1 9 6 asfollows:-

(a) Energy Relaxation Processes 0g(t) 
i) If it is assumed that there is a form of structure such as a 'lattice'118 in the liquid there may be 

vibrational energy transfer28 to this 'lattice' via rotational-translational degrees of freedom. 
ii) There may be energy redistribution between the internal modes of the molecule i.e. vibrational 

energy relaxation. 4 ' 1 3 ' 1 9 7 - 2 0 0 

(b) Phase Relaxation Processes 0 p p(t) 
i) There may be coupling of a particular vibrational coordinate of adjacent molecules which will 

result in the transfer of energy i.e. 'Resonance vibrational energy transfer'. 4 ' 1 3 ' 2 8 ' 1 9 6 ' 1 9 7 

ii) There is a distribution of the interactions of the molecule (s) with the surrounding molecules 
which spreads the transition frequencies. The effect of this is a broadening of the band due 
to loss of phase coherence of the excited vibrations of a particular mode . 4 ' 2 9 ' 3 0 ' 3 8 ' 1 9 7 ' 2 0 1 ' 2 0 S 

Assuming that these two types of processes are statistically independent (which may not be 
true particularly if the processes occur on the same timescale as suggested by Laubereau et al I 9 9 ' 2 0 0 ' 2 0 S ) 
then "the non-reorientational correlation functions 4>\/[t) can now be expressed more accurately by 

*VW = *EM*ppW 6 - 6 

Lynden-Bell30^1 has emphasised that the phase relaxation correlation function 0 p p(t) of the 
uth mode of the i t n molecule is given by Equation 1.21 

0 p p (t) = 2 <Qui(0) . Quj(t) > = S <Quj(0) . Quj(t)>+ 2<Quj(0). Quj(t)> 
i,j i i=£j 

'self term 'exchange' term 

It has then been shown that there are cross terms between the self and exchange parts of 
this equation and that these contribute unequally to the isotropic Raman (strong contribution) the 
anisotropic Raman (weak contribution) and the infrared (no contribution) correlation functions. 
In that case the 'vibrational' correlation functions and the related half band widths would not be 
expected to be the same when obtained from the different spectroscopic techniques. Thus at first 
sight the results given in Table 6.9 would seem to support Lynden-Bells theory, despite the results 
of 'isotopic dilution' experiments197 which have indicated quite clearly that there is not a significant 
contribution from an exchange term in the intermolecular potential for these modes of acetonitrile. 
Furthermore it is generally accepted that any small exchange term will be removed if the spectra 
are recorded in very dilute solution as is the case here. 

Closer examination of the results in Table 6.9 reveal that they do not follow Lynden-Bells 
predictions. This is apparent from the difference in sign of the cross term which occurs for the ô j 
and U3 modes. For the stretching mode the cross term appears to be negative which implies 
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that dipole-dipole forces are predominant. 3 0 ' 3 1 It has been shown 4 , s ' 7 that this cannot be the case 

since for this mode the relaxation rate ( T ^ 0 ) " 1 increases with temperature (at constant density) the 

opposite of the prj/T dependence expected if dipole-dipole interactions were predominant. The 

cross term for the U3 mode a symmetric bend is positive which indicates the presence of dispersive 

interactions. 3 0 ' 3 1 This hypothesis is not supported by the non linear variation in band width of 

these bands with concentration which has been observed for this mode. In the light of these results 

it would appear that resonance energy transfer effects do not account for the invalidity of equation 

1.20. 

Another possible explanation is that collision induced contributions are significant as 

indicated by previous studies4"5'7 of the temperature density and concentration dependence of these 

bands. If this is the case then the transition moment 3/Z/dQ and the polarisability derivatives da/dQ 

and d/J/dQ might be affected differently by such processes and then there would be no reason to 

assume that the contributions to the vibrational bands would be the same. 

Finally attention is returned to the assumptions made in Chapter 1 which allow the 

separation of the vibrational contributions to these bands via equations 1.5, 1.6, 1.13, 1.14. It 

was assumed that the vibrational and reorientational motions of the molecules are statistically 

uncorrelated, which may not be true particularly for the complex highly polar acetonitrile 

molecule. 7 ' 1 4 In addition the possibility of the coupling of the vibrational relaxational mechanisms . 

has been neglected in the expression for the phase relaxation correlation function given by 1.21. 

This should be constructed in full as the ensemble average of the correlation functions of the j 

mechanisms by which <Q'u(0) . Qu'(t)> may decay 1 i.e. 

#p ( t ) = K^it) . <t>2(t) 0j(t)> 6.7 

The relative effects of the cross terms between these mechanisms on the infrared and Raman spectra 

are not known. 

The conclusion of this analysis is that the non reorientational contributions to the infrared 

and Raman spectra correlation functions are not fully understood and therefore the results obtained 

by subtraction procedures commonly employed must be treated with caution. 
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C. A F U R T H E R DISCUSSION OF THE INTERNAL F I E L D CORRECTION F A C T O R S APPLIED 

IN CHAPTER 5 

The internal field expressions which relate the macroscopic relaxation time T Q to the single 

particle (molecular) relaxation time 7 s provide an indication of the local order which exists in the 

system via the Kirkwood 8 7 g factors. The correlation function for the far-infrared/microwave region 

can be expressed, 

g(t) = <Cos0ji(t)> + 2 <Cos0: j ( t )> 6.8 

which at zero time is equivalent to the Kirkwood g factor and becomes, 

g(0) = 1 + 2 < C o s 0 j j ( O ) > 6.9 

where 0 = the angle of rotation of the dipole. 

Inspection of this relationship enables the construction of a crude physical picture of the static dipole 

orientations as shown below. 

dipole 
orientations 

A 

Cos 0 = 1 Cos 0 = <p Cos 0 = -1 

therefore g = 2 g = 1 g = 0 

The results given in Chapter 5 (Table 5.10) show clearly that in all cases the r s factors are 

greater than the T M I C or T d values from which they are derived i.e. the g factors are less than 1. The 

g factors derived from the internal field expression given by Kluk (denoted K in Table 5.10) have 

an average value of approximately 0.75 which in terms of the crude physical model described 

previously indicates that the dipoles have a preferred orientation between orthogonal and in line 

opposed at 105°. In addition the overall decrease in the g value indicates that there may be further 

alignment on average (opposed) as the concentration is increased. The alignment of the dipoles in 

this way seems to be very plausible in light of the highly polar nature of CH3CN, in fact it is 

difficult to imagine that the dipoles would exist in the average configuration of 90° orientation 

which would be expected if the molecules were randomly aligned. However, it is often assumed 

that the single particle rotational correlation time T s will be shorter than the observed correlation 

time T Q . This condition dictates that g is greater than 1 and hence infers that the dipoles have 

some preferred alignment between 0 ° and 90° , a situation which is even more difficult to envisage 

for molecules with a dipole moment of 3.9 Debyes. 

The results of this analysis reveal an interesting paradox by the following argument. Order 

in the system i.e. the alignment of dipoles appears to be reasonable but it must lead to a greater 

cross term contribution to r D and hence T Q would be greater than Is. This is in contradiction to 

the results found where r D < T ^ P but it is order, in this case with the dipoles aligned between 0 ° 

and 90° . The answer to this enigma probably lies in the neglect of the dynamic effects in these 

relations. 
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Finally, attention is returned to Hildebrand's comments 1 2 5 referred to in Chapter 2. He has 

shown from vapour pressure studies, that 'simple' liquids are in a state of maximum disorder i.e. 

their entropy is complete. If this is also the case for these solutions then it obviously disallows 

the possibility of structure (order) existing over any timescale. Assuming that this is the case, 

then models pertaining to the molecular dynamics of these solutions, which refer to such structure 

eg. holes, cells, clusters, lattices must be regarded as suspect. 
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CHAPTER 7 

ION-ION AND ION-SOLVENT INTERACTION IN NON-POLAR S O L V E N T S 
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CHAPTER 7 

ION-ION AND ION-SOLVENT INTERACTION IN NON-POLAR S O L V E N T S 

INTRODUCTION 

Far-infrared spectroscopy is well-suited for the study of liquid phase interaction as it 

corresponds to the time scale 0.1 -10 pico seconds. It is on this time scale that the intermolecular 

vibrations of such systems as tetra-n-alkyl ammonium halide solutions in non-polar solvents occur. 

The study of these quaternary salts has been considered to be worth while since the elucidation of 

their complex interactions in solution may enable a better understanding of biologically important 

systems such as those concerned with cell membrane ion transport phenomena 2 0 6 ' 2 1 ° which cannot 

easily be studied directly due to the intense absorption by water in this region. 2 1 1 A programme of 

work carried out in this laboratory 2 1 2 ' 2 1 5 has extended our knowledge of ion-ion and ion-molecule 

interactions by systematic study of the spectra of a range of the salts R4N + X" (where R = an alkyl 

group and X = a halide) at different concentrations, temperatures and in various solvents. The 

hypothesis has been proposed that these spectra comprise at least three main features each of which 

may arise from more than one process. In this work further studies of these s y s t e m s 2 1 4 ' 2 1 5 have 

been made using the more advanced instrumentation and techniques described in Chapter 3 and 

reference 132. The research carried out has been divided into three main areas as follows: 

i. Extended studies of the concentration effect. 

ii. Possible ion or solvent penetration effects. 

iii. The role of water in these systems. 

Throughout this work the solutions were freshly prepared using spectrosol solvents 

(previously dried over 4A molecular sieves for 2-3 days) and analar grade salts supplied by Eastman-

Kodak Ltd. The solutions thus prepared were transferred with all glass syringes to Beckman-R IIC 

FH03 demountable cells fitted with 2.5mm while polyethylene windows for mounting in the 

interferometer. The double sided interferograms were recorded at a sampling interval of 16 microns 

over a path difference of 0.8cm (from z.p.d.). After apodisation and transformation the resolution 

of the spectra was approximately 2.4cm" 1. 

i. Extended studies of the concentration effect. 

The low concentration limit to which these systems have been studied previously 2 1 2 ' 2 1 3 has 

been limited to approximately 0.1 molar (0.3m in some cases 2 1 2 ) . Below this concentration the 

path lengths required have been too long to achieve sufficient energy throughput (due to solvent 

absorption) to record the solution spectra. Figure 7.1 shows an example of a spectrum of a 0.0133 

molar solution of tetra-n-butyl ammonium chloride (n.Bu4l\l +C I") in benzene recorded with a path 

length of 7.5mm using the conventional optics and a Golay detector. Figure 7.2 shows the 

spectrum of the same solution recorded with the more sensitive germanium bolometer detector 

(also with conventional optics). In addition to the improvement in signal-to-noise ratio over the 

frequency range studied previously (20 - 250cm" 1), it has also become possible to extend the 
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measurements to the low frequency 'tails' of the spectra with the use of the polarising optics in 

conjunction with the germanium bolometer detector. Figure 7.3 shows an example of such a 

spectra which illustrates that it is now possible to obtain real information down to below 5cm"1 

(and possibly 1 3 2 as low as 2cm' 1 ) , which should help in the separation of spectral features which 

give rise to the overall band shape. 

During previous w o r k 2 1 2 ' 2 1 3 the band profile of n . B U 4 N + C I" in benzene has been assumed 

to be the sum of at least three main absorption bands. Figure 7.4 shows a typical band fit to a 

n . B U 4 N + C I" solution spectra which has been obtained by computer fitting three gaussian bands to 

the most obvious features of the spectra. Table 7.1 summarises the peak frequencies of the fitted 

band B for a range of salts in benzene and chloroform solution. These results clearly show that 

"max o f b a n d 8 i s D O t n c a t i o n a n d anion dependent and it is therefore thought to arise from some 

kind of vibration of the ion pair. 

Salt Solvent a 
Band Centre 

(cm" 1) 

n .Bu4N f Cr C 6 H 6 121 ± 1 . 

n.Bu 4 N + Br" C 6 H 6 79 ± 1 

P e 4 N + C r C 6 H 6 115 ± 3 

Hp 4 N + Cr C 6 H 6 112 ± 3 

n . B u 4 N + r CHCI3 61 ± 3 

n.Bu 4 N + N03- CHCI3 100 + 3 

n .Bu 4 N + C I0 4" CHCI3 
85 ± 3 J 

a - Concentration 0.5M 

T A B L E 7.1 

BAND C E N T R E OF B WITH R E S P E C T TO CATION AND ANION 

Some support for this hypothesis has been obtained by assuming that the band arises from 

a normal mode in which the vibration of the ion pair occurs along the axis joining their centres. For 

this case the frequency of vibration, u O D S is given in the (harmonic) diatomic approximation by 

where is the force constant of the bond between cation and anion 

M 1 = M Q M A / ( M Q + M A ) the reduced mass 
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By assuming that the restoring force between the ions is purely coulombic (i.e. a purely 

electrostatic ion pair model) the force constant can be calculated from the expression 1 2 2 

_ - 2 e 2 

K c A L C " * v £ ? 1 2 

where e = electronic charge 

e 0 = permittivity of a vacuum 

e = relative permittivity of medium 

r C A = s u m ° f ' o n ' c r a a "' ' 

If it is now assumed that, to a first approximation, r ^ is constant then a linear relationship between 

0 O D S and (My)^2 would be expected. Calculations 2 1 4 using equations 7.1 and 7.2 have indicated 

that this is so however there is much evidence to suggest that the cation-anion vibrations may be 

occurring in large aggregates rather than free ion pairs. For example cryoscopic measurements,2 1 6 

which suggest aggregates of about 20-30 ion pairs, and measurements of the concentration dependence 

of the ion pair dipole moment. 2 1 7 Therefore it is concluded that the electrostatic ion pair model 

proposed is far too simple (although quite plausible) to fully describe these systems. 

Early concentration studies 2 1 2 revealed that there are severe deviations from Beer's law in 

these systems. If there is a contribution to the absorption from some kind of aggregate vibration 

then these non-linear effects might be accounted for by these aggregates breaking up at lower 

concentration (since, potentially there are less VQJ^ vibrations as the aggregation number goes down). 

Figure 7.5 shows the spectra of a range of concentrations of n.Bu4N +CI" in benzene plotted on a 

neper cm" 1 mole"1 scale for direct comparison. Despite the overall increase in intensity, band 

fitting procedures 2 1 4 have shown that band b is becoming relatively less intense with the decrease 

in concentration, which indicates that the aggregates are breaking up as predicted. 

It has also been shown 2 1 4 that there are variations in the calculated force constant and 

interionic distances with the decrease in concentration. In ail cases the calculated interionic 

distances ( r ^ ) are shorter, by a factor of 2, than the values obtained from estimates of the effective 

charge separation 2 1 8 " 2 2 0 which in itself supports the cluster hypothesis. Furthermore, the force 

constant reaches a maximum at a concentration of about 0.5 mol I"1 which is in agreement with 

cryoscopic studies 2 1 6 of similar systems. Unfortunately the signal-to-noise in the spectra of the 

very dilute solution (0.013 mol I"1) is still insufficient for a computer band fitting for inclusion in 

these calculations. However an approximate calculation of the values of K 0 j j S and r ^ show very 

little difference from the values for higher concentrations which implies that there is still extensive 

aggregation. This is in agreement with conductivity measurements which indicate that there is 

some degree of aggregation down to concentrations as low as 10"5 mol I"1. 

Although the band fittings and calculations seem to fit the theories of the interactions in 

these systems very well, the interpretations of the spectra are by no means unique. In order to 

study band B alone it has been necessary to assume the presence of two other bands (A and C) 
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contributing to the overall band profile. The low frequency asymmetry has been fitted with one 

band although it is thought to arise from two main processes: 2 1 4 ' 2 1 5 (see Chapters 2 and 6). 

(a) The low frequency part arising from the Debye rotation or reorientation of the rigid ion 

aggregate dipoles. 

(b) The absorption due to fluctuations of induced dipoles caused by ion solvent interactions 

(collision-induced dipole effects). 

It has been shown 2 1 4 with calculations using the Gordon intensity sum rule 1 9 2 that the 

intensity arising from the rotation of a rigid ion pair can account for about one half of the total 

intensity of band A. This calculation was based on the assumption that the effective dipole 

moment for an ion pair in an aggregate is 33 x 10" 3 0Cm and the average interionic distance is 

0.3nm. (Note that this implies penetration of the anion into the alkyl chain). Further evidence 

for the contribution of these two processes to band A is the lack of temperature dependence of the 

peak frequency. 2 1 4 This might be due to a cancellation effect where the absorption arising from 

the Poley-Hill mechanism decreases in f requency 4 5 ' 2 2 2 and the absorption arising from the dipole-

collision induced dipole effect increases when the temperature is raised. (See Chapter 6). 

In the light of this information, where the relative intensities and positions of these 

features are unknown (and therefore cannot be fitted with separate bands), we cannot be sure 

that the determination of the intensities and positions of band B are accurate because we cannot 

be certain how much of band(s) A contributes to the overall spectra. Because of this and evidence 

for further complexity in the nature of these solutions (see Parts ii and ji i for discussion of band C) 

the systematic study and assignment of band B to vibration of ion aggregates, and in general of 

the spectra tetra n-alkyl halides in non-polar solvents, have to be made very carefully indeed. 

ii. Attempts to study solvent and/or ion panetration effects 

In the previous section it was indicated that band A probably arises from at least two 

absorption processes: (a) Debye rotation of rigid ion aggregates and (b) induced dipole, ion-solvent 

interactions. The first of these two processes was used to account for approximately half the 

intensity of band A by using the Gordon intensity sum rule which assumed some degree of anion 

penetration into the alkyl chain. The other half of the intensity of band A has been predicted with 

the equation given below 2 1 5 

3 c 2 m c s 

: 6 ' I C A a s 
4 j re 0 eR 4 

7.: 

where R = ion pair-solvent distance 

a s = solvent polarisability 

m c s = ion pair-solvent reduced mass 

Calculations have shown that to satisfy equation 7.3 and account for the remaining intensity in the 

observed band the ion pair-solvent distance (R) must be 0.25nm, which implies that there is 

penetration of the solvent molecules between the alkyl chains. A study of molecular models of 
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these systems indicates that this is quite feasible since the tetra-alkyl ammonium groups have a 

very open structure which would allow the close approach of the solvent molecules. Dielectric 

permittivity m e a s u r e m e n t s 2 1 7 ' 2 1 8 ' 2 2 3 ' 2 2 4 on similar systems have indicated that an average value 

of 0.25nm for the ion pair-solvent distance is reasonable, and so have led to a consideration of the 

possibility that the solvent molecules are trapped in the large alkyl chain (cation) clusters (or 

aggregates). If this is the case then the relative size of the solvent molecule to alkyl chain should 

be important. In order to check this, an investigation was carried out using bulkier solvents such 

as methylated benzenes and cations with different alkyl chain lengths. 

When using p.xylene as a solvent for n.Bu4N +CI" it was found that the solution (0.48moi I"1) 

immediately separated into two layers, both of which were stable. This phenomenon has been 

observed previously in several systems including, picrates of the type (C5iHii)4N +Pic" in benzene 2 2 5 

and tertiary alkyl-ammonium salts of organo metallic anions in various aromatic solvents. 2 2 6 

Further experiments with different solvents and solutes indicated that there was a series of 

these solutions which separated into two layers. Table 7.2 summarises the results obtained. 

Solvent 1 
Solute benzene 

C 6 H 6 
p.xylene 

CgH 4 (CH 3 ) 2 

mesitylene 
C 6 H 3 ( C H 3 ) 3 | 

n.Bu 4 N + Cr X 

n.Pe 4N +CI" X 

n.Hex 4N +CI" 

X = two phase system formed 

T A B L E 7.2 

A SUMMARY OF THE S O L U T E / S O L V E N T SYSTEMS O B S E R V E D 

An investigation of the n.Bu4iN+CI7xylene system was carried out. Initial analysis for the 

chloride indicated that all of the salt was in the bottom layer, and the concentration of this layer 

was constant at 2.7 mol f 1 . Chloride analysis of the top layer proved negative and so it was 

concluded that the concentration was less than 0.5%. Evidence in support of this was obtained 

from the near-infrared spectrum of the top layer which did not exhibit any bands other than those 

attributed to pure p.xylene. The near-infrared spectrum of the bottom layer clearly showed the 

p.xylene and solute bands expected. In addition the expansion of the 1000cm"V to 1500cm"1 

region (Figure 7.6) revealed several features not present in either the solvent or solute spectra and 

two strongly perturbed p.xylane bands at approximately 1050cm"1 and 1380"1. 

175 



so 
\ \ / 

/ 

£ 60 
/ ui 

1 

I J 

/ I 
to 
2 40 

Bu4N+c| -(solid in KBr disc) 
I 

p.Xvlene i 
5.1 / 8u4N CI Vp.Xylena (top layer) 
1; 

BU4N CI Vp.Xvlene (bottom layer) 20 

1 
1300 1500 1450 1350 1400 

1 FREQUENCY (cm 1) 

80 h> 

J \ 1 
1 : V 

60 
ul 

CO 
40 

1 

1 / 
20 

1250 1200 1150 1100 1050 
FREQUENCY (cm 1) 

F I G U R E 7.6 
N E A R - I N F R A R E D SPECTRA OF B u 4 N + C I " (SOLID), P . X Y L E N E AND SOLUTION L A Y E R S 

176 



Figure 7.7 shows the far-infrared spectra of the bottom layer extracted from two different 

(bulk) concentration solutions. These spectra exhibit the same general features as the homogenous 

benzene solutions described previously however they appear to be more clearly defined particularly 

in the case of band C. Comparing these two concentrations it can be seen that the spectra have the 

same shape and maximum intensity, but that of the more concentrated solution shows a larger 

band A and band C contribution. Figure 7.8 shows the far-infrared spectra of the top layer from 

the same two solutions for comparison with the pure p.xylene spectrum (obtained by ratioing two 

thicknesses of p.xylene 0.1/0.2mm). It is clear from these spectra that there is evidence for the 

presence of a small amount of the salt in the top layer which is leading to the perturbation of a 

p.xylene band. It should be noted that the perturbation appears to be stronger in the more 

concentrated solution. 

In an attempt to understand the phase separation phenomenon a systematic study was 

embarked upon to check again for the differences in solute concentrations in top and bottom layers 

derived from a range of (bulk) concentrations of n.Bu4N +CI" in p.xylene. Additional precautions 

were taken to eliminate water from the systems as follows (these had not been thought necessary 

for benzene solutions in previous work 2 1 2 ) . The p.xylene was dried as normal over a 4A molecular 

sieve and transferred to a dry nitrogen flushed glove box. The n.Bu4N +CI" was transferred to a 

flask and dried (with warming 40°C) under vacuum for 7 hours. Samples of the dried salt were 

then weighed out in the glove box and made up with p.xylene to known concentrations. It was 

found that under these conditions the n.Bu4N +CI" appeared to be insoluble and no phase 

separation occurred. The far-infrared spectra (Figure 7.9) of the resulting 'solutions' showed little 

evidence of the features observed previously. The addition of small amounts of water to the 

'solutions' (containing the undissolved salt) with a microsyringe brought about immediate solution 

and separation into two layers. The spectra of the bottom layers resulting from this process seem 

to be similar to the previous examples and analysis showed that all the salt was present in the bottom 

layer as observed previously. The near-infrared spectra recorded of the bottom layers of these 

systems show water in the bottom layer with the salt (Figure 7.10). Table 7.3 summarises the 

volumes of water added for complete solution over a range of concentrations of n.Bu4N +CI" in 

p.xylene. 

I concentration 
(bulk) of salt 

(mol l M ) 

volume 
H 2 0 (mis) 

volume 
solution (mis) 

% 
water 

phases 
observed 

5.037 x 10"4 0.0 25 0.0 Cloudy 

6.657 x 10"3 0.002 10 0.02 Cloudy 

5.624 x 10' 2 0.008 10 0.08 2 layers 

1.844 x 10"1 0.017 10 0.17 2 layers 

T A B L E 7.3 
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The stoichiometry of the bottom layer of the 1.844 x 10"1 M solution (Table 7.3) has been 

calculated based on the following assumptions: 

— the only water present was that added for complete solution (separation) 

— the density of the solid salt was used to calculate the volume in solution. 

The stoichiometric ratio obtained was as follows: 

1 molecule p.xylene: 0.65 water : 1.27 n.Bu4N +CI" 

The difficulties involved in adding very small amounts of water for solution and the uncertainties 

of the water content of the salt prohibited any further analysis. 

Discussion 

The far-infrared spectra of the lower layer of the xylene solutions (Figure 7.7) show the 

same maximum intensity but the more concentrated solution exhibits a larger low and high 

frequency asymmetry. However the chloride analysis of these two solutions indicates that the 

solute concentration is the same (2.7mol I"1). Therefore the difference between these two might 

be due to their water content since these salts are considerably hygroscopic. Band C has been 

assigned previously 2 1 5 to a hydrogen bonded water interaction, possibly a stretching m o d e 2 2 7 - 2 2 8 

0—H CI". In Section iii the role of water in these systems is considered in more detail. 

The far-infrared spectra of the top layers of these solutions show a strong absorption at 

150cm"1 which is thought to be due to a perturbed p.xylene internal mode. This band appears to 

be more intense in the more concentrated solution which would be expected for a feature which 

arises from a solute/water-xylene interaction. It might also be expected for this band to occur in 

the very much more concentrated lower layer. Indeed it is thought that it is present but is very 

weak, due to the small concentration of xylene. Alternatively the salt may be preferentially 

interacting with the water in the bottom layer. 

The separation of a solution into two liquid phases, sometimes called 'unmixing' 2 2 9 has 

been found previously in many systems. For example, in 1922 H i l l 2 3 0 observed a two-phase 

separation in a solution of AgCI04 in benzene (1% water) with both phases containing all three 

components. A system closely related to the ones observed in this work is the (i - CgHi •] ) 4 N + Pic" 

in benzene studied by Fuoss . 2 2 5 More recently a series of two phase systems has been described 

for a tetra alkyl-ammonium salts of organo-metallic anions in a range of aromatic solvents. 2 2 6 

Friedman 2 2 9 has explained 'unmixing' in terms of severe thermodynamic non-ideality as follows: 

if the dielectric constant of a solution increases strongly enough with increasing concentration, 

instability will occur. This is because the solute dipoles are stabilised (relative to their state in 

pure solvent) by increasing dielectric constant. This stabilisation may become so great that the 

activity of the solute no longer increases with increasing concentration. The single phase then 

becomes unstable with respect to two phases and so unmixing occurs. 

The results obtained in this work do not follow the same trend as that observed by 

Atwood 2 2 6 for the tetra alkylammonium salts of the organo-metallic anions. In the systems 

described there is a clear relative size effect and hence the solutions are referred to as 'liquid 

clathrates'. If the size effect were predominant in the systems studied in this work, one might 
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expect n.Bii4N+Cr to take up more benzene than the other solvents and, n.PeN+CI" more benzene 

and p.xylene than mesitylene. From Table 7.2 we can see that this is not the case since benzene 

does not form a two phase system with any of the salts at the concentrations employed here and 

the tertiary pentyl salt separated into two phases with mesitylene only. 

It is apparent then that a further study of these unmixing systems and a search for 

different systems (in the same series) are necessary before any firm conclusions can be reached 

about the nature of the interactions involved. In particular, a careful study of the stoichiometrics 

of the solutions with accurate water determination is needed for a systematic examination and 

correlation of molecular models with the near-infrared and far-infrared spectra. 

iii. The role of water in these systems. 

Following the observation of insolubility of the tertiary alkyl ammonium salts in p.xylene 

(Section ii), an investigation was made into the effects of eliminating water from the systems 

described in Section i. It was found that these salts are almost completely insoluble in benzene 

when dried in the manner described in Section ii. The far-infrared spectra of these dry solutions, 

an example of which is shown in Figure 7.11, show very little absorption in the 20cm"1 to 140cm"1 

region and, significantly, none at all to higher frequency where band C has been attributed to a 

water interaction. Adding small amounts of water to the dry systems (containing solid salt) brought 

about immediate solution. The spectra of these resulting solutions were found to be identical with 

the spectra obtained previously for the undried salt (as supplied) systems. 

From the analysis 2 1 5 of previous s tud ies 2 1 2 ' 1 3 7 of the role of water in these systems it is 

clear that band C increases with the addition of water and hence has been attributed to some kind 

of water (hydrogen bond) interaction. A comparable effect has been observed by Corset et a l 2 2 7 

where the band at 170cm"1 is shown to increase when phenol ('H' bonding) is added to solutions 

of tetra aikyl ammonium salts in carbon tetrachloride. It is also significant that band C has never 

been observed 2 1 5 in the considerably less hygroscopic bromide salts, though these salts are still 

soluble possibly due to the large size of the anion. 

Previous investigations 1 3 7 , 2 1 2 of the presence and effect of water in these systems have 

concluded that the amounts of water present in the solution and measured with the Karl Fisher 

technique were too small to be significant and the effects of the water in the raw salt were 

negligible. Spectral intensities were compared of freshly-made (presumably wet due to water 

carried in salt) solutions and solutions 'dried' over molecular sieves for several days, and found to 

be identical within the limits of the experiment. However it is apparent that the interaction of 

the water in these systems is very complex and it may be too tightly bound to be either removed 

by the molecular sieves or detected accurately by the Karl Fischer techniques. Therefore in order 

to further clarify the intermolecular processes which give rise to the absorptions in this region it 

is necessary to prepare completely dry salts and solvents and add carefully known amounts of 

water whilst monitoring the relative spectral intensities of bands A, B and C. 
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Measurements of the r|« single particle correlation time for acetonitrile (in dilute solution in car
bon tetrachloride) using far-infrared measurements have enabled us to compare the vibrational 
correlation times obtained using infrared and Raman bands arising from the same (Axy modes. The 
results of this comparison show, for the first time, that quantitative differences do occur, especially 
for v, of acetonitrile, even in dilute solution. Possible reasons for this difference are discussed. 
It is emphasized that derivation of r| R or r|„ correlation times from infrared or Raman spectra using 
r, from isotropic Raman band profiles may therefore give erroneous results. 

I N T R O D U C T I O N A N D T H E O R E T I C A L B A C K G R O U N D 

The analysis 3" 1 0 of infrared and Raman spectral band shapes in order to derive the 
reortentational correlation functions (,Pt[u(0). 6(r)]> (where a is a unit vector along the 
direction of the transition moment of the normal mode) has usually been m a d e 3 - 5 ' ' ' " 
using the following assumptions: 

l i ) that the reorientation and vibrational motions are statistically uncorrected, 
enabling one to write, 7 for example, for Raman spectra, 

<(G,(0). QM]. [P'(0) • P'(01> = <G.(0). G . « ) X P ' ( 0 ) . P'(0> ( l a ) 

= P?(f)p2'B(0 . (lb) 
where Q. is the normal coordinate of the vth mode and where p ' is the polarisa-
bility derivative tensor, 3p/3Q. The correlation function <|3'(0). P'(f)> then 
gives a measure of reorientational motions for / = 2, where Pi (the 2nd order 
Legendrepolynomial) is^[3 cos J 6,(l) — I ] ; 

(ii) that the vibrational (in general non-reorientational) parts of the IyV(a>), 
Ivni01) and / ) R(cu) band profile are all identical for a given mode of vibration. 

Thus in the separation of the reorientational and vibrational parts o f a given 
Raman band prof i le 3 - * i t has been standard practice to use, 

P1"(0P!R(') <* / / „ n l M ( t u ) e x p ( - i t o < ) d ( o (2) 
•"bind 

and pi*°(0 oc I /,„(cu) exp (—ituf) dtu (3) 
' 'band 
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where / 0 D , „ ( (u) = W " ) (4a) 
4 

and / l o > (tu) = / w ( w ) - 5 /V H(a>) (46) 

(for plane polarised incident laser l i g h t " and where the observed band profiles / l B 0(<u) 
and /„„i„(co) have been suitably 1 - 3""* - 1 1 corrected for the effects of finite instrument 
resolution). 

For the corresponding infrared band*"*'1 0 one uses the assumption that 

< [ & ( 0 ) • fl.(/)]. [6(0). m\> • <&(«). Q*t)xk0). S(0> (5a) 

= rROflad) 
where 3 is a unit vector along the direction o f the transition moment, D/i/dQ,; the 
function <o(0). «(/)> then giving a measure of reorientational motion for / = 1, 
where P, = cos 0,(i). One may then use, 

p i B ( 0 p l R ( ' ) <* f li*(f>>) exp (—itof) dco. (6) 
•'band 

[Note that in eqn (2) and (6) the superscript' refers to the single particle correlation 
f u n c t i o n , ' 1 0 " " see below]. Using these relationships and making the usual assump
tion that for a given mode 

<"(<) = ei^O = < l a ( t ) (7) 
we then get 

J / I B(a>) exp (—ico/) dm 
tfa(0 = (80) 

/ A M M e*P (—i(ot) d<u 

and 

J / „ , „ ( < ! ) ) exp (— ia>l) dco 
? « ' ) = (8ft) 

/ / ,„((») exp (—ia«) da) 

Such a process has been desirable in the past since, f rom the relative values of the re
orientational correlation times, r f n [ f o r first (/ = 1) and second (/ — 2) rank tensor 
relaxations], one can derive important information about the validity (or otherwise) of 
models 3 - 4 - 1 - 1 *" 2 4 for reorientational motions in liquids. However, i t has recently been 
shown 4 that for acetonitrile eqn (7) is invalid for at least one of the normal modes, in 
particular that TJ" =p x'," for either v, or v 3 or both (see table 1 and further discussion 
below). Attention has recently been focused by Lynden-Bell 2 5 on the possible 
theoretical reason(s) for the invalidity of eqn (7) [and therefore, of course, the invalid
ity o f using eqn (8) to calculate rfo]. She has made the point that the vibrational 
(phase) relaxation function of the vth normal mode may be wr i t t en 1 - 4 as 

PP D(0 = I < & . ( 0 ) . & . ( » ) > + 2 <fi..(0) • Q,j(t)> ( 9 ) 

/ 'ictf' I 'exchontp-

where the total non-reorientation relaxation function is 

PT(0 = 9„(0*B(0 
and pB(0 is a function measuring the rate (assumed 1 - 4 - 2 3 to be relatively " slow " ) 
o f " population " or " energy " relaxation. I t has then been shown 2 3 (for an effective 
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potential of " dipolar " or " dispersive " forces) that the cross terms between the 
" self" and " exchange " parts o f in eqn (9) contribute strongly to the / = 0 
(isotropic Raman) relaxation function but only very weakly to the / = 2 (anisotropic 
Raman) function and not at all to the / = 1 (infrared) function. Thus, in the presence 
o f an " exchange " term [in eqn (9)], there is no reason to expect that eqn (7) should be 
valid. Indeed, it has been known for some t ime," " that strong mode-mode coupling 
via resonant transfer o f vibrational energy together with a non-random distribution o f 
molecules in the liquid leads to a difference between the vibrational parts o f the iso
tropic and anisotropic Raman band profiles. 

The standard experimental test" ' 2 8 for the importance o f an " exchange " term in 
the effective in termodular potential is an isotropic dilution experiment in which one 
might reasonably expect to eliminate the effects o f resonance energy transfer between 
molecules i and j. We have clearly shown 1 that neither the v, nor v 3 bands of aceto-
nitrile have more than a minor contribution f rom such resonance energy transfer 
effects. I n the light of current theories 1* - 2 0 i t is thus rather surprising that dis
crepancies r l " and T1," do occur even in dilute solution (see below) when any exchange 
term in eqn (9) would (in any event) have been removed. Since such a discrepancy 
has never been established nor investigated in a quantitative fashion we decided to 
attempt to measure r i r e and t !" separately so that direct comparison may be made and 
so that the reasons for discrepancies in this case may be further investigated. 

Although pt*°(0 (and hence t',n) may be easily obtained f rom eqn (2) i t is clear f r o m 
eqn (6) that, in order to determine 9>iB(0. one must first determine p W ) {or r°ia(t), 
and hence make a reasonable assumption about the analytical f o rm of p f a , 
see below]. In principle, '"•"• 1 »- J 2 one may determine the reorientational correlation 
time T i R f rom the microwave spectrum remembering," however, that such spectra 
give the reorientational autocorrelation f u n c t i o n , 4 , 1 6 - 2 9 

CJ.0 = I <P,[P,(0) . &,(/)]> + 2 < P , P , ( 0 ) . M f ) ] > ( 1 0 ) 
i * 'self coireloiioiu I *7 'cnm' comlatkxtt 

(f>( is a unit vector along the direction of the permanent electric dipole moment). 
This shows that multiparticle " cross " correlations between the rotating molecules 
are again important. Madden and Kivelson 1 3 have shown that the relation between 
the multiparticle and single particle correlation times is given by, 

* - n « (1 + N f i ( U ) 

where Nf and Nf are measures o f the " static " and " dynamic " orientation correlation 
f a c t o r s 1 1 - " respectively. I t is expected,"' 1 5 however, that in dilute solution of the 
probe molecule in a non-interacting solvent the second term in eqn (10), or equivalendy, 
the Nf&nA iv/factors o f eqn (11), may be effectively ignored and that one may then put 
tft = tin- I t is on this basis that we have sought to analyse our data. 

E X P E R I M E N T A L 

Raman isotropic band profiles for the v, and v, bands (as a function of temperature and 
concentration in carbon tetrachloride) were obtained1 using a CODERG LRT 800 spectro
meter equipped with a Spectra Physics model 171-06 argon ion laser. The details of these 
measurements have been published previously1 and the profiles observed in the liquid and at 
0.03 mf in carbon tetrachloride are shown in fig. 1. It should be noticed1 that the v, band 
has a depolarisation ratio p a; 0.3 and so the use of eqn (4b) is necessary to calculate /,„(to). 
For v,, p is so small that /,„(&>) = /w(o>) to a very good approximation. Correlation func-
ions pl„(r) for both the vt and vs modes were obtained from the low frequency half of each 
band because of disturbance in the high frequency wing by the vs and v6 (£) bands (respectively). 
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The infrared spectra shown at the same concentration and 318 K in fig. 2 clearly demon
strate the interference by the £ bands. These spectra, obtained using a Perkin-Elmer model 
577 spectrometer with Beckman-R.I.I.C. (variable temperature) potassium bromide cells, 
have been fitted to an overlapping combination of n lorentzian-gaussian " sum " bands" 

B 

2 960 2 9 2 0 V/enr 1 

B 

FIG. 1. Isotropic Raman spectra of (a) v, and (M »j of acetonitrile In (A) the liquid phase, (B) in 
dilute solution in carbon tetrachloride (288 K). 

(n = 5 for the v,/v, region and n — 4 for the v3/rt region) using the band fitting program 
of Jones and co-workers.34 The quality of the least squares fit is shown in fig. 3 and the band 
half-widths of the vl and vs fitted bands are collected in table I for both liquid and dilute 
solutions. Also in table I are the band half-widths obtained by visual (graphical separation) 

TABLE I.—COMPARISON or HALF-WIDTHS OF V, AND V3 BANDS OF C H , C N I N THE LIQUID AND I N 
0.02 mf CARBON TETRACHLORIDE SOLUTION. (ALL VALUES ARE FULL-WIDTH AT HALF HEIOHT 

IN cm" 1) 

Raman1 

(isotropic) 
infrared' infrared' 

liquid 
Vl 6.5 ~ I 5 — 

8.0 15.0 13.8 

C C U solution 
(0.02 mf) 

»i 4.5 12.0 14.0 
v> 4.8 8.0 7.8 

* Values measured directly from spectra. ' Values from fitted band profiles, see texL 
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of the vi and v 9 bands (in dilute solution). It can te seen that agreement of these measured 
widths is reasonably good considering the complexity of the observed spectra. 

The far-infrared/microwave spectra (fig. 4) were obtained using our Beckman-R.I.I.C. 

(a) 014 

2750 2800 2850 2900 29SO 3000 3 050 3100 3150 3200 3260 3300 
5/aiT1 

0 50 

000 1250 1300 1350 1400 US0 1500 1550 1600 1650 
V/cm"' 

FIG. 2. Infrared spectrum of a dilute solution of acetonitriie in carbon tetrachloride (3(8 K; 0.02 
mf), (a) the region of vi and vs, (6) the region of v, and v,. (Other bands in the spectrum are identified 

as far as.possible.) 

model FS720 interferometer with Beckman variable temperature polyethylene cells. Between 
20 and 250 cm."' the instrument was used in the conventional mode with a 50 gauge Mylar 
beam splitter and Golay detector. In the 2-40 cm" 1 region the interferometer was used in 
the polarising mode 1 1 and a Q.M.C. Industrial Research, liquid helium cooled germanium 
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0-45 

0 40 

035 
(4) 
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0-20 
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1 015 

1 
0 0 

0-05 

0-00 
1250 1300 1350 1400 1450 1500 1550 1600 1650 

V/crrr' 
I. Results of fitting total band profiles to a sum of overlapping lorentaan/gaussian bands 

(a) Vi and v, region, (A) v, and v, region. Data at 318 K and 0.02 mf. ' 
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bolometer was employed as the detector. I t is estimated that spectra are reproducible 
to within ± 2 % in the 30-250 c m r e g i o n and within ± 1 % at frequencies between 2 and 30 
cm" 1 . 

D A T A A N A L Y S I S A N D C O M P U T A T I O N OF C O R R E L A T I O N T I M E S 

In order to derive rig values f rom our far-infrared data i t is necessary to employ a 
model for reorientational motion since one does not actually measure the relaxation 
time o f the rotating dipoles directly. The model which we have used is based on the 
" memory function " approach 3*- 1 ' developed by Evans and c o - w o r k e r s . M " M ' u , > ' 
Using this approach the M o r i 4 0 formalism is employed to provide a solution of the 
generalised rotational Langevin equation. 1 1 

m + fmt - t X O d t ' = r,(t) (12) 

where u is a unit dipole vector and K,(t) is a time dependent friction tensor, the 
memory function, which can in turn be shown to be the correlation function of the 
random torque, Using the def in i t ion 4 1 - 4 1 o f the time autocorrelation functions 
associated with the far-infrared and microwave spectrum, viz: 

C . ( 0 « £ ^ . e x p ( - i co / ) det> (13) 

and — £ . ( f ) cc J «(<u)exp {-'wot) dcu (14) 

[where et(il) is the absorption coefficient, as measured directly f r o m the far-infrared 
spectrum] one may proceed 2 1 1 9 to expand C«(f) in a set o f memory functions Kd(i) 
. . . K„(i) which obey the relationship, 

Y t [ * . - ( ' ) ] = - f W ~ T ' )*„- l (* ' ) d t ' (15) 

such that, for example, 

dl£M = _ f KJt - r )C B (T) d r (16a) 

and ?l£dp) = _ f - T ) A , ( T ) d r (16ft) 

etc. 

Hence taking Laplace transforms one gets a continued f r ac t ion 4 1 expression for the 
spectral density 

C „ ( » ) - C . ( ' - - m + u < u ) - i Q ) + ( X f o V l i o + Kl{a>)]} ~ ( 1 7 ) 

which may be truncated at any desired point. 
In our analysis we have followed Evans l l ~ 1 4 , 5 * , J ' and used eqn (17) with trunca

tion at first order. Such a truncation leads to finite11 intermolecular torques if , 

* , ( / ) = *,(()) e x p ( - y r ) (18) 

and the model is then characterised by three parameters; ATo(0), A\(0) and y. The 
memory functions are related" to the spectral moments [i.e. to the even time expansion 
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o f C 0 ( r ) l . For a symmetric top molecule Ko(0) is ths rotational second moment given 
by 2A77/ 0, where / B is the moment o f inertia about a direction perpendicular to the 

. r, /n\ : | _ . _ J » u _ I I * . ' „ 0 t l symmetry axis. j?,(0) is related to the intermoleculor mean aiuare torque" (via the 

1 0 0 

8-0 

8 0 

a) 2B2K 

6 0 
343K 

10 

270 52-0 770 1020 1270 1520 1770 202 0 
.1 

8 

16) 6 
A 

a 

20 40 60 80 100 120 140 ISO 180 200 
v/cnr' 

Flo. 4.—(a) Far-infrared and microwave spectra of a 0.02 mf solution of acetonitrite in carbon tetra
chloride at two different temperatures. (6) Far-infrared and microwave spectra of a 0.02 mf solution 
at 318 K (A) an compared with spectra calculated using the parameters shown in table 2; (B) usina eqn 

(26); ( Q usina eqn (21) and (22). 
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fourth moment). The fo rm o f eqn (18) then shows that y " ' is a correlation time, this 
time is related to the duration o f intermolecular torques." Qearly, all three para
meters are temperature dependent Using first order truncation in eqn (17) i t may be 
s h o w n 1 1 - 1 4 that the absorption coefficient is given by, 

, ^ AofKojOWMy 
< 0 ) ' ~ y W O ) - co*]1 + « > V - 1^(0) + KM))1 C 1 9 ) 

with 

n((o)c 

where e» — 6» is the total dispersion and n(to) the frequency dependent refractive 
index. In principle, the parameters A",(0) and y can be obtained by fitting to eqn (19) 
provided that both (e<, — &») and n(ui) ate known. T h e Debye relaxation time,11 

which in the l imit of infinite d i l u t i o n 1 4 , 1 9 should be equivalent to T } N is given 4 4 by, 

. _ [KM + KMY - 2X 0 (0)r 1 . 

In the absence o f a knowledge of (e<> — &») and/or o(a>), measurements on both these 
quantities are currently in progress, one may differentiate 4 4 eqn (19) giving the fre
quency o f Oram as a function o f K,{0), 

K m\ - 4aA[a» 1 - A,(0)] 
_ nOUO) - co* l[Ao(0) + o4 ] + 4o>i ' ( 2 1 ) 

Since" then y = p 2 ? f j * . (22) 

one may calculate S\(0) and y without recourse to fitting procedures. Further, by 
differentiating 4 5 the dielectric loss curve one can calculate r D using the approximation 
that 

*,(()) s ^ p ^ ^ J . (23) 

Alternatively, i t is possible 3 9 through the definition o f dielectric loss 

, • ( „ ) « " J s g S i E (24) 

and refractive index 
^ _ | d « w + « y + «'(«»|* ( 2 5 ) 

to obtain an expression for a(co) which does not depend on n(cu), viz, 

a(co) = 2 V 2 e » c o / { [ « W + + 8'(«)*} (26) 

where e"(a>) = fa - Qfe(0)g , (0)y t t» 

where « (a» - ^ ( Q ) _ + ^ _ [ A o ( o ) + tf.fO)]}1 ( 2 7 ) 

and 
1 ' ~ "* fl^O) - at? + c/{c0> - [A«(0) + KMU* ' l 2 8 ) 

Thus one is able to fit eqn (26) to the observed a(co) data without a knowledge o f n(cu) 
[the dispersion (fio — &») <s, however, still needed or must be used as a fitted parameter]. 
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We have analysed our far-infrared data on two dilute solutions in carbon tetra
chloride (fig. 4) using three different approaches [see ref. (47) for more details and con
sideration o f other models]: 

(a) fitting to eqn (26) with e„ — e„ = 0.5 (««, » nf B = 2.20) and also using 
(«o — &») as a fitted parameter. 

(6) using eqn (21) and (22) to calculate the parameters K J f f ) and y. 
(c) fitting our data to eqn (19) with the aid of recently determined refractive index 

data 4 8 and — 6» = 0.5. These fittings are still in progress and wi l l be 
ready for a future publication. 4 1 

In each case i t s i j , ) values have been obtained f rom eqn (20) and (23) (the agree
ment between these two values o f t D at the same concentration and temperature 
being very good). The data are summarised in table 2 and the quality of the fitting 

TABLE 2.—MODEL PARAMETERS * AND RESULTING r 0 s r5„ VALUES FOR C H J C N I N DILUTE 
C C U SOLUTIONS 

temp./K conceniration/mf P„„, t to'/ps y /CAW To'/pS 

343 0.018 61 ± 2 29.3 554.4 1.8 14.2 274.8 1.9 
318 0.018 66 ± 2 32.3 666.0 Z l 12.1 264.4 2.3 
288 0.018 72 ± 2 35.7 809.9 2.6 11.8 281.3 2.8 
252 0.018 76 ± 2 37.9 914.9 3.2 11.1 313.2 3.8 
318 0.061 70 ± 2 34.5 757.4 2.3 12.9 265.4 2.2 
288 0.061 73 ± 2 36.2 834.6 2.7 IZ9 291.7 2.6 
232 0.061 82 ± 3 41.1 1072.9 3.4 12.5 329.9 3.5 

* Units are 10" ' for JC,(0) and 10*" s - ' for y; * values obtained using eqn (21) and (22); 
' values obtained by fitting to eqn (26) with «0 — too as a variable parameter and &» = 2.20 (see text). 

procedures are shown in fig. 4. ( In comparing observed and calculated o(v) curves 
i t is worthwhile remembering that the far-infrared spectrum will contain contributions 
f rom the variation of induced dipoles during collision and not only f rom permanent 
dipole reorientations. Further, that the equations fitted contain no " internal 
field " " • » • » factor.) 

Having obtained a value for the correlation time r { R by measuring r D at extremely 
low concentration we are able to obtain the correlation function <p'a(<) (but only by 
assuming a particular analytical form o f this particular function). We have made the 
usual assumption that, 

P5a(') = <«P ( - ' / * ! « ) (29) 

and we have then computed p i n ( 0 = <Pia(')fa'n(t) [eqn (6)] at each particular time 
using the fitted band profiles for v, and v 3 shown in fig. 3. p l R ( f ) may then be compared 
with </>',K(t) obtained directly f rom our previous 1 Raman measurements. The results 
o f these comparisons are shown in fig. 5 (a) and (b) and the correlation times derived 
are given in table 3. 

TABLE 3.—SUMMARY OF CORRELATION TIMES FOR A 0.02 mf SOLUTION OF C H J C N I N CARBON 
TETRACHLORIDE (ALL VALUES I N ps) 

rut rla r! n j.lio a 

V| band 0.9 2.3 1.3 2.4 
v, band 1.6 2.3 3.5 1.7 

* Measured at 288 K; other data al 318 K. 
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t/po 

10 

(0) 

o> - 0 

•5 

I / p s 

6 

10 

•5 

Fio. 5.—(a) (Logarithmic) reorientational correlation functions calculated using Raman, infrared 
and far-infrared band profiles for », of acetonitrile (dilute solution in CC1,). (A) log *«(/), (B) log 
(4.(0 using eqn (29), (Q log ?i«(0, (D) log y«(0. (A) The same correlation functions for the v, mode 
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R E S U L T S A N D D I S C U S S I O N 

From table 2 i t is clearly seen that the value o f r ] B obtained f rom our far-infrared/ 
microwave data at 318 K (the temperature o f our infrared measurements) is about 
2.2 ps at the lowest concentrations we have investigated. This compares well wi th the 
value found in " dilute " solution in benzene by Krishnaji and Masingh. 3 0 The values 
found by Eloranta and Kadaba,4* on the other hand, are considerably longer (about 
S.8 ps at 318 K ) reflecting a much higher concentration o f 0.25 mf, and hence a much 
greater contribution f rom the " cross " correlation terra o f eqn (10). The value o f 
r D in liquid acetonitrile 4 0 is also considerably higher at 3.8 ps. I t appears that on di lu
t ion the r D value first increases as would be expected f rom viscosity arguments'' 1 9 and 
then decreases10 as cross correlations are successively removed. We are now in the 
process o f making measurements at higher concentrations so that the effects of vis
cosity and increasing cross correlations (mainly through changes in band shape) 1 3 

may be investigated. There are good physical grounds for believing that r ] D > r\a f o r 
any molecule (simply because the first Legendre polynomial, cos 6,(1), varies with time 
more slowly than the 2nd order function, £[3 cos1 6,(1) — 1)]. I t is, therefore, 
important to consider the values of rg R obtained here in comparison with the r , B 

values quoted in the literature. 1- 6 ' ' These appear to range f rom 1.3 ps for the l iquid 
(318 K.) to 2.0 ps for a 0.03 m f solution in CC1 4 (288 K ) . I t thus seems likely that our 
T ' r value of ~2.2 ps (318 K ) should be compared with a value near 1.7 ps at the same 
concentration and temperature. Notice, however, that the Raman values quoted 
have been obtained using <p\"(t) = qfi?ia>(t), an approximation which we have shown 
may not always be valid. The r j n data show therefore that the reorientational motion 
in CC1 4 ' s distinctly non-diffusive*' 1 ' ' 1 9 (for which Tjn/rfc = 3). This situation is 
different f rom that indicated by n.m.r. da ta 3 1 in the liquid phase and may well reflect 
the extreme thermodynamic non-ideality 3 ' o f the solution. 

We now turn our attention to the discrepancies between <p\a(t) and p i R ( r ) (or r ' f 
and t l n ) clearly shown in fig. 5, and in table 3. There are several reasons why this 
situation might arise. 

First Lynden-Bell 2 3 has shown very clearly that in the presence of a sizeable ex
change term in eqn (9) the infrared and isotropic Raman band profiles are expected to 
be different. However, as mentioned above, the amount of resonance energy transfer 
(R.E.T.) is small for these two modes even in the liquid phase. Further, any small 
amount of R.E.T. operative should be removed on going to a dilute solution CC1». 
I t should also be noticed that our Raman measurements on the v, and v} bands showed 
that v 1 ^ = *oSJf*icontradiction to what is expected 1 6 - 2 8 i f mode-mode coupling is the 
result of liquid phase " order " caused by a non-random distribution o f " probe " mole
cules. Further evidence that our data do not follow the predictions o f Lynden-Bell is 
provided by the fact that any " cross " term (assuming one exists) between self and 
exchange processes appears to be negative for our v, data (ri™ > r j " , see table 3) 
indicating 2 3 (for a stretching mode) dipole-dipole forces to be predominant. This 
we kn o w 1 ' 1 ' 4 not to be the case (see below). A positive cross term (rJ R > x',°°) 
occurs, on the other hand, for the v 3 (symmetric bending) mode which would indicate 
the presence o f dispersive interactions, in a situation where the band profile is sensitive 
to dilution in a non-polar solvent. I t thus appears certain that we can eliminate 
R.E.T. as a source o f the observed discrepancy between p l M ( f ) and 9>JH('). 

Secondly, i t is possible that collision-induced processes make a significant contri
bution to the profiles of these bands. This would imply that the intermolecular 
potential in dilute solution may dominate by short range repulsive forces. There is 
already a certain amount of evidence 1 , 4 '" f rom temperature, 1 - 8 density 9 and concentra-
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l i o n 4 studies that this may indeed be the case, especially for the v, (symmetric C H , 
stretching) mode. In particular, the (rl™)" 1 relaxation rate increases on increasing 
the temperature at constant density (in contravention of the ptj/T dependence expec
t e d 4 ' " for the dephasing rate controlled by longer range, dipole-dipole interactions). 
Furthermore, the behaviour on dilution is unusual in that the T " 1 relaxation rate (ob
tained using the K u b o u model to separate correlation time and second moment 
contributions to r ; 1 ) shows an increase as the amount o f C O , is increased. (Notice 
that the change in band-width and r~ l is non-linear,1 also in disagreement with the 
prediction" based on dipolar or dispersive interactions.) I f indeed collision induced 
interactions are important then i t is possible that such processes affect the transition 
moment, dH/dQ, differently f rom how they affect the polarisability derivatives, 
da/dQ or <?3/ dQ. I n that case there is no reason why the various vibrational band 
profiles should be the same. 

Finally, i t may well be that at least part o f the discrepancy between <p\,K(t) and 
is a result of our neglect of one or more of several factors involved in making the 

original separation via eqn (2) and (6). It may be, for example, that for a complex 
highly polar molecule such as acetonitrile the approximation made in eqn (1) and (5) 
are simply not valid and that statistical correlation o f reorientational and vibrational 
motions are important. 9 Furthermore, the necessarily simplified treatments neglect 
possible coupling of vibrational relaxation mechanisms. Eqn (9) should, of course, 
be constructed such that, 

(MO = <PtC) • <?i(0 . . . 9,ity> 

where there are supposed to be J mechanisms by which <2!(0). gj(<)> may decay. 
How large the cross terms between such mechanisms are expected to be and how 
differently they would affect infrared and Raman spectra is not yet established. I t is 
clear that there has so far not emerged a well-established reason for the disagreement 
between the vibrational relaxation functions obtained f rom isotropic Raman and 
infrared spectra. More theoretical and experimental work is obviously needed.- The 
type of work we have described here does, however, show how theoretical predictions 
may be checked, at the same time demonstrating clearly the dangers o f transferring 
correlation times or half widths between data f rom different techniques. 

Valuable discussions with Dr. Myron Evans, Dr. Ruth M . Lynden-Bell and Dr. 
Paul A. Madden are gratefully acknowledged. Thanks are also due to N A T O , 
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Far-infra-red spectra in the 2-200 cm"1 region of dilute solutions of 
CHjCN in C O , solution have been employed to test the various analytical 
models available for the description of rotational motions of a symmetric 
top dipole in the liquid phase. It is found that none of the various approxi-
mants of the Mori continued fraction description of reorientational correla
tion function fit the experimental data satisfactorily. This implies that, 
although the data (from this and other techniques) may appear to be properly 
described by a simple rotational diffusion model at long times, the short 
time dynamics are too complicated to be reproduced even by much more 
sophisticated models. The data are able to clearly discriminate between the 
various models tried and, in addition, give valuable information about the 
nature and extent of the mean square torques acting on the probe molecule. 

1. INTRODUCTION 

The problem of describing analytically the molecular dynamics and interac
tions in a dense fluid of dipolar molecules may be approached using a wide range 
of spectroscopic methods [1-3]. These include infra-red, far-infra-red and 
microwave absorption, Raman and Rayleigh light scattering, neutron scattering, 
and nuclear magnetic resonance techniques. (There have recently been several 
excellent reviews of the subject [1-4].) A viable model of the dynamical evolu
tion of the N molecules from an arbitrary initial time, t = 0, must then be capable 
of describing the various spectroscopic features in a consistent manner. In 
other words, it must be consistent with all the data and must allow such data to 
be expressed in physical terms which are suitable for intercomparison. I t has 
become clear recently [2, S] that models described in terms of inverse frequencies 
(such as the Debye relaxation time [6] or the time between collisions of extended 
diffusion theory [7]) lead to disparate and contradictory results for extensively 
studied [5, 8] liquids such as CH 2C1 2. The fundamental reason for this is that 
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700 M . W. Evans et at. 

the models involved approximate the Liouville equation [3, 8] of motion too 
roughly. Most, if not all, these models are early approximants (or truncations) 
of the Mori continued fraction [8-10] expansion of the Liouville equation and, 
as such, define the potential energy of the total hamiltonian using only one or 
two terms, in the effective Taylor expansion [3, 4 (b)]. For example, in the 
./-diffusion model [3, 7, 11] even the mean square torque, the first derivative 
of the potential energy with respect to orientation, is not defined. Furthermore, 
this is true for any model which relies on the concept of an elastic collision 
regardless of the type of underlying statistics employed [12], 

This situation will remain unless a realistic intermolecular potential is 
employed, either by direct numerical integration of the equations of motion [13] 
(molecular dynamics simulation) or by taking a fundamentalist line in employing 
later approximants of various continued fractions. We describe here a method 
for the evaluation of the mean square torque acting on a dipolar molecule and 
its derivative using the truncated Mori expansion of the orientational auto
correlation function C„(t) = <u(0). u(i)> (u is a dipole unit vector) without 
recourse to least mean squares fitting [10 (a)] to the observed far-infra-red 
spectra. This technique is applied to the analysis of data on dilute solutions of 
acetonitrile in a range of solvents by observing the peak frequencies of both the 
dielectric loss, e"(<u), and the power absorption, a(u>), spectra. We express 
some currently popular models in terms of Mori approximants and evaluate 
them using the 0-THz frequency spectra for the same solutions. In this way 
we are able to discriminate, in a very powerful manner, the relative validities 
of the assumed models. In order to counteract the complexity of the overall 
dynamics in an isotropic fluid we have also studied the far-infra-red spectrum 
of CH 3 CN in a solvent which forms a cholesteric phase (and which therefore 
restricts, to some extent, the freedom of molecular motion). 

2. GENERAL THEORETICAL BACKGROUND 
The starting point is the model-independent Mori equation of motion [15-17] 

of a dynamical array of N interacting molecules, viz. 

A ( < ) = i£2F TA(t) - S KA(t - T ) A ( T ) dr + FA(*), (1) 
o 

where A / f ) are the n linearly independent variables and £i f t is a resonance fre
quency operator. The matrix Ka is a memory function and F f l (f) is a random 
force or torque which is Mori-propagated from A(0) and is a generalized sto
chastic variable [16]. Physical realization of equation (1) may be expressed 
through the following models which have often been used in the interpretation 
[1-4] of infra-red, Raman, N.M.R., (spin-spin, nuclear quadrupole and spin-
lattice relaxation) and neutron scattering data. 

(1) When the memory kernel KA has delta function components (i.e. K0(t) = 
D8(t)) equation (1) reduces to the Langevin equation [15 (b)] for an asymmetric 
top, solved very recently by Morita [18]. This represents the inertia-corrected 
asymmetric top analogue of the Debye model of rotational diffusion (infinitely 
small reorientations taking place infinitely rapidly). The solution leads to 
friction coefficients [17 (d)] /3UV and along the principal inertial axes 
and they may be found using the shape factor analysis of Biido et al. [19]. 
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For a symmetric top molecule pxx = fivu and, since the friction coefficients are 
obtained from the maximum in the dielectric loss curve, the two /? values can 
be obtained without the use of adjustable parameters (see equation (7)). 

(2) The next simplest model is characterized [20 (a)] by writing 

Ko{0 = ™ * o ( t ) e x p ( - | t | / T j , (2) 

where T„ is the correlation time of the dynamical system and FIiKB(0) the memory 
kernel for a maxwellian ensemble of non-interacting rotors. This model 
corresponds to the Gordon ./-diffusion model [7] for instantaneous, elastic 
collision-interrupted free rotations or to the Chandler binary collision model 
[20 (b)]. The resulting spectrum (the Fourier transform of <o>(0) . «"»(r)>, 
where to is the angular velocity about the dipole axis) is therefore analytically 
identical [21] with that obtained using the /-diffusion model. Equation (2) 
represents a first order approximant of the Mori continued fraction [9, 10]. 

(3) More complicated, but tractable, expressions for the dipole orientational 
correlation [8 (b)] function C„(r) may be obtained [10] using other approximants 
of the Mori continued fraction expansion. The rate of convergence of successive 
terms to the Liouville equation 

u = t:Sfu (3) 

is, however, (at present) unknown. 
Truncations at second- and third-order respectively [8, 10, 22] lead to the 

approximants defined by, 

K™(t) = *„<"(") exp ( - [^„«>(0) /2] '« t) s K u<»(0) exp ( - y,<) (4) 

and 

K™(t) = K„<»(0) exp ( - [nKM(0)l2y* t) m KJ*>(0) exp ( - y 2 / ) , (5) 

where Ka

(1}(t) and Ka

(1\t) are the second and third memory functions of C„(t). 
In previous publications [10, 14(a)] the y, and y 2 factors in (4) and (S) have 
been treated as adjustable parameters but, as is made clear later (and elsewhere 
[8]) the equilibrium averages (AV o ) (0 ) , /^" ' (O)) and (KJ°>{Q), AT„< 1 ,(0), Kj*'{0)) 
(depending on the approximant used) may be calculated (without need for least 
squares fitting) from the maxima of the dielectric loss (e'(w)) and power absorp
tion (o(to)) curves in the 0-THz frequency region. Furthermore, only one set 
of experimental data is needed (provided refractive index data are available 
[14 (c)]) since the relationship 

*{i) = 2ne"{f)ijn(i>) (6) 

can be used. The memory functions mentioned here are, of course, closely 
related to the dynamics and interactions of the molecules in the fluid [10, 23, 24] 
and their determination can throw considerable light on these molecular proper
ties. / L 0

( o i ( 0 ) is proportional to the orientational second moment (2feT// f l for 
a symmetric top molecule), / f u

( , l ( 0 ) is related [24] to the mean square torque, 
(0(K) a >, while K„ ( J , (0) is related to the torque and to its mean squared time 
derivative. 

2z 
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(4) Finally one may use an itinerant libration model as developed by Coffey 
et al. [17] ; details of which are presented fully elsewhere [17]. This is a zeroth 
approximant of the matrix Mori series considered by Damle et al. [25] for a 
translational itinerant oscillator in the context of neutron scattering. In 
particular, [8 (a)] the memory function Ka of equation (1) is given by 

(7) 
- £ t f 0 ,8( t )+Q„ a J 

where u»?

J = X„"»(0) and = Ar u

( l ) (0) = ( / 2 / / , ) / : „ < o l (0) in this notation, /3t and 
/?2 are friction coefficients. The librating disc-like molecule is situated [17 (b)] 
in a rigid annulus (cage) of neighbouring molecules, both disc and annulus 
being free to rotate about a central axis perpendicular to their plane. / , and / 3 

are the moments of inertia of the disc and annulus respectively. The para
meters of this model [17], with one exception, may be identified with measurable 
frequencies such as those of the dielectric loss and power absorption. The 
adjustable parameter, J92, is defined as the hydrodynamic friction between the 
librating/diffusing molecule and the annulus of surrounding molecules. Ana
lytical tractability is only achieved for planar reorientations of the symmetric 
top dipolar axis. In general, however, this restriction may be lifted by using 
numerical methods (computer simulations) [26] or by noticing that the stochastic 
equations of motion governing the system may be identified with those developed 
by Budo [19] for the brownian motion of a molecule carrying a pair of interacting 
dipoles. However, this dipole-dipole coupling mechanism, whilst surely being 
important for pure dipolar liquids, should be much reduced or even negligible 
at the very low concentrations used in this work (in order to attempt to avoid the 
problem of ignoring the internal field [27 (a)] and to eliminate cross correlation 
effects on C u ( f ) ) . We investigate here the effect of /32 on the low frequency 
(theoretical) power absorption profile. 

3. DEFINITION OF THE VARIABLES OF MODEL 3 

The analytical expression [10 (a)] for the power absorption coefficient of the 
two variable approximant (equation (4)) is 

a K W ' y 2 [X: o

< ' " (0) -a . 2 ] 2 + «) 2 [c o

i ! - ( / s :„ ( , "(0)4-^ u

( , ) (0) ) ] 2 ' K ' 

I f this expression is differentiated we obtain AT„ul(0) in terms of the maximum 
frequency, co„ of the a(o») curve, viz. 

jr 4 ^ V , » - J g . < « ' ( 0 ) ) 
u K ) v{K™(0)-u,l*){Ku<0,(0) + u>l*) + 4wl*- ^> 

Thus the mean square torque can be measured directly from the infra-red peak 
frequency, this band shifting to higher frequency as the torque increases. 

By differentiating the corresponding expression for the dielectric loss «"(u») 
we arrive at the useful approximation 
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where TD is the inverse of the dielectric loss peak frequency, to0. TD may there
fore be directly calculated through equation (10). In the next approximant the 
two equations, 

are solved simultaneously to give AT u

( 1 )(0) and >v„ , 2 ,(0). (The details of this 
solution are given in the Appendix.) 

Needless to say, the Ku

w(0) value estimated from equation (10) or from 
the pair of following equations should be the same were the truncated (con
tinued) fraction already a reasonable approximant to u = i j f u . By noticing 
that the far wing of the Rayleigh depolarized band decays [29] approximately 
as e"{ui)/w, this method may be extended one step further to evaluate the set 
(KJ°\0), / O ' ( 0 ) , K™(0) and K™(0)) given the interrelations between the 
coefficients of time in the Maclaurin expansions of Cu(<) [3, p. 18] and the 
correlation function appropriate to Rayleigh scattering, i.e. for simplest geo
metries J<3(u(0) . u(t))a— 1>. By this method we can move towards experi
mental consistency without recourse to modelling at too early a stage. I t may 
also be possible to extend the set of Kj"'(0) further in the future with aid of 
recent mathematical developments [27 (b)] in the ill-posed problem theory as a 
method of estimating the-statistical information lost by using approximants. 

The far-infra-red measurements reported here for acetonitrile in solution in 
CC14 were made using a Beckman-R.I.I.C. Ltd. FS720 (20-250 cm" 1), 
Michelson interferometer equipped with a Golay (IR50) detector and a QMC 
Industrial Research Ltd. liquid helium cooled germanium bolometer (2-30 cm - 1 ) . 
In the low frequency region the interferometer was converted to the Martin-
Puplett [31] mode. The variable temperature cell unit was equipped with 
polyethylene windows and temperature control was via a Beckman R.I.I .C. Ltd. 
controller. I t is estimated that spectra are reproducible to within + 2 per cent 
in the 30-250 c m - 1 region and within + 1 per cent at frequencies between 2 
and 30 c m - ' . Static permittivities were made with a W.T.W., Model DM01 
dipolemeter while the refractive indices were obtained at the National Physics 
Laboratory using a special dispersive cell [32] developed there (these measure
ments will be described in detail elsewhere). Spectroscopic grade CH 3 CN 
and CC14 were used throughout after drying over molecular sieves. Solutions 
were made up by volume immediately prior to measurement. Measurements 
on CH 3 CN in cholesteryl oleyl carbonate were made using a Grubb Parsons/NPL 
Michelson interferometer equipped with Golay and helium cooled Indium/ 
Antimonide detectors in order to cover the region between 1 and 250 cm - 1 . 
A saturated solution of CH,CN in this solvent was prepared by refluxing f<5r 
48 hours and separating layers. This yielded a solution with a mole fraction 

0 
W = (LH> 

(11) 

and 

o, 
CJ = Wi 

(12) 

4. EXPERIMENTAL 

for CH,CN of about 0-04. 

2z2 
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5. RESULTS 

Measurements of CH 3 CN in CCl 4 have been made over a mole fraction 
range of 0-018-0-37 and at temperatures between 252 K and 343 K. Some 
typical power absorption spectra are shown in figure 1. We concentrate here 
on model fitting spectra at the lowest concentrations (mole fractions of 0-018 
and 0-06) for the reasons outlined previously. Figures 2 and 3 show the refrac
tive index data, n(P), and a comparison of the a(P) and curves at these two 
concentrations and 318 K. The static (e0) and long wavelength (i.e. 
> 50 c m - 1 ) permittivities are summarized in table 1. 

no 
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Figure 1. (A) Comparison of observed data for a mole fraction for C H 3 C N in C C l t of 
0-02 at two temperatures. (B) Comparison of observed data for CHjCN in an 
isotropic phase (CO, ) (1) and a mesomeric phase (cholesteryl oleyl carbonate, 
c.o.c.) (2) at comparable concentration and the same temperature. 
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Table I. Permittivities and refractive indexf of solutions of CHjCN in C C I , (temperature t 
in K given as a superscript). 

Mole 
fraction 
C H 3 C N f 0

3 " *o2" *»,"• n„ 2 ,» f a , 1 1 1 to"' <»«" 

0018 
0061 

2-38 
2-79 

2-42 
2-83 

2-51 
2-92 

1-474 
1-480 

1-488 
1-490 

217 
2-19 

2-21 
2-23 

2-30 
2-32 

t At frequencies beyond 3 T H z (100 cm - 1 ) . 
t Values of <» and fro at 288 and 252 obtained from those measured at 318 K with 

de/dT= -0002. 

6. EVALUATION OF MODELS AND DISCUSSION 
Before comparing our spectra with the models considered it is worth making 

the point that these models are applied in such a way that the microwave dielectric 
loss curve is reproduced accurately. This implies that, at long times, We assume 
in each case that the orientational correlation function, <u(0) . u(<)>, decays 
exponentially. This in turn ensures that the short time characteristics of each 
model (corresponding in the spectral domain to the high frequency, far-infra-red, 
region) may be individually compared with each other and with the experimental 
data. I t has been emphasized [4, 8] that the great importance of far-infra-red 
data is that they provide a means of discriminating between different models 
all of which predict an exponential decay of the relevant correlation function at 
long times (and therefore all of which appear to fit the observed low frequency 
data equally well). 

The models were fitted to the solutions of CH 3 CN in CCI 4 which are res
pectively 1-8 and 6-1 per cent mole fraction in solute. We have assumed that 
the effects of collision induced dipoles and of cross correlations of the type, 
<U;(0) . £ u ;(/)> (i and j referring to different molecules) are negligible at these 

i*i 

very low concentrations. (Notice, however, evidence from Raman data [14 (a)] 
that dipole-dipole coupling [27] may be operative even at 2 per cent mole 
fraction.) 

The delta function memory of model ( I ) is not able to produce a far-infra-red 
Poley absorption since the mean intermolecular potential energy is inaccurately 
defined (for example, its first derivative with respect to reorientation, the r.m:s. 
torque is undefined). This model therefore simply predicts a Debye plateau, 
[3, 4, 8] even when inertial corrections have been made [18] and this is the 
maximum value ot(u) reaches. 

Figure 4 shows the observed spectrum at lowest concentration compared 
with those predicted by the /-diffusion or Chandler binary collision model 
(model 2) and with the planar itinerant oscillator (model 4). I t is seen that 
the former is totally inadequate in that it peaks at the position predicted by the 
average rotational energy and makes no allowance for torques which shift the 
far-infra-red spectrum to higher frequency [3, 4, 8]. In other words, the J 
diffusion model merely broadens the J+ 1«— / pure rotational contour and again 
no evaluation of the mean square torque is possible. This is true even where the 
analytical statistics underlying this process of collision interrupted, free rotation 
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Figure 4. Comparison of observed and predicted data for C H j C N in CC1 4 (0 02 mole 
fraction, 318 K ) . Curve (1), Binary collision (/diffusion) model first-order trunc-
tion ; Pl = 20 T H z ; Curve (2), Symmetric top itinerant oscillator model / , = 
10/,, /J, = 5 T H z ; Curve (3), same with /9,= 15 THz ; Curve (4), observed data. 

are generalized since the collisions are elastic and infinitely short. The r.m.s. 
torque is again undefined. 

As in previous studies on highly polar molecules [8 (b), 17 (b, d)] the 
itinerant oscillator model produces a far-infra-red spectral distribution (figure 4) 
which is too narrow even for large values of tbe molecule-annulus friction para
meter /?2 (figure 4). I t is clear that fixing ^ at kTrDjI2 (where TD is the inverse 
frequency of the loss peak) and varying /32 does little to improve the situation 
(using / J ^ I O / J as one would expect [17(b)]). Furthermore, the dipole-
dipole coupling interpretation of equation (7) is not considered to be realistic 
for dilute solutions since such coupling should have been largely removed. 

Figure 5 shows the results of comparing our observed data at 318 K with the 
higher order approximants of the Mori continued fraction (for example, equations 
(4) and (5)). I t is seen that second- and successive-order continued fraction 
approximants of the orientational autocorrelation function, C„(r), first used by 
Barojas et al. [32] seem a little more realistic than models (1) and (2) which are 
respectively the zeroth- and first-order approximants to the continued fraction 
representation of the angular momentum autocorrelation function. Since we 
have approached these model calculations in several ways, it is worth outlining 
the methods used. 

At first we had some difficulty in fitting our data to equation (8) since com
plete refractive index data were not available [14 (a)]. Initially we therefore 
fitted our a(io) data to an expression [23 (c, f ) , 14 (a)] which is independent.of 
n(a>), viz. 

«(«1) = v ' ( 2 ) < > ) i » / 4 ( « W + ' ' ( « ' ) , ) 1 | , + « , ( ' " ) ] 1 / ,

l ( " ) 

where (eo-e^,) was fixed at the observed value (table 1). This equation gives 
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Figure 5. Comparison of observed (curve (6)) and predicted data for C H j C N in C C I , 
(0'02 mole fraction, 318 K). Curve (1), second-order Mori truncation ; best fit to 
equation (13) with observed ta — f-r—0-21. Curve (2), second-order Mori trunca
tion—values calculated using equations (9) and (14). Curve (3), second-order 
Mori truncation, best fit to equation (8) with variable /C u < 0 ,(0) and t 0 —too see text 
for details. Curve (4) best fit to equation (13) with variable £„ — cm; /Co("(0) = 
27-S, y = 3'9, c0 — c» = 0-33. Curve 5. third-order Mori truncation, equations (A 1) 
and (A 2) with observed t„ — t*,. 

reasonably good f i t (curve 1) with a maximum frequency somewhat higher than 
that observed (table 2). This result may be compared with that (curve 2) 
obtained when expressions (9) and (14) (see [22]) are used to calculate the two 
parameters KJl>(0) and y without recourse to least squares fitting, 

v = [ ^ u ( 1 , ( 0 ) ] 1 ' 3 . (14) 

Clearly the fitting procedure is more satisfactory, at least, for this molecule. 
We then attempted to check the internal consistency of equations (8) and (13). 
Using the e'(io) and c"(w) data calculated by fitting to equation (14) we were 
able to recalculate the refractive index curve since 

n(V 
| ( . > y + « ' ( m ) ' ) ' » + € ' ( m ) j ' w ( 1 S ) -

This dispersion curve is shown in figure 6 (together with the experimental 
refractive index data obtained so far). As expected the curve shows a shallow 
minimum at ~ 9 0 c m - 1 to high frequency of a m n x at ~ 6 6 c m _ 1 (for a mole 
fraction of 0-018 at 318 K) . The n(w) data of figure 6 was then used to obtain 
a best f i t to equation (8). Curve (3) of figure S shows the result of this f i t 
allowing both — and /C u

< 0 ,(0) to vary. Although this fitted curve is in 
good agreement with the observed data it can only be achieved with a K„<0,(0) 
value of 2-9 and = 0-55. We then get a value of Tp = 0'66.ps and the 
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Figure 6. Refractive index and absorption data for a mole fraction for C H a C N in CC1, of 
0*02 (318 K) . Curve (1), experimental data. Curve (2) t calculated data using 
equation (15) with parameters calculated hy a best fit to equation (13) (see table 5). 
Curve (3), calculated data using parameters calculated by a best fit to equation (8). 
Curve (4), experimental absorption spectrum. 

calculated «"(">) curve peaks at - 8 era - 1. Any attempt to fix K u

( 0 , ( 0 ) and/or 
results in totally unreasonable low values of y (leading to an extremely 

narrow band profile). The observed value of e0 — e„ is 0-21 (based on e„ = n „ 2 ; 
see table 1) and since /C„ , o '(0) is already normalized to I/ZkT it should be fixed 
at a value of 10. The lack of consistency is thus a measure of the inadequacy 
of the model based on second-order truncation of the Mori continued fraction. 

The next higher order approximant (equation 5) was then used to obtain 
^ ' " ( O ) . K„'"(0) and y2 (table 3) as outlined in the Appendix. Again there is 
significant deviation between observed and calculated data (curve (5)) and, 
clearly, convergence has still not been reached. This is reflected by the fact 
that Kjl)(0) = 2l 0 KJ<»{0) for the second approximant and / f u "»(0) = 43-2 
K„i0\0) for the third approximant (tables 2 and 3). I f this kind of continued 
fraction is to be physically meaningful (as opposed to useful) a means of extend
ing it to infinity without introducing more adjustable variables must be found. 
One way in which this may be achieved is mentioned in § 3. 

Table 3. Summary of parametersf obtained using third-order truncation to Mori con
tinued fraction. 

Temperature/ Mole fraction 
K C H 3 C N y AV"(0) /f„'»'(0) 

318 0018 . 100 43-2 64-1 0-21 
318 0 061 10-6 48-7 72-4 0-60 

t Units as in table 2. 

221 



Molecular dynamics in acetonitrile 711 

Meanwhile, we have to make the point that the 0-THz absorption band of 
dipolar liquids eludes satisfactory analysis by the currently available analytical 
methods. The statistical mechanics of the autocorrelation function are too 
complicated even without taking into account the electrodynamics giving rise 
to the internal field problem. Attempts to reproduce the band shapes by varying 
phenomenological parameters for best f i t are often unhelpful in that the under
lying theoretical differences are obscured. However these empirical methods 
may be useful as the only available yardsticks when comparing data from different 
sources (see later). 

In view of the significant discrepancies shown in figures 4 and 5 it is clear 
that inter-experimental comparisons will be meaningless if models such as these 
are used without great care. On the other hand, it is only by studying the high 
frequency (short time) regime of the orientational spectrum (correlation function) 
that we are able to discriminate at all between the various models. As mentioned 
previously (and as may be seen from figures 4 and 5) all the models considered 
here give excellent fits to the dielectric loss curve below ~ 4 c m - 1 (i.e. in the 
low frequency, long time regime) but the physical meaning attributed to the 
relaxation times (TD= l /<u m a x of the «"(<u) curve) will all be different. Each 
of the other techniques available for the measurement of T , r has associated with 
it significant drawbacks in this respect. The N.M.R. spin-spin relaxation 
technique, for example, gives information only about the area under the appro
priate autocorrelation function and not the details of its decay. It is therefore 
usual to use the rotational diffusion model for calculating N.M.R. correlation 
times, the results being apparently reasonable only because the details of the 
ensemble molecular dynamics (embodied in figures 4 and S) are obscured (and 
models which give the same overall relaxation times cannot, in any case be 
distinguished). In principle, infra-red and Raman studies of vibrational-
rotational band broadening can be used to obtain information about the short 
time regime. In practice, however the bands have to be carefully chosen to 
avoid overlap in the wings with other (including hot band) transitions. Isotope 
effects and vibration-rotation coupling are also complicating features and it is 
rarely possible to achieve high enough signal/noise ratios in the high frequency 
regime. Likewise, since the far wings of the depolarized Rayleigh scattering [29] 
measures approximately the factor «"(<o)/<u, the short time details are clearly seen 
only with careful intensity control. 

In view of the fact that most of the T , r data in the literature were obtained 
using information from the long time regime it is rather suprising that agreement 
between data from different techniques is difficult to find (tables 2 and 4). How
ever, in comparing data from different techniques it is important to remember the 
following points (1) data obtained from depolarized Rayleigh scattering [35] or 
from dielectric relaxation measurements [36] in the liquid phase include con
tributions from cross correlations (i.e. correlation between the motions of 
neighbouring molecules) ; (2) that some of the data obtained from Raman and 
infra-red measurements are erroneous [33], either because the vibrational part 
of the band was not properly accounted for [43] or because the band profiles 
used [38, 39, 41] were disturbed by hot bands (this is particularly true [33] of 
the K, and v, bands). In his review of the extensive data for this molecule 
Griffiths [33] came to the conclusion that the best values for T 1 h ( _|_) and T 2 B ( J . ) 
were 3-3 and 1-1 ps respectively (at 298 K ) which is (conveniently) exactly the 
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ratio expected theoretically [44] for rotational diffusion. There is evidence, 
however, that both of these values may be incorrect. The T , r value is obtained 
from microwave data on the liquid and includes the effects of cross correlations. 
Data on T 3 H obtained from more recent measurements on vs and v3 of aceto
nitrile suggest a value nearer 1-4 ps at 298 K (see table 4). Thus our T1RlrtB 

ratios which, for dilute solutions, lie in the 1'2-2-0 region (assuming that the 
temperature dependence of r , R is the same in CCI 4 as it is in the pure liquid) 
are probably not at variance with previous data. In any case, our far-infra-red 
data demonstrate conclusively that such a model is hopelessly inadequate to 
explain the details of molecular motion in the short time regime (a regime which 
cannot be studied properly using any of the other techniques currently employed). 
One possible way of making further progress in comparing the dynamics in the 
two time regimes would be to undertake an extensive molecular dynamics 
simulation of CH 3 CN using a suitable empirical intermolecular potential. At 
the same time we should attempt to proceed analytically by approximating more 
realistically, using advanced statistical techniques, the Liouville equation for 
u or <i>. 

Table 5. Far-infra-red peak frequencies for C H , C N solutions. 

Mole fraction 
Solvent Tempera ture/K C H . C N funx/cm*1 Reference 

CC1, 343 0018 61+2 This work 
CC1 4 318 0-018 66 + 2 This work 
C C I 4 252 0018 7 6 ± 2 This work 
C C I , 338 0061 65 + 2 This work 
e c u 318 0-061 70 + 2 This work 
C O , 252 0061 8 2 ± 3 This work 
Cyclohexane 296 dilute soln. ~50 [45] 
Carbon disulphide 314 2 per cent 

volume 
~60 [46] 

n-heptane 314 2 per cent 
volume 

-38 [46] 

C H , C N 314 10 7 5 ± 5 , 9 0 ± 2 [46, 49] 
Cholesteryl oleyl carbonate 298 0-04 83 + 2 This work 

Finally, as mentioned previously, the far-infra-red data give, in principle, 
information about the intermolecular mean square torque. The simplest way 
to obtain a feeling for such torques is to notice that equation (9) gives an in
creased torque parameter Ku

ll,(0) as the maximum frequency of the a(tu) curve 
increases. Table 5 summarizes the <omax data which have been obtained so far 
including data (see figure 1 (b)) in cholesteryl oleyl carbonate (which when pure, 
forms a cholesteric mesophase). It is rather obvious that the short time torsional 
oscillation of the CH 3 CN even in isotropic phases is significantly environment 
sensitive. The mean square torques appear to increase on decreasing the 
temperature (large shifts occur, for example, when CH 2 Cl a is frozen to the glassy 
state [47]) and also to increase when the number of acetonitrile molecules in the 
mixture increases. This provides <<«wt evidence that molecular interactions 
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(presumably dipolar in origin) have a significant influence on the molecular 
distribution even in dilute solutions. Furthermore, it appears likely that such 
torques are smaller in hydrocarbon solvents (such as n-heptane) and much 
larger in mesomeric phases. 

Thanks are due to Beckman-R.I.I.C. Ltd. and S.R.C. for equipment grants, 
for a C.A.S.E. studentship (to P.L.J.) and a research Fellowship (to G.J.E.). 
This work was also supported by a research grant from N.A.T.O. M.W.E. 
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APPENDIX 

For third-order truncation of the Mori continued fraction, 

6>)=( £ o- e„)«</c;»>(0)/i:„'»(0)/f: 0«no)[7r/i: u< 2»(0)/2]>'V£> > ( A i ) 

where 

D = W2Ku<2'(0)u> V * - (/C„ ( o )(0) + ^ " ( O ) ) ] " 

+ [w* - u,2(K„«»(0) + KJ"{0) + K™(0)) + AV°>(0)K„ , a>(0)] a 

and 

(A 2) 
n[w)c 

In the region where a(co) reaches a maximum, the refractive index «(«/) is 
constant to within a few per cent (figures 2 and 3) so that differentiation of 
( A 1) and ( A 2) according to equations (11) and (12) yields the expressions 

w2a. 0

2[(*,r(0)+*„<>'(<)))* 
-2a , „^ u ' ° ' ( 0 ) ( ^u < , " (0 ) + ^ " > ( 0 ) ) ] , A 3 . 

u W Ku«"(0)(A:u

<» l(0) + 2a.^) 1 ' 

and 

[ K u

< a ) ( 0 ) r ( [ K „ , 0 , ( 0 ) ] 2 - <V) + " i 4 K „ l l ! , ( 0 ) K s ( 4 - w) + tf„w,(0)(ir- 4) 
+ / f „ l l H 0 K " - 2 ) ] + [c U l

4 -«> 1

2 ( / : o

( 0 , (0)+K u

l >»(0))][a J l ' (^ u «»'(0) 

+ *„<"(0))-3<V] = 0. ( A 4) 

By solving these equations simultaneously a quartic is developed in AT a

( 1 ,(0) 
which may be solved numerically. The quartic is 

^ [ ^ • . , 1 ) ( 0 ) ] 4 + B [ ^ u

( 1 , ( 0 ) ] 3 + C [ ^ 1 , ( 0 ) P + /3K: o

( 1 ' (0) + £ = 0, ( A 5) 

where 

* - ^ [ K . « « ( 0 ) ] 1 - » , « ) . 

B = a{2b[K«\0)Y + « , V - 2( 1 + 6)]}, 

C = [K.M{0)Y(b* + 2ac) + < 0^[< l(4 - 7 r ) K a - K,, , o ,(0)) + 6(ir - 2) 

- i ( 6 2 + 2ac+l) ] , 
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D = 2M*„""(0)] 2 + cV{6(4 - w)(<V - K u

< 0 ,(0)) + c[n - 2(1 + b)] 

+ 4<Ol»-2/Cu«»(0)}, 

£=c J [^ u ' 0 , (0)]« + <V{(4 - - /^"'(O))* - c* 

- - 4a,,3 K«\Q) + [X.<0,(0)]«)} 
and 

f 0

2 f f 

° 2K:„(»'(0)(X0<»'(0) + 2 t U o

l l ) , 

• . ( * - 2 K 3 

/c a «»(0)+2cV' 

K u " " ( 0 W r» J 
/Co""(0) + 2 V L 2 J' 

The quartic equation (A 5) is solved numerically and the appropriate real root 
of the equation then gives Ku

{1'(0), and hence Ku

t2'(0). 
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Ah3trcct—The results of refraction and absorption measurements using dispersive Fourier trans-
form techniques are reported for dilute solutions of acetonitrile in carbon tetrachloride in the 
spectral region 2-200cm"1. The results are used to help to interpret the power absorption 
spectra in this region in terms of a model for dipole rotation in liquids developed by Evans el 
al."" 

I N T R O D U C T I O N 

Refractive index data in the region 2-200 cm"1 are important in a number of ways when 
attempting to derive information about the dynamics""51 of polyatomic molecules from 
their liquid phase 'pure' rotational spectra. The quantity measured in this region (for 
example, by far-infrared absorption spectroscopy1*'51) is the power absorption coefficient 

—proportional to the imaginary part fc(v) of the complex refractive index n 
n(v) = n(v) + ik(v) (1) 

where 
a(v) = 4rcvfc(v) (2) 

and v = aj/2nc is wavenumber, with m angular frequency and c the speed of light. 
In order to get information about the reorientational motion, however, the principal 

quantity of interest"-5' is the imaginary part of the complex permittivity, e, 
«(v) = e'(v) + ie"(v) (3) 

where €"(v\ the dielectric loss factor, is given by 

• W - J s r - ( 4 ) 

Indeed, it is the frequency of maximum dielectric loss which measures the rotational 
correlation time, ti„, given by 

tin =j<t>lH(t)dt (5) 
where 

<r"(v) 
*i«(0 = C f 

Jta 
i - r i — — , - „ exp(2fticvT)dv. (6) Jt»„d 2*cv[l-exp(-fivc//cD] 

In order to make a direct measurement of the rotational relaxation time one therefore 
needs to determine both «(v) and a(v) so that e"(v) can be obtained from equation (4). 

•Part VI of a series on 'Molecular Motions and Vibrational Relaxation of Acetonitrile'. 
t Present address: National Magnet Laboratory. Massachusetts Institute of Technology, Cambridge. MA 

02139. U.S.A. 
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9 Furthermore, in order to calculate T|R from <£m one needs to be able to make an 
'internal field' correction which is included in the 'constant' C in equation (6). This factor 
might typically be,12''" 

AnNfY 9"°° ~] = ( 6 o - e « , ) f ~ 9 n „ 1 m 

C ~ ikTcV[(ni + 2 ) 2 J n(v)c | > i + 2 ) 2 J l ' 

and so depends on a measurement of n(v) over the region of interest and on the value 
(n„) of the refractive index at frequencies high compared with that of €'™„ (say in the 
100-150 cm"1 region). If the xlR values obtained from the far-infrared spectrum are to be 
compared'*1 with those obtained from vibration/rotational spectroscopy then it is necess
ary to make measurements of the (polar) molecules diluted in a non-polar solvent in 
order to eliminate,'4'31 as far as possible, contributions to the correlation function <PtR{') 
from the 'distinct' terms caused by interaction induced intermolecular correlations 

0«i,(f) = <Pil<ns9AA(t)V + < I Pi[cosfl^(t)]> (8) 
'self term 'distinct' term 

where P, is the first order Legendre polynominal and where A and B refer to different 
molecules. 0 is the angle between the molecular dipole at times r = 0 and r = r. 

Measurements of the refractive indices of liquids in this region are relatively scarce (as 
a recent bibliography'61 demonstrates) and measurements in dilute solution are virtually 
non-existent.|7> We have undertaken these measurements to demonstrate that one need 
not make assumptions"-31 about the variations of n(v) in making rotational dynamics 
measurements on polar molecules. 

E X P E R I M E N T A L 

The refraction and absorption spectra of two dilute solutions of acetomtrile in carbon 
tetrachloride (0.018 and 0.061 mole fractions) were determined at 288 and 318 K in the 
spectral range between 2 and SO cm - 1 and between S and 180 cm' 1 using the techniques 
of dispersive Fourier transform spectrometry"' in which the amplitude attenuation and 
phase shift caused by a specimen are measured by placing it in one arm of a two beam 
interferometer. The measurements were made in transmission with the liquid specimen 
contained in a variable path length, variable temperature cell" 1 0 ' which terminated the 
fixed mirror arm of a two beam interferometer of modular design.'1" The active elements 
of the cell consisted of a 2.5 mm thick plane parallel silicon window (n-type, 0.355 £lm) 
with a gold plated stainless steel plane mirror behind it and aligned to give a plane 
parallel space between them. The distance between the window and the mirror could be 
varied between 10 ixza and 5 mm. allowing the cell to be used to study liquids ranging 
from the near opaque to the near transparent by transmission methods. The volume 
between the window and the mirror was completely filled by the liquid specimen, thereby 
avoiding the possibility of systematic errors due to the presence of any liquid vapour in 
the optical path."2' The measurements were made using two detectors, a liquid helium 
cooled indium antimonide hot electron bolometer for the region below 30 cm*1, and a 
quartz-windowed Golay cell for the higher wavenumbers. 

The optical constants of the two solutions were calculated from the measured complex 
insertion loss, L(v), of each specimen. This is the ratio 

LI?) m S\(v)/S0(v) (9) 
of the complex spectra, SL{v) and S0(v\ obtained from the Fourier tranformation of the 
interferograms recorded with (subscript L) and without (subscript 0) the liquid present in 
the cell. The full interferogram detected from this interferometer is the superposition of 
many individual interference signatures, each corresponding to one of the many rays 
multiply reflected between the three interfaces of the cell (interferometer-window, win
dow-cell, cell-mirror) and the derivation of optical constants from such interferograms 
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can be difficult due to the necessary use of procedures which are sensitive to experimental 
error."31 However, the pattern of these interference signatures is very dependent on the 
specimen thickness and in the present measurements this was such that oniy the signa
ture due to the ray making a direct pass through the ceil fell in the recorded range of 
path difference values used in the transformations. Under this condition the optical 
constants can be calculated from the measured insertion loss by an iterative solution of 
the equation 

LM " 7^- =4p| exp[-a(v)</]-exp[i4;tv(n(v) - 1)0 (10) (i — r wo) 
where fWL is the complex reflection coefficient of the window-liquid interface and f w o 

that of the window-vacuum interface, provided that the complex refractive index of the 
window material and d, the liquid thickness, are known. The thicknesses of the liquid 
specimens were determined from the path difference positions at which certain interfer
ence signatures were observed in the empty cell measurement,'91*' while the complex 
refractive index of the silicon window was directly determined from measurements taken 
with it in situ in the cell."3' 

R E S U L T S A N D D I S C U S S I O N 

The refractive index (dispersion) spectra are shown in Figs 1 and 2 at two different 
temperatures and concentrations. In the 2-50 cm"1 region these curves show the 
expected decrease corresponding to the loss of orientational polarisation."61 The refrac
tive index is also expected'1" to show a shallow minimum in the region of ama, corre
sponding to the maximum power absorption coefficient of the relaxation process 
involved and Fig. 3 demonstrates the presence of this minimum. 

The r.i. data have been used to help interpret the far-infrared absorption spectra in 
terms of a model of molecular reorientation used by Evans and co-workers." 2 1 The 
model has been developed by solving the generalised Langevin equation118' for molecular 
rotation of a dynamical array of interacting molecules. This so-called Mori equation of 
motion'1" gives a solution in terms of a set of memory functions KlT'(i).in terms of which 
the correlation function 0u(r) can be expanded. Laplace transformation gives a continued 
fraction" expression for the spectral density 

«„(0) (pj-ito) + Kl0){m) ico + {Kl°'(0)/[i(u + K i " M ] iia 
1-53 

1-52 

1-51 

f50 

1-49 

1-46 
B 

V47l 1 1 1 1 I J I ' • 
0 5 10 IS 20 25 30 35 40 45 50 

wavenumber (cm- 1) 
Fig. 1. The measured refractive index spectrum for a 0.018 mf solution of acetonitrile in carbon 

tetrachloride between 5 and 50cm"'. (A) 288 K IB) 318 K. 
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\ 1-55 
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« 1-53 

> 1-52 

« 1-St 

ISO 

1-49 

B 
1-43 1 t 

45 50 35 40 20 25 30 10 15 
Wavenumber (cm-1) 

Fig. 2. The measured refractive index spectrum for a 0.061 ntf solution of acetonitrile in carbon 
tetrachloride between 5 and 50cm"'. (A) 288 K. (B) 318 K. 

which may be truncated at any convenient point. With truncation at 2nd order, 
Evans et a/."'2,41 have used an exponential memory function with 

Kl"(r) = Kj"(0)exp(-yr) (11) 

and the resulting absorption coefficient is given by,"'2-*'31 

, . W K j , » * l " ( P > y 
* m ~ y 2[Kj o l(0) - u>2]2 + co2{w2 - [Xi o ,(0) + K«»(0)]! 2 l " ' 

I-S1 s 

1-50 = 

K 9 i r 

160 180 200 60 80 100 120 140 
Wavenumbsr (cm"1) 

Fig. 3. The measured power absorption spectrum (A) and refractive index spectrum (B) for the 
0.018 mf solution of acetonitrile in carbon tetrachloride at 318 K. Curve C shows the recalculated 
refraction spectrum derived from the parameters obtained by the best fit of the absorption 

spectrum to equation (12). 
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Table 1. Summary of model parameters* and rotational correlation times 

Temp/K 
Mole fraction 

C r ^ C N (for oL,,) 7 K>'\0\ tm/psect t,«(obs)/psec T 0 X (microwave) 

318 0.018 66 ± 2 3.0 21.0 13 2.1 
288 0.018 72 + 2 17 24.1 3.0 — 4.2 + 0.5 
318 0.061 70 ± 2 7.9 59.2 2.6 >2.6 
288 0.061 73 ± 2 7.4 58.6 2.8 — 4.6 ± 0.5 

• Given in terms ofx'"y and xKJ"(0) where x = l^VcT. 
t Values obtained by fitting to equation (12) with variable < 0 — «» = 0.29. 
t Ref. (21). 

where 

A = n(w)c (13) 

The measured absorption spectrum between 2 and 250 cm"1 has been fitted (using 
non-linear least squares criteria) to equation (12) with K'°'(0) fixed at the value of the 
rotational 2nd moment (2kT/la where lB is the moment of inertia about an axis perpen
dicular to the symmetry axis). This leaves two variable parameters K'a

x\0) and y related 
(respectively) to the intermolecuiar mean square torque and its correlation time. The 
values of these two parameters obtained by fitting to equation (12) are given in Table 1 
along with the values of r,„ obtained from the frequency of the maximum in the loss 
spectrum (see Fig. 4) calculated from the measured refraction and absorption spectra via 
equation (4). Since K!,"(0) is related to the correlation time1201 by 

(14) 

20 
a ( 0 ) 

(Npcm- 1) 1-8 

16 

1-4 

1-2 

10 

0-8 

0-6 
O H r 

c"(l<) 
012 f-

0-10 

0 0 8 

0 0 6 

004 

O o 

4 6 
Wcwenumber (cm- 1) 

1-58 

n(0) 

1-56 

154 

1 52 

150 

10 
1-48 

Fig. 4. The measured absorption, i(v), and refraction. n[v\ spectra of the 0.018 mf solution of 
acetonitrile in carbon tetrachloride at 318 K and millimetre wavelengths. The imaginary part of 
the complex relative permittivity, e"(v). calculated from these spectra is also shown. The maximum 

in this indicates a value of 2.1 psec for the rotational correlation time. 
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one is able to compare 'fitted' and directly measured r l R values provided that the 
refractive index is known. Since, furthermore, the refractive index is related to the 
quantities" of equations (3) by 

[e'(v) and e"(v) being written1*' in terms of the Ki"(0) and •/ parameters] one can recalcu
late the refractive index implied by fitting to equation (12). In Fig. 3 we also show this 
recalculated n{~v) which compares (qualitatively) reasonably well with the observed data. 
The measured refractive index thus helps to assess the validity of the assumed model in a 
definitive fashion. The model is by no means perfect but it does represent the short time 
part of the molecular reorientational process and it gives a value of T , r through equation 
(14) which is in reasonable agreement with that obtained directly from the measured «"(v) 
distribution. 

The importance of refractive index determinations described here is threefold. 
(i) one is able to fit the experimental a(v) data for a model for molecular reorientation 

which includes the frequency dependent refractive index [equation (12)]. Otherwise 
the factor A of this equation must be treated as a constant. 

(ii) the n(v) data enable one to calculate e"(v) directly [by equation (4)] and directly 
measure the relaxation time riR. These values have been found to agree well with 
values obtained directly by microwave methods12" (Table 1). 

(iii) by recalculating the refractive index [equation (15)] using parameters fitted to the 
experimental at(v) data one is able to make an additional definitive test of the 
assumed model. 

It is clear that dispersive Fourier transform spectroscopy (DFTS) is to be preferred in 
this region since it results in the determination of both the real and imaginary parts of ti. 
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Abstract A simple refractive index cellfor use in the 
spectral range between 0-2-20 m m - 1 is described. The 
module is designed to be compatible with a Beckman-
FS720 interferometer and it is extremely easy to align and 
use. The cell has the advantage of high energy throughput 
and low reflection losses from the thin polymer front 
window. The results obtained for liquid tetrabromoethane 
and p-difluorobenzene agree within 1-2% of the published 
data, the random error in our measurements being about 
± 1 % . 

1 Introduction 
There are a number of spectroscopic problems of physical, 
chemical and biochemical importance for which a knowledge 
of the dispersion of the refractive index in the far infrared 
region is important. For example, Chamberlain (1968) has 
shown that one might be able to establish more easily whether 
an absorption band is due to a relaxation process or a 
resonance phenomenon. There are many spectral features 
which occur in the submiilimetre region whose exact origin 
is still obscure. These include (i) bands associated with 
ion-ion and ion-molecule interactions in alkyl salt (Yarwood 
and Barker 1975, 1977, Yarwood et al 1978a) or metal salt 
solutions (Popov et al 1971, Popov and Handy 1972, Edgell 
1972) in solvating or (supposedly) non-solvating media, 
(ii) absorption associated with hindered rotational and trans-
lational motions of both polar (Evans 1975b, Evans et al 
1977, 1978a, b, 1979, Yarwood et al 1978b, 1979) and non-
polar (Evans 1975a, Evans and Davies 1976) liquids, (iii) 
bands (probably of a composite nature) arising due to the 
formation of electron donor-acceptor complexes (Yarwood 
1973) . 

In addition, refractive index data are of use in the study of 
band integrated intensities (Chamberlain 1965, Chamberlain 
and Gebbie 1966) and are essential (Yarwood et al 1979) if 
one is to make comparison of infrared and microwave data in 
the interesting overlap region at submillimetre wavelengths 
(since the relationship between the absorption coefficient 
a(v) and the dielectric loss e"(P) depends on the refractive 
index). 

The problem of making accurate refractive index measure
ments on condensed phases in the 60-6000 GHz (0-2-20 mm - 1 ) 
region has been solved, in principle, by the use of a dispersive 
Michelson interferometer (Chamberlain et al 1969, Chantry 
1971, Chamberlain 1979) with the specimen placed in one of 
the active arms. This allows the attenuation and phase shift 
caused by the specimen to be determined and the optical 
constants can then be calculated (Birch and Parker 1979a, b). 
The earliest work was performed with the liquid forming a 
gravity held layer over one of the interferometer mirrors but 
more recently it has been shown how a closed cell leads to 
certain advantages. In particular, the gravity held arrange
ment leads to liquid pathlength variations due to losses by 
evaporation from volatile liquids. Furthermore, for highly 
absorbing samples, it is often not possible to make layers thin 
enough (due to surface tension and viscosity effects). The one 
closed cell which has been described (Honijk et al 1976, 1977) 
is quite sophisticated in design but is complicated to use in 
practice and has the disadvantage of a thick front window 
(silicon) which leads to high energy losses. Our aim was to 
design and test a cell which is simple to align and use with a 
commercially available interferometer (a Beckman-RIIC 
Ltd model FS720) and which produces refractive index data 
with an overall accuracy of about ± 1 % for a wide range of 
highly absorbing liquids and solutions. 

2 Cell design and construction 
In order to achieve these aims we designed a system with the 
following features: 
(i) The liquid sample is enclosed by a thin, inert (plastic) 
window which is easily removable without removing the cell 
or disturbing the optical alignment. Energy loss through the 
window is very small. 

Figure 1 Diagrammatic through section of refractive 
index cell. 
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(ii) There is provision for variable sample thickness down to 
and below the thickness which may be achieved using a 
gravity held liquid. 
(iii) Accurate measurement of the dispersive interferogram 
maximum displacement (on introduction of the sample) is 
achieved by simply leaving part of the cell mirror uncovered. 
(iv) The cell mirror has as large an area as possible and is' 
capable of sensitive adjustment to ensure that the sample is 
perpendicular to the interferometer beam. 
(v) The instrument is easily converted between dispersive and 
non-dispersive modes with only minor optical adjustments. 

Figure 2 The completed refractive index cell: (a) the 
whole cell showing the reference mirror and cell window 
holder; (b) the vacuum membrane and supporting grid; 
(c) the whole module mounted in the FS720 interferometer. 

Figure 1 shows a diagrammatic representation of the cell 
module which we have designed. The rear wall of the cell 
consists of a circular, gold covered plane mirror (A) which 
forms the 'fixed' mirror of the interferometer system. This 
mirror is covered by a thin plastic (mylar or polyethylene) 
window (B) which is mounted in a stretched configuration, 
on a frame (D) with aid of the O ring (F). This frame is then 
screwed down over the mirror, in such a way that the spacer 
gasket (C) is sealed between the window and the mirror A. 
Both the window and spacer thicknesses are variable. After 
optical alignment using a standard Beckman fixed mirror 
three-point adjustable mounting, the sample is introduced-
through the Teflon tubes (T) which are bonded directly into 
the back of the glass mirror (A). By mounting the mirror (A) 
slightly off centre on the main mounting plate we have been 
able to include in the beam, a small rectangular reference 
mirror (G) which, if not covered by the diaphragm (H), 
provides a small reference 'marker' on the dispersive inter
ferogram (see §3). The two mirrors are produced from 
separate pieces of material but are lapped and polished 
together to ensure that they are coincident in the beam direc
tion. The constructed cell is shown in figure 2(a). 

The cell described above is isolated from the main part of 
the interferometer by a plastic vacuum membrane (see 
figure 2(b)) which is held over a wire grid and sealed against 
the mounting flange with an O ring device. This supported 
membrane (usually of 25 gauge mylar beam splitter material) 
is used to enable the rest of the interferometer to be evacuated 
without significantly reducing the energy throughput. The 
space between the vacuum membrane and the cell window 
(about 10 mm) is flushed with dry nitrogen. 

3 Operation and calculations 
Cell operation is straightforward in every way. One has only 
to be sure that the cell is aligned properly and that the window 
holding the liquid sample against the mirror is not 'bowing' 
in such a way that the sample is of variable thickness. This 
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Figure 3 Interferograms produced by FS720 with dis
persive cell (of 1 mm thickness) using a 100 gauge mylar 
beam splitter and a liquid helium cooled germanium 
bolometer, (a) Empty cell; (b) liquid p-difluorobenzene; 
(c) liquid tetrabromoethane. 
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Table 1 Optical path differences of observed fringes relative to reflection from top surface of 
cell window (fringe 1). 

Phase Recordedf path PredictedJ /o 
Fringe change Optical path difference difference ( /Am) PD (mm) error 

2 7T Id+lt 2052 ±4 2036 0-8 
3 0 2t+xw 354 ±6 357 0-6 
4 0 4t+2x« 682+10 713 4-3 
5 7T 2t+2d+xw+xs 2170±6 2189 0-9 
6 TT 4t+2d+2x„ + x3 2522 ±6 2545 0-9 
7 3w 2t+4d+x„ + 2xs 4010±6 4021 0-3 
8 2TT 4t+4d+2xw+2xB 4366 ±10 4378 0-3 
9 2TT 6t+4d+ 3xv,+2xa 4721 + 7 4734 0-3 

t Obtained from 'sample' interferogram. 
t Using f=102 fim, » . = 1-748 + 0015 and lvalue of 916+ 12 pm. 

problem can be overcome, if it arises (and it is easily recog
nised, see below) by adjusting the height of an external liquid 
reservoir. Some chemicals (notably acetone and tetrabromo-
ethane) tend to etch off the gold covering from the mirror 
but this is easily replaced using a standard gold evaporator.t 

Typical interferograms produced using the cell with a 
standard FS720 interferometer and liquid helium cooled 
bolometer are shown in figure 3. The numbered fringes on 
each trace may be correlated with the expected optical path 
differences shown in table 1 and with the ray diagrams shown 
in figure 4. The average refractive indices are referred to as 

difference is given by, 
<&s(P) = 27r i7[A(P) + So(>')] (2) 

m+w///my/////W/y/. 
Figure 4 Ray diagram showing origin of fringes observed 
in the interferogram. 

nm and n3 for window and sample materials respectively while 
the thicknesses of the optical layers are t and d respectively. 
The refractive index of the liquid at wavenumber v is deter
mined (Chamberlain et al 1969) by the relation. 

« W = l + | ^ + ^ 0 s ( P ) - M P ) + 2»!7r] (1) 

where <f>s(P) and dio(i') are the phase functions of the sample 
and background spectra. If A(v) ( = 2d[n(v)~ 1]) and 5o(P) 
are the phase differences introduced by sample and instru
mental imperfections (respectively) then the true phase 

t We are grateful to Dr M J Morant and Mr J Gibson of 
our Applied Physics Department for helping us with this 
and various related optical measurements. 

The integer m is introduced in equation (1) because the phase 
difference (j>s(i>) is the principal value of the true phase differ
ence given in equation (2). It is expected that m=0 except 
in regions of very high absorption where the optical thickness 
n(v)d may deviate by more than \v from the mean optical 
thickness Fid (Chamberlain et al 1969). Since the phase 
functions <f>s(i>) and <t>o(i>) are easily determined from the 
respective spectra, the calculation of n(y) from equation (1) 
requires only the determination of the average optical path 
difference (.vs) caused by the introduction of the sample into 
the second beam of the interferometer. The procedure is as 
follows (referring to figure 4 and table 1): 
(i) the cell pathlength, d, is first determined from the fringe 
spacing (3)-(5), given by 2d+x3 (but with ^ 3 = 0 for an empty 
cell interferpgram); 
(ii) the window thickness t is then calculated from the distance 
(1H2) ( = 2rf+2r) on a full cell interferogram; 
(iii) the average optical path difference of the window material, 
xw, is then easily calculated using the distance (l)-(3) 
(=2 /+x w ) ; 
(iv) finally, since the fringe spacing (2)-(5) (for a full cell 
interferogram) is simply Xv, + xs, the value of .\-s (and if 
necessary « 8 since .f s = 2o l(«s- 1)) can be easily computed. 
The other fringes, given in table 1 and shown in figure 3 may 
then be employed to perform an internal consistency check 
on the fringe assignments and associated calculations. 

4 Results and discussion 
Table 1 shows that there is very good agreement between 
calculated and observed fringe positions and this serves to 
confirm the fringe assignments shown in figure 4. At least 
some part of the errors given in table 1 are probably due to 
the effects of phase changes on reflection at the various 
boundaries. These will affect the distances measured in order 
to calculate xs and d and lead to discrepancies between 
observed and calculated fringe positions. It should be noted 
that equation (1) gives a refractive index which is also 
uncorrected for these effects. The only way of avoiding such 
effects is to use the 'full interferogram' methods (Honijk 
1976, 1977, Birch and Parker 1979a) of computation but 
large shifts in refractive index are not expected. In this work 
it was considered undesirable to use this technique because 
we wish to check our data against previous measurements 
which also employed equation (1). It is worth noting, however, 
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that, the full-interferogram method also has the advantage of 
automatically eliminating problems associated with the 
reflection fringes (1), (3) and (6) - which, for example, in this 
work limit the phase resolution obtainable since such fringes 
have to be either 'edited' out or omitted from the calculation 
of (f>s(.v) and </>o(i>). 

Figure 3 demonstrates that we have encountered no major 
problems with 'bowing' of the front window. This is expected 
to give rise to loss of optical alignment and subsequent loss 
of fringe modulation and definition. There is some loss of 
modulation depth for the extremely dense tetrabromoethane 
( p 2o=2-96xl0 3 kgm- 3 ) (figure 3(c)) but for liquids with 
more 'normal' densities this is not a problem (figure 3(b)). 

The refractive index dispersion curves shown in figure 5 
indicate that our results for the two 'test' liquids are within 
~ l - 2 % of the previously published data at approximately 
the same temperature (Davies 1974, Chamberlain et al 1967). 
The overall 'level' of refractive index is some 2 % higher than 
that fixed (using a laser operating at 2-97 mm - 1) at the National 
Physical Laboratory. There are several sources of possible 
systematic error between our data and those published 
previously. These include differences in temperature between 
the two sets of measurements. However since this could not 
have been more than 5°C and since the variation of n with 
temperature is only about 0-0005 per degree (Int. Critical 
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Figure 5 Dispersion curves obtained using the refractive 
index cell, (a) p-difiuorobenzene; (b) tetrabromoethane. 
The temperature is 23 ± 1°C in each case. Our data is 
labelled A and the NPL data is labelled B. 

Tables, Vol. VII) this could not lead to more than about 
0-2% error. Another possible source of error is the deter
mination of the thickness of liquid (d) and the central fringe 
displacement, x. These determinations have been checked 
using the techniques employed by Chamberlain and those 
advocated more recently (Birch and Parker 1979b) and found 
to give results within about 1 % of each other. We are therefore 
convinced that our results are not subject to any obvious 
systematic error (in comparison with the techniques used to 
obtain the published data). The shapes of the dispersion curves 
are virtually identical. Since no error bars are given on the 
NPL curves it is difficult to say, however, whether the two 
sets are within the experimental random error. From the 
errors given in table 1, however, it seems likely that this is 
the case. Certainly Chantry (1971) regards a ± 1% error as 
being entirely acceptable using this technique. The results 
are therefore regarded as being satisfactory when one 
considers the simplicity of our hardware. We now propose 
to make some minor modifications (such as installing variable 
temperature control) before using the cell to make measure
ments on more chemically useful systems. 
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The principal features of the far-infrared spectra of tetra-n-alkylamrnonium salts in non-polar 
solvents have been compared with the results of some simple model calculations for the motions of, 
and interactions between, ion-ion and ion-solvent" aggregates." It has been shown that the spectral 
features, and their variation with solute, solvent, temperature and concentration, are consistent with 
the absorptions arising from ion-ion vibrations, ion aggregate " librational " motions and fluctuating 
electrical fields due to " effective " dipole-induced interactions. The observed intensities are repro
duced for model geometries and effective aggregate dipoles which agree very well with those obtained 
using dielectric relaxation measurements, and it is concluded that the high degree of ion " clustering " 
in the solutions leads to severe restrictions on the movement of solute and solvent species.. It is also 
thought likely that some solvent molecules may be trapped within the ion " cluster". Extension 
of previous measurements down to concentrations of 0.01 mol d m - 1 show no obvious changes in 
band shape or structure and it seems clear thai extensive aggregation occurs even in relatively dilute 
solutions. 

The far-infrared region is in many ways an ideal one for the study o f molecular 
interactions. This frequency region corresponds to observation times of the order of 
0.1 to 10 ps and it is well known that the dynamic properties of molecules in the liquid 
phase have " characteristic " (more strictly " correlation times of this order. 
Thus one is able to " observe " directly, using this technique, the effects o f reorienta-
tional and translational (collisional) motions and their variation due to molecular 
interactions. 

In the particular case o f solutions containing dissociated or partly dissociated salts 
we''* and others 4 - ' have been able to look specifically at the effects o f (a) ion pair 
(or ion cluster) vibrations; {b) solvent band perturbations 1 and (c) reorientation or 
" rattling " of ionic species in a dynamic " cage " of surrounding solvent molecules. 
Considerable amounts of work have been published 8 "" in relatively high solvating 
media such as acetone, dimethylsulphoxide, pyridine, nitromethane and tetrahydro-
furan. Relatively little work has been reported in so-called " poorly " solvating 
media such as benzene and carbon tetrachloride where the effect of the solvent on salt 
dissociation and the effect o f ion-solvent interactions on the observed spectra is much 
less clearly understood.1'*-6 We have recently embarked on a more complete study 
o f some quaternary ammonium salts in non-polar solvents in an attempt to improve 
our understanding of the dynamic phenomena which occur in such solutions. This 
paper considers the answers to three questions which arise when one tries to interpret 
the type Of spectra shown in fig. I -4. First, how is one to assign these bands to the vari
ous dynamic phenomena which can occur and how well do the observed spectral 
variations (with solvent, concentration and temperature) support these assignments? 
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Secondly, is i t possible to devise models Tor the dynamic phenomena involved which 
wil l reasonably reproduce the observed spectra? I f so, what are the implications of 
such models?) Finally, what light do such spectra throw on the way in which mole
cule-ion interactions occur and on the ways in which clustering phenomena are con
centration and temperature dependent? The answers to these questions are not only 
important to structural chemists but also to a wide range o f other physical chemists l 3~ 1 5 

and to biologists 1 6 , 1 7 interested in membrane and associated phenomena. 

E X P E R I M E N T A L A N D D A T A T R E A T M E N T 

Most of the experimental details have been published previously. 1 - 1 Considerable im
provement in the quality of the spectra obtained especially at low frequency has been recently 
achieved using a Beckman-R.I.I.C. Ltd. FS720 interferometer converted to the polarizing 
mode"" 1 0 and employing a liquid helium cooled germanium bolometer. J 1 , i 2 These systems 
have enabled us to reach a frequency of 5 cm" 1 and to considerably improve our signal/noise 
ratio in the 5-120 cm"' region. This is illustrated by the spectra of fig. 2. Further, since 
the sensitivity of the germanium bolometer is considerably greater than that of a Golay 
detector we are able to study much lower concentrations of salt than was the case previously. 
Path lengths approaching I cm may be employed; fig. 3 shows a spectrum obtained at a 
concentration of 0.01 mol d m - 3 . In all cases the solution spectrum has been ralioed against 
that of the pure solvent, so that only " excess " absorption due to the solution is reported. 

A band fitting procedure11-" was employed to separate the three bands which are clearly 
visible on all spectra obtained using tetrabutylammonium chloride as solute (fig. I) . We 
have tried both pure Gaussian and pure Cauchy band profiles, and also a series, of sum 
functions (i.e., Gaussian/Cauchy mixtures). In all cases the relevant statistics (table I) show 

T A B L E I . — C O M P A R I S O N O F R . M . S . R E S I D U A L T R A N S M I T T A N C E P A R A M E T E R S F O R B A N D 

F I T T I N G O F O B S E R V E D S P E C T R A ( A S S H O W N I N F I O . I) 

r.m.s. discrepance 
type of fit (transmittance differences) 

single band, pure Gaussian 0.174 
single band, pure Cauchy 0.320 
two component bands, pure Gaussian 0.019 
two component bands, pure Cauchy 0.033 
three component bands, pure Gaussian 0.013 
three component bands, pure Cauchy 0.047 

that pure Gaussian profiles give the best fit (discrepancies for sum functions are larger and 
in any case lead to >90% Gaussian components). It should be noted that this is possible 
partly due to baseline problems, but the Gaussian profile is in fact predicted ' • ' if, for these 
highly viscous solutions, the environmental modulation is slow compared with the rate of 
decay of (he observed dipole correlation function. We, therefore, believe there is good 
evidence that there are, as is shown for example in the spectra of lig. I . three bands (although 
we cannot completely rule out the possibility of more than three bands). 

RESULTS 

Typical spectra of Bu < "N + X " salts in non-polar solvents are shown in fig. 1-3 to
gether, in lig. 1, with the decomposition into their separate components. In all cases 
which we have studied there are two bands [denoted by " A " and " B " in fig. 1(a) and 
(6),. When X " = C I " there is also a third band (denoted " C'*). The principal 
features o f these spectra have been pointed out previously.1-2 We wish here only to 
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20.0 60.0 100.0 UO.0 180.0 
wavonumbor/cnr' 

2200 2810 

Fro. 1(a).—Far-infrared spectrum of Bu4°N*Cl~ in benzene, x , observed spectrum; A, v, band 
a t ~ « 5 c m _ 1 ; B, Vca band at —115 cm" 1; C,bandat~-185cm"'; D, total computed band envelope, 
i 

•Q 0.4 

40.0 80.0 120.0 160.0 200.0 
wavenumber/cm"' 

240.0 

Fro. 1(6).—Far-infrared spectrum of Bu4"N*CI~ in carbon tetrachloride, x , observed spectrum; 
A, v, band at ~70cm"'; B, vc* band at ~120cm"'; C, combination band at —185 c m - 1 ; D, total 

computed band envelope. 
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Flo. 2.—Far infrared spectra of BuVN*G~ in benzene, (0.5 mol dm" 1 solution at 0.2 mm path 
length), (a), with conventional optics and Golay detector; (ft) with polarising optics and cooled 

germanium bolometer. 
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Flo. 3.—Far-infrared spectra of Bu 4"N'CI" in benzene (0.01 mol dm~ J solution at 7.5 mm path 
length); (a) with cooled germanium bolometer; (A) with Golay detector. 
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emphasise certain key points relevant to our interpretations given in the next section. 
(In this paper we shall consider only bands A and B since the band designated C is still 
o f somewhat obscure origin and is not universally present.) 

(/) While the observed frequency and intensity o f band " B " is sensitive to both 
anion and cation, the band " A " features remain remarkably constant (table 2) with 
changes o f anion, cation or solvent. 

T A B L E 2 . — S U M M A R Y OF SOME T Y P I C A L SPECTRAL D A T A FOR T E T R A - N - A L K Y L A M M O N I U M 

SALTS I N V A R I O U S SOLVENTS 

concemra- bond M A ' band " B " 
•all solvent tion/mol dm" •tempfll fateiufly0 » r n . i / C r a - ' Arj/cm"' Intensity4 

Bu • N ' C I - C H , 0.25 293 71 ± J 69 ± 3 4.6 ± 2.4 117 ± 3 45 ± 3 4.0 ± 2.5 
0.40 293 78 ± 3 70 ± 5 6.1 ± 1.6 119 ± 3 48 ± 4 4.2 ± 1.6 
0.66 293 73 ± 4 70 ± 4 6.1 ± 0.9 119 ± 2 56 ± 3 6.3 ± 0.9 
0.86 293 70 ± 4 75 ± 4 6.8 ± 0.7 121 ± 2 63 ± i 7.9 ± 0.7 
1.04 293 72 ± 4 79 ± 3 8.4 ± 0.6 117 ± 1 33 ± 3 5.2 ± 0.6 
1.40 293 72 ± 4 62 ± 3 4.4 ± 0.4 117 ± 2 48 ± 2 4.3 ± 0.4 

Bu • N * C I - C C I , 0.10 293 84 ± 3 68 ± 3 ~6.5 120 ± 2 49 ± 2 ~6.0 
0.39 293 72 ± 3 64 ± 3 3.3 ± 1.6 115 ± 2 33 ± 2 9.0 ± 1.6 
0.69 293 70 ± 3 63 ± 3 4.0 ± 0.9 115 ± 2 54 ± 2 7.0 ± 0.9 

Bu "N*C1- CHCI 0.10 293 82 ± 2 57 ± 4 ~2.0 116 ± 2 4 7 ± 2 ~6.0 
0.60 293 M i l 64 ± 5 2.1 ± 1.2 113 ± 2 51 ± 2 6.6 ± 1.0 

Bu » N * C I - C , H . 0.25 294 76 59 2.6 119 53 3.5 
0.25 314 70 60 2.9 117 56 4.2 
0.25 334 67 63 3.5 114 53 4.2 
0.25 349 81 71 4.1 118 60 5.9 

Bu " N * B r - C . H , 0.30 293 69 i 3 81 ± 3 3.5 ± 0.8 77 ± 2 59 i 3 1.9 ± 0.8 
0.40 293 61 ± 3 73 ± 3 3.0 ± 0.6 81 ± 2 54 ± 3 2.1 ± 0.6 

Bu " N * B r - C C I , 0.27 293 73 ± }* 50 ± 5" 6.0 ± 1.7* — — — 
Bu " N ' l - - C H C I , 0.51 293 61 ± 3* 50 ± 5" 3.2 ± 0.3* — — — 
Bu " N ' N O , - C H C I , 0.32 293 100 ± 3> 65 ± 5" 7.2 ± 2.6» — — — 

' I0~*m mot' 1, b parameters Tor total band profile. 

(('/') The overall appearance of the spectrum remains constant for a given salt 
regardless of the solvent or concentration used {cf. fig. 2 and 3) (although it has been 
shown 1 that in some cases there are severe deviations from Beer's Law—see below). 

(('/'/') The type of spectrum in this frequency range (with two bands of the general 

I Or 
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i 20.0 U O EO.O BO O 10 0 0 120.0 11,0 0 160.0 160.0 200.0 220.0 2UJ.0 260.0 
wavenumner/cm" 

FIG. 4.'—Far-infrared spectrum of Ag*CIO~ in benjene (0.12 mol dm" J solution at 1.0 mm path 
length). Conventional optics and Golay detector. 
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kind described here) has been observed for other types of salt solution in relatively 
poorly solvating media. For example, McDonald and co-workers 6- 1 have shown 
the presence of two bands for trialkylammonium salts in cyclohexane, carbon tetra
chloride and chloroform, while we have shown (fig. 4) that a very similar spectrum is 
obtained on dissolving A g + Q O « ~ in benzene. Any interpretation or " model " for 
ion-solvent or ion-ion interactions must, of course, account for such spectral features 
and be at least consistent with the observed variations with ion, solvent, concentration 
and temperature. 

I N T E R P R E T A T I O N A N D D I S C U S S I O N 

I t is appropriate first to consider the nature of phenomena which may contribute 
to the absorption in this spectral region in the light of previous work on other types o f 
molecular system. These phenomena are as follows; 

(1) Low frequency, vibrational modes."- 2 6 These may arise in the case of tetra-
alkylammonium salts f rom either internal vibrations o f the cation (or anion in the 
case o f polyatomic species)—including difference modes—or f rom cation-anion stretch
ing modes of the ion pairs or ion clusters.4-' 

(2) The high frequency component of the (permanent) dipole " reorientational " 
spectrum. 2 7- 2 9 Rotational and diffusional motions give rise to a low frequency (De-
bye) 2 ' absorption (observed principally in the microwave spectrum but with a Debye 
" plateau " 2 9">° extending into the 100 c m " 1 region) and to a high frequency absorp
tion, showing, as distinct from the Debye plateau, an absorption maximum some
where between 10 and 100 c m " 1 . This latter absorption may be thought of as arising 
from the comparatively rapid librational motion (torsional oscillation) o f the dipoles in 
a potential arising f rom interactions with neighbouring molecules (the so-called 
" Poley-Hill " absorption). 3 1 

(3) Collision induced interaction 2 7- 3 2 which leads to transient dipoles and hence to 
radiation absorption at frequencies corresponding roughly to collision rates in liquids 
(i.e., to absorption in the 2-250 c m " 1 region with a characteristic frequency o f maxi
mum absorption in the same region as that expected for the Poley-Hill process). 
Such absorption is well known for simple non-polar l iqu ids . " - 3 3 - 3 5 In the case of salts 
such as those studied in this work, the interactions are expected to be of the dipole-
induced dipole type, which are modulated at the collision frequency. It should be noted 
that there will be ion-pair (or cluster)-solvent and solvent-solvent collisions giving 
rise to this process, although to some extent at least effects due to the latter wil l have 
been removed (see Experimental section). 

It is expected that all three processes will contribute to the observed spectra shown 
in fig. 1-4. However, since the " B " band has been clearly shown to be both cation 
and anion dependent it seems reasonable to conclude that the band arises f rom some 
sort of ion-pair or ion cluster " vibration " involving motion of both anion and cation. 
This conclusion has been reached before, of course, but we present in this work the 
supporting evidence of some simple force constant and intensity considerations. I f 
we make the assumption that this band arises from a normal mode in which the move
ment of anion and cation is along a line joining their centres, then the frequency of 
vibration is given in the (harmonic) diatomic approximation by 

fob, = 2 ^ (k.JtO* ( I ) 

where kab, is the force constant o f the bond between cation and anion and fi' is the 
reduced mass of the vibrating system \ji = tricmj(mc + ntA)] using " whole " cation 

249 



194 S T U D I E S O F I O N - I O N A N D I O N — S O L V E N T I N T E R A C T I O N S 

and anion masses and mA. Provided that the restoring force between the anion 
and cation is Coulombic (i.e., electrostatic) then the force constant for univalent ions 
is given" by 

BF 
Br 

-2e» 
(2) 

where e is the electronic charge, e 0 is the permittivity o f a vacuum (8.854 x 1 0 " " 
C V - ' m " - 1 ) and e is the relative permittivity o f the medium (e = 2.28 for pure benzene). 
r C A (which may be estimated f r o m the sum o f the effective ionic radii or f rom dipole 
moment measurements - see below) is expected to remain, to a first approximation, 
constant for the salts studied here. Thus f rom eqn (2) and (1), for the purely electro
static ion pair model,C o b 0 should be proportional to l / ( / 0 * ; fig. 5 shows that this is 

0.04 0.08 0 . 1 2 0.16 0 . 2 0 

(reduced rnass>V/ a m u * 

Flo. 5.—Illustration of linear frequency against reduced mass relationship for the ion aggregate 
vibrational band at ~115 cm"'. 

indeed the case (to within the experimental error). This would tend to indicate that 
the model is a reasonably good one despite the evidence3'""'0 that, for solutions of the 
concentrations used here, the average size o f ionic aggregate is of the order of 20-30 
ion pairs. A further test of the model could be made by comparing the values of 
fc„,„ and Ar c, l e f rom eqn ( I ) and (2). Since the " correct " value of r C A is not really 
k n o w n " - 4 1 for salts of this type, i t is preferable to calculate the value o f r C A f rom eqn 
(2) using the experimental kob, values. The result o f such a calculation for a range o f 
salts and solvents are collected in table 3. There are several points o f interest which 
emerge f rom this table, the most significant o f which is that the calculated values o f 
r C A seem to be very much smaller than the values obtained for estimates 4 1 -" of the 
effective charge separation—these being in the region of 0.4-0.5 nm for a series of 
tetra-alkylammonium salts. I t is significant that microwave (dielectric) d a t a 4 4 - " 
on similar complexes also lead to an " expected " r C A which is also very much lower 
than that obtained using dipole moment measurements. 4 1 - 0 I t has been postulated 4 6 

that such disagreement is due .to the formation of large aggregates which lead to a 
reduction in the " effective " charge separation. In this connection i t is interesting 
to examine the changes which occur in the calculated r C A values as a function o f con-
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T A B L B 3.—FoncB CONSTANTS A N D EFFBCTIVB I N T B R I O N I C SEPARATIONS FOR T H B 
ELECTROSTATIC I O N F A I R M O D E L 

concentration band centre" r C A [from 
salt solvent /mol d m - 1 /cm-' * . t JN m - ' eqn (2)]/nm 

B u V N + C l - C A 0.01 115 ± 5 » 24.1 ± 2.0 0.204 ± 0.002 
0.21 112 ± 1 22.9 ± 0.4 0.206 ± 0.001 
0.50 121 ± 1 26.7 ± 0.4 0.196 ± 0.001 
0.80 119 ± 1 25.8 ± 0.4 0.198 ± 0.001 
1.40 117 ± 1 25.0 ± 0.4 0.200 ± 0.001 

Bu!N*Cl- 0.50 121 ± 1 26.7 ± 0.4 0.196 ± 0.001 
c a 4 

0.50 115 ± 1 24.1 ± 0.4 0.204 ± 0.001 
CHC1, 0.50 114 ± 1 23.7 ± 0.4 0.185 ± 0.001 
T.H.F. 0.50 110 ± 5» 22.1 ± 2.0 0.141 ± 0.002 

Bu.°N*Br- Q H , 0.50 79 ± 1 22.1 ± 0.6 0.209 ± 0.001 
CHCI, 0.50 79 ± 3» 22.1 ± 1.7 0.161 ± 0.004 

B u . ° N + I - CHCI, 0.50 61 ± 3» 18.3 ± 1.8 0.172 ± 0.017 
B i V N + N O , " CHCI, 0.50 100 ± 3" 29.1 ± 1.7 0.147 ± 0.003 
Bu4°N +C10«- CHC1, 0.50 85 ± 3» 30.1 ± 2.1 0.146 ± 0.004 
Pe .°N*C|- C H , 0.50 115 ± 3* 24.7 ± 1.3 0.201 ± 0.004 
H p S N ' Q - CJH. 0.50 112 ± 3* 24.2 ± 1.3 0.203 ± 0.003 

• Errors are standard deviations obtained from band fitting statistics. ' Error estimated by eye. 

centration. Since the degree o f aggregation ought to change as the concentration is 
lowered, one might expect this to be reflected in the effective force constant or calcu
lated r C A . From table 3 i t may be seen that there are small but real changes in k,ba 

and r C A as the concentration changes. I t appears that the effective force constant 
reaches a maximum (for B u , N + C l ~ in benzene) at about 0.5 mol d m - 3 and then de
creases again at higher concentrations. This is entirely in line with the conclusions 
drawn previously f rom permittivity, 3 7 conductivity 4 0 and freezing p o i n t 3 9 - 3 ' measure
ments. I t is also clear that in the 0.01 mol d m " 3 solutions (the lowest we have reached 
so far) the degree of aggregation is still quite high since the Jt o b, (and therefore, rCA) 
shows little change. Table 3 also shows that the effective force constant also de
creases on going (for B u 4 ° N + X - ) f rom Cl~ to B r " to I - (all in chloroform solution). 
This is, of course, expected from the frequency and reduced mass changes and prob
ably reflects an increasing effective separation as the anion increases in size. I t 
should be noted that comparison o f r C A calculated f rom eqn (2) for different solvents 
is complicated by the unknown relative permittivity e o f these solutions in the far-
infrared region. Bauge and Smi th 4 2 have used e = 1 for non-polar solvents since 
i t was felt that the solvent molecules do not penetrate between the cation and anion. 
We have used the pure liquid values (at 298 K ) for our solvents bearing in mind the 
small variations of e„ for solutions o f trialkylammonium salts in benzene and p-
xylene, 4 5 and the comments of Grunwald et al." concerning the almost total lack o f 
medium effects on the measured dipole moments o f this type o f salt in non-polar 
solvents. The values o f r C A seem to be smaller in chloroform than they are in ben
zene, which seems strange unless this weakly polar solvent somehow stabilises the 
ionic aggregates. 

A more promising, although experimentally more difficult, approach to the prob-
lem.of ion clustering in these solutions is to use intensity measurements since i t is well 
known that vibrational intensities are extremely sensitive even to weak molecular 
interactions. 4 0 We have already shown 1 , 1 0 that, at least fo r B u 3 N + C l " , the v C A 
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ft" 9000 -

8000 -

E 4000 -

2 2000-

IBUjM'crj/mol dm"' 
Fio. 6.—Variation of Intensity with concentration for the —115 cm" 1 band of Bu,°N*Cl" in benzene 

(293 K). 

band intensity is concentration dependent (see fig. 6). Using the simplest possible 
approximation o f non-polarisable point charges, the variation o f ion-pair dipole as a 
function o f vibrational coordinate (Bp/dQ), which controls the vibrational intensity, 4 9 

is given by, 

3 | i /3 f i = e/ra* 

where, 

H = «CA 

and m* is the reduced mass o f the ion pair. The intensity 4 9 value is 

B 
Nile 1 

(3) 

(4) 

(5) 

This gives B = 31 400 m m o l " 1 in reasonably good agreement wi th the experimental 
values o f B given in table 2. Several authors 4 1-"-'" have pointed out, o f course, that 
for polarisable ions the dipole moment o f the ion pair is considerably lower [ref. 
(47), p. 453] than that calculated using eqn (4) and that more complicated expressions, 
including the effects 3 6 o f mutual polarisation of the ions, should be employed. Davies 
and Will iams, 4 1 for example, have used 

(6) I * = « C A 0 - a,„/4«e 0 »'cA 3 ) 

(where a,,, is an effective ion polarisability)—whence 

while Grunwald et al." obtain 

„ _ „ / , r C A

] ( ac + ° A ) + 4g c a A ' l 
* - e r c A Y W - ^ A ] I 

!f» inn nninx whprp #7- «ni4 n . an» thn nnlnri 

(7) 

(8) 

for isolated alkali halide ion pairs, where dc and <zA are the polarisabilities o f the cation 
and anion [ref. (47), p. 455]. The values o f B obtained using a range o f rCA values and 
the expression for dp/dQ obtained f rom eqn (7) are given in table 4. I t is seen that the 
value o f 7 - C A necessary to give agreement with the observed data is about 0.35 nm, 
again lower than one would expect on the basis o f an individual ion pair, the sum of 
r c and r A being 0.49 nm 4 1 , 4 0—however considerably greater than that required to pro-
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T A B U 4 . — I N T E N S I T Y V A L U E S C A L C U L A T E D " F R O M EQN ( I ) " ' ' FOR T H E I O N AOOREOATB 
V I B R A T I O N A L B A N D 'B ' A T ~118 Cm" 1 AS A F U N C T I O N OF r C A . 

r C A / n m 10 J > , f r [ eqn (6)]/C m B/m m o l " 1 

0.20 4.13 333 100 
0.25 8.40 127 600 
0.30 10.70 67 600 
0.35 12.13 44 300 
0.40 13.04 33 400 
0.50 14.11 24 100 

• The average observed intensity over the concentration range studied is 57 600 m mol"'. ' The 
polarizability a,,r is taken as that of the tetrabutylammonium cation [ref. (47)) which is much higher 
than that of the halide anion. ' The medium permittivity used is that of pure benzene (a = 2.28). 

duce the observed force constant using eqn (2). Thus, the intensity data presented 
here lead to r C A values which are semi-quantitatively correct for the vibration o f a 
polarisable ion-pair or " cluster " especially when one bears in mind the following 
points, (a) we have used e = 2.28 for the medium—if this value were to be reduced to 1 
(assuming contact ion pairs) then the observed intensity value would be produced for 
r C A > 0.45 nm; (b) that dipole moment data for relatively concentrated solut ions 4 2 , 4 6 

lead, with allowance for the presence of weakly polar ion-pair dimers and more com
plex units, to values o f r C A which are lower than the ( r c -f- rA) values and (c) that the 
approximation in eqn (6) is known 4 1 to lead to calculated values of r C A which are lower 
than that obtained using the Bottcher model [eqn (8)]. 

We now turn our attention to bands " A " in the spectra (fig. 1) which lie to lower 
frequency and which, as we have pointed out, show little variation in band position or 
half-width on changing either the salt or the solvent (table 2). Although we have 
previously attributed 1- 2 this band to the collision o f perturbed solvent molecules, i t has 
become clear more recently that,, in principle at least, both librational motions o f the 
ion-pair (or aggregate) dipole and collision induced effects may contribute to the low 
frequency absorption. We consider here attempts to separate the intensities o f the 
two contributions and the implications, for the structure o f these solutions, o f calcu
lated and observed collision induced intensities. 

A number o f authors"- 5 0 "" have used the Gordon intensity sum r u l e " to calculate 
the intensity arising f rom the rotation o f a rigid linear dipolar molecule (in any phase). 
The intensity (per molecule) is 

o ^ f ^ - S f f r + r ) - ^ (9) 

where a P ( f ) is the absorption coefficient as a function of wave number V arising f rom 
this mechanism, n„ is the (infrared) refractive index, and / , and I , are the moments of 
inertia perpendicular to the direction of the molecular dipole moment u,,. The factor 
9nJ(n„ + 2)1 is an internal field correction, 2 1 which is difficult to apply in this case 
since the refractive index is unknown. The dipole moment o f the ion pair is known 
to be about 10 D (33.35 x 10" 3 0 C m) but may be less, o f course, for large aggre
gates. 4 1 , 4 6 Table 5 shows the values obtained for the integrated intensities, ja(v)df, 

f rom eqn (9) using a range of HCA- The / , ( = / , ) value used is based on the diatomic 
approximation. The average intensity o f the band over a wide range of concentrations 
(table 2) is 1060 x 10"" m so that this contribution may account for a maximum o f 
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T A B L E 5 .—PREDICTED INTENSITY" C O N T R I B U T I O N T O B A N D ' A ' FROM EQN (9) FOR T H E 

P O L E Y - H l L L M E C H A N I S M OF I O N - P A I R U B R A T I O N 

effective cation-
anion distance, 
« i n m 0.30 0.4 0.3 0.3 0.4 0.] 0.3 0.4 0.3 

ion pair moment of 
Inertia, IPV/lcgm 1 462-6 822.4 1283.1 462.6 822.4 1283.1 462.6 B22.4 1285.1 

effective ion pair 
dipole. 10**jicA/Cm 33.0 33.0 33.0 20.0 20.0 20.0 10.0 10.0 10.0 

IO"A„lm 
Aim m o l - ' 

304.1 
30 362 

283.0 
17 043 

181.3 
10 931 

181.3 
10931 

102.3 
6149 

65.3 
3933 

43.4 
2734 

25.3 
1536 

16.3 
981 

• The average observed Intensity over the concentration ranfie studied Is 1060 x I 0 - M m (or 63 900m mol-'). 

about half the total intensity assuming an effective dipole moment of 33 x 1 0 " M C m 
and an average r C A o f 0.3 nm. I t has been shown 3 0 , 5 5 that Ihe Poley-Hill mechanism 
ought to lead to a decrease in band frequency when the temperature is increased, 
whereas one would expect that any absorption arising f rom electrical fields modulated 
by collisions would have the opposite frequency dependence. Our temperature 
variation studies (fig. 7) show that the observed band shows no obvious frequency 

8* -

E 80 

~ 76 

72 

68 

64-

200 350 310 330 
temperature/K 

Flo. 7.—Variation of band centre with temperature for the ~75 cm"' band of Bu«°N * CI - in benzene. 

dependence (over the range studied); it , therefore, seems likely that both mechanisms 
do contribute to the observed spectra in this region. I t is not easy to estimate the 
contribution f rom collision induced effects because of the large cluster sizes and our 
lack of knowledge o f the dynamic properties o f the solvent molecules in relation to those 
o f the solute particles. For simple dipolar molecules" the collision induced contribu
tion observed over and above that due to librational motions has been used (using a 
binary coll is ion 5 8 approximation) to estimate the relevant multiple moment of the 
colliding molecules. I f one writes, 

L 
ar(v)dv = AVN + 5CA/2 (10) 

T (v ) being the total observed absorption coefficient, If the number density and Bc 

the intensity contribution due to collision induced effects] then by measuring the 
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left hand side of eqn (10) as a function of concentration one may calculate Bc and 
compare this with various possible theoretical values. In this work the intensity data 
as a function o f concentration (tig. 9) were not accurate enough Tor us to carry out 
such an analysis (see below). We have, therefore, attempted only to estimate Bc 

0 0, 

Fio. 8.—The " idealised " ion-pair and surrounding solvent molecules. Parameters needed to 
estimate the dipole-induced dipole interactions between solute and solvent. 

using a simple dipole-induced dipole expression which assumes that the interaction 
energy between ion-pair and solvent is a maximum. When the dipole-solvent 
distance, R (see fig. 8) is large compared with r C A the potential at the solvent molecule 
due to the dipole MCA is given 3 6 5 6 by, 

w - £ 3 r - (..) 
The electric field at the solvent molecule is — grad[P(/?:, 0] or, 

p _ 2|*CA cos 0 

Thus for cos 0 = I (maximum interaction) the dipole induced in the solvent molecule 
is simply, 

- ( , 3 ) 

where a, is the average solvent polarizability and n C A is given by eqn (6). The intens
ity expected using this simple model is then obtained by taking, 

* " f i - d 3 f t ( , 4 ) 

whence 

N K f - 6 | i C A a . l | 2 

(15) 

In table 6 we show the B values calculated for a range of (ic A and R values and it is 
seen that the excess intensity values 

/ OiOdv — v4 Plfrom right hand side of eqn. (9)] 
L J band J 

are reproduced for values of R between 0.20 and 0.25 nm (depending on the value o f 
i i c A taken). Again, these values appear to be smaller than one might expect using. 
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T A B L E 6 . — P R E D I C T E D INTENSITY C O N T R I B U T I O N T O B A N D ' A ' FROM EQN (15) FROM 
AGGREGATE D1POLE-INDUCED D I P O L E I N T E R A C T I O N 

effective aggregate-solvent 
distance, R/nm effective ion aggregate dipole, I O ' V C A / C m 

33.0 20.0 10.0 

0 .20 1 9 0 0 0 0 71 700 1 8 0 0 0 
0.25 33 4 0 0 1 2 100 3 0 0 0 
0.30 7 800 2 800 700 
0.35 2 270 8 1 0 200 
0 .40 780 280 70 

* Values are in m mol" 1. (The experimental value attributable to this type of interaction is of 
the order of 30000 m mol"1—see text.) * The permittivity used is that of pure benzene(e = 2.28). 
The polarisability a, is also that of benzene (11.48 x 10"" C m 1 V" ' ) . The reduced mass m„ is 
that of an ion-pair dipole/soivent molecule system. 

for example, the sum o f the van der Waals and ionic radii for the solvent and BuJN + 

ion (i.e., —0.45-0.50 nm). I t is also interesting (table 6) that reducing the value o f 
HcA below the " ion-pair " value of 33 x 1 0 - M C m gives an even smaller estimate of 
the R value. 

I t is important to notice that values o f average aggregate distance R deduced using 
the observed intensities of both bands agree very well with values o f the average dis
tance between all the particles in solution obtained by Lestrade 4 4 , 4 6 and his co-workers 
using complex dielectric permittivity measurements of tetra-n-aikylammonium salts. 
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Fra. 9.—Comparison of intensity variations for ~75 cm 1 band of Bu 4 "N*CI in (a) benzene and 
(A) carbon tetrachloride (293 K ) . • 
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(The agreement is remarkable when one considers the approximations inherent in the 
relatively simple models used to describe what must be extremely complicated pro
cesses.) These authors have interpreted these results to indicate that the ions move in a 
restricted region in space—that space being the interior of the aggregate or clusters. 
I t appears likely, therefore, that the benzene molecules involved in dipole-induced 
dipole interactions (this number wi l l be relatively small compared with the total 
present—the mole fraction o f solute even at the highest concentration being only 0.1) 
are " compressed " by the cluster formation. I t is tempting to speculate that maybe 
some benzene molecules are even trapped within " cages " formed by the rather open 
structure o f the alkyl chains. This would at least be consistent with the assertion 
made by some authors 5 9 that concentrated benzene solutions should be regarded as 
solutions o f benzene in the fused salt. There is also some evidence from solutions in 
different solvents that the properties of the benzene solvent in these solutions are 
somewhat anomalous. Fig. 9 compares the (intensity, concentration) graphs for the 
low frequency band in benzene and carbon tetrachloride. As expected, neither band 
obeys Beers Law [eqn (10)] but the data for benzene show much wider variations than 
do those for carbon tetrachloride. This may be related to the less isotropic polariza-
bility o f benzene6 0 (or to very small amounts o f water, although this is doubtful) 1 but 
we suspect it is due to severe and inhomogeneous ion cluster-solvent interactions. It 
is observed from fig. 9 that, in fact, the intensity of band A does not vary a great deal 
from benzene to carbon tetrachloride. This is in accord with their comparable 
polarizabilities 6 0 and provides further support for the proposed mechanism. 

S U M M A R Y A N D C O N C L U S I O N S 

It is clear f rom the lack o f temperature and solvent dependence, and f rom the force 
constant and approximate intensity calculations given in the previous section that 
band " B " in the spectra o f these salts must be assigned to some kind o f ion-aggregate 
vibrational mode which.involves both anion and cation. We have previously shown 2 

that the width and shape of this band are consistent with the vibrating aggregate 
being (relatively slowly) modulated by the stochastic solvent environment—this we 
believe to be due to the presence o f large (relatively long lived) ionic clusters and the 
observed high solution viscosity. The large half width (and associated short 
correlation time) may be a reflection o f the large number of species o f slightly different 
geometries which result f rom the stochastic nature o f the surrounding medium. 

. Band " A " in the spectra is almost certainly o f hybrid character (as noted before" 
for bands in this region arising in solutions containing polar complexes). The two 
most likely phenomena which may contribute intensity consist essentially o f a restricted 
orientational motion of the aggregate " effective " dipole and effective dipole-induced 
dipole interactions which lead to fluctuating electric fields in the vicinity of the ionic 
clusters and the first solvation shell o f solvent molecules. The relative lack of de
pendence o f the frequency and intensity of this band on the solvent and on tempera
ture supports the assertion that more than one phenomenon is involved, and that 
collisions of the perturbed solvent molecules (although probably involved) do not 
control the frequency maximum. In attempting to establish the relevance o f either 
or both of these processes (via our intensity calculations) we have assumed that the 
clusters present in solution do have finite effective dipoles o f the order of 10-20 x 
1 0 " M C m. I f the aggregates were non-polar only the effects o f higher multipoles 
would be observed. These may, in fact, be important 5 3 but with the present accuracy 
o f our data we could not estimate how large these effects may be. However, the values 
of our mean r C A and R distances (obtained using the effective dipoles mentioned above) 
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agree well with those derived using dielectric relaxation measurements"'" and it 
seems likely that in these solutions dipole-induced dipole effects predominate. 
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Department of Chemistry, U n i v e r s i t y o f Durham, DURHAM CITY, DH1 3LE, England 

ABSTRACT 
A summary of the most up-to-date i n t e r p r e t a t i o n o f the f a r - i n f r a r e d spectra o f 

+ -
R̂ N X s a l t s i n non-polar and weakly p o l a r solvents i s presented. Consideration i s 
given to the r o l e of ca t i o n - a n i o n v i b r a t i o n , d i p o l e - d i p o l e i n t e r a c t i o n s (and the 
evidence f o r d i p o l e aggregation) dipole-induced f i e l d f l u c t u a t i o n s a t the so l v e n t 
molecule and r i g i d d i p o l e (or aggregate) r e o r i e n t a t i o n . The separat i o n o f the 
s p e c t r a l i n t e n s i t y c o n t r i b u t i o n s o f these phenomena i s attempted and i t i s shown t h a t 
the i n t e r - p a r t i c l e distances are c o n s i d e r a b l y smaller than those expected from 
estimates of the i o n i c r a d i i . The importance o f water i n the s o l u t i o n s i s discussed 
w i t h s p e c i a l regard to the o b s e r v a t i o n of a band due to X /l^O hydrogen bonding and 
the f o r m a t i o n o f double l a y e r s using c e r t a i n s o l v e n t s . 
INTRODUCTION 

A few years ago we embarked ( r e f s . 1-3) upon a programme of f a r - i n f r a r e d 
spectroscopic work aimed a t a more d e t a i l e d study o f the molecular processes 
o c c u r r i n g i n s o l u t i o n s o f tetra-n-butylammonium s a l t s i n solvents such as benzene, 
carbon t e t r a c h l o r i d e and chl o r o f o r m . We have v e r y r e c e n t l y begun to extend t h i s work 
to o ther s a l t s and other solvents w i t h some extremely i n t e r e s t i n g and unexpected 
r e s u l t s . I n t h i s short paper we present a summary of the r e s u l t s obtained so f a r 
(mainly f o r the tetrabutylammonium s a l t s ) and examine the i m p l i c a t i o n s o f the new 
r e s u l t s . At the same time we give a c r i t i c a l a p p r a i s a l of the importance (or 
otherwise) of the presence of water i n these s o l u t i o n s . 

The f a r - i n f r a r e d r e g i o n (5-400 cm. i s an extremely u s e f u l p a r t o f the e l e c t r o 
magnetic spectrum f o r the examination o f l i q u i d phase molecular i n t e r a c t i o n s because 
i t i s t h i s frequency r e g i o n which corresponds to the time scale (0.1 - 10 ps) o f 
molecular ( r e o r i e n t a t i o n a l and t r a n s l a t i o n a l ) motions and where one i s able to 
ch a r a c t e r i s e i n t e r m o l e c u l a r v i b r a t i o n s . We ( r e f s . 1-3) and others ( r e f s . 4-7) have 
used t h i s r e g i o n to look s p e c i f i c a l l y a t the f o l l o w i n g phenomena f o r t e t r a - n - a l k y l -
ammonium s a l t s (1) i o n p a i r or io n 'aggregate' v i b r a t i o n s (2) a b s o r p t i o n due to 
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presence of f l u c t u a t i n g induced dipolea (3) r e o r i e n t a t i o n or ' o s c i l l a t i o n ' o f the 
i o n i c species w i t h i n a dynamic 'cage' of surrounding molecules. We have been able to 
account f o r most o f the observed f e a t u r e s i n the spectrum ( r e f s . 1-3) and have shown 
how c a l c u l a t i o n s using simple models of i o n - i o n and i o n - s o l v e n t i n t e r a c t i o n s lead to 
conclusions which are i n good agreement w i t h microwave data ( r e f s . 8-10) f o r the 
same sys terns. 

EXPERIMENTAL 
A l l the f a r - i n f r a r e d spectra r e p o r t e d here were obtained u s i n g a Beckman-R.I.I.C. 

L t d . FS720 i n t e r f e r o m e t e r w i t h e i t h e r a Golay d e t e c t o r or a l i q u i d helium cooled 
germanium bolometer. Using a r e s o l u t i o n o f ^ 2 cm."'' and path lengths o f up to 1 cm. 
we were able to get good S/N r a t i o s down to 5 cm. ( r e f s . 3, 1 2 ) . I n each case the 
s o l u t i o n spectrum was r a t i o e d a g a i n s t t h a t of the pure s o l v e n t . The' s a l t s used were 
a l l as purchased (mainly from Eastman-Kodak L t d . ) . A l l the s o l v e n t s were 'Analar' 
or 'Spectro' grade d r i e d by standing over molecular sieves. 

The three bands i n the spectrum ( F i g s . 1 and 2) have been separated using a 
band f i t t i n g procedure based on the computer f i t t i n g programmes of R.N. Jones and 
co-workers ( r e f . 11). Analysis o f the s t a t i s t i c s ( r e f s . 3, 12) r e s u l t i n g from a 
'best f i t ' procedure shows t h a t Gaussian band p r o f i l e s are the most r e a l i s t i c ones t o 
use. Although t h i s may be p a r t l y due to base l i n e problems* i t i s r e l e v a n t to p o i n t 
out t h a t , i n a h i g h l y viscous medium ( r e f . 9) the v i b r a t i n g system may be subjected 
to environmental changes i n the slow modulation l i m i t whence Gaussian band shapes 
are, i n f a c t , expected ( r e f . U ) . 

RESULTS AND DISCUSSION 
From Figures 1 and 2 i t i s c l e a r t h a t the f a r - i n f r a r e d spectrum of n-Bu^N+Cl 

di s s o l v e d i n e i t h e r a non-polar or p o l a r s o l v e n t i s composed o f a t l e a s t three bands 
l a b e l l e d A, B and C. Bands A and B are present f o r a l l the tetraalkylammonium s a l t s 
which we have examined but band C i s o n l y present w i t h any appreciable i n t e n s i t y f o r 
c h l o r i d e s ( r e f s . 1-3). 

Considering band B f i r s t , i t i s f a i r l y c l e a r t h a t t h i s f e a t u r e may be assigned to 
a v i b r a t i o n i n v o l v i n g both anion and c a t i o n since (as one may see from Table 1) the 
frequency depends on both c a t i o n and anion ( i n a way ( r e f . 3) which shows t h a t the 
mass e f f e c t i s predominant). I t i s not c l e a r to what e x t e n t i o n aggregation occurs 
i n such s o l u t i o n s beyond the p r o d u c t i o n of i o n p a i r s . Friedman ( r e f . 15) has p o i n t e d 
out t h a t cryoscopic measurements ( r e f . 16) ( p r e v i o u s l y taken ( r e f s . 1-3) to i n d i c a t e 
the presence of long l i v e d i o n i c aggregates) may give erroneously h i g h ' a s s o c i a t i o n ' 
numbers due to very s t r o n g d i p o l e - d i p o l e i n t e r a c t i o n s . I n f a c t there seems to be 
c o n f l i c t i n g evidence about the f o r m a t i o n of i o n - p a i r aggregates i n these systems. 
Most o f the d i p o l e moment measurements ( r e f s . 8-10) have shown t h a t "if i s , i n f a c t , 
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n F i g . 1. F a r - i n f r a r e d spectrum o f Bu/N CI i n benzene. X, observed spectrum; A, o 
1 band a t ̂  65 cm. band a t ̂  115 cm. C, band a t ̂  185 cm B, u D, t o t a l CA 

computed band envelope 
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F i g . 2. F a r - i n f r a r e d spectrum of Bu?N CI i n chl o r o f o r m . X, observed spectrum; 
-1 -1 -1 A, u g band a t ̂  70 cm. ; B, u C A band a t % 120 cm. ; C, band at ̂  180 cm. ; 

D, t o t a l computed band envelope. 

c o n c e n t r a t i o n d e p e n d e n t - i n d i c a t i n g t h a t aggregation does occur. Furthermore, 
our i n f r a r e d i n t e n s i t y measurements ( r e f s . 2, 3) which enable us to get an estimate 
of the average i n t e r i o n i c distance r u s ing, 
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«s*ca/«q 
2ea e f f 

4ne er o CA 

1 
riCA 

(1) 

(where <*e££ and are the p o l a r i s a b i l i t y and reduced mass o f the i o n p a i r ) show 
(Table 2) t h a t , f o r 0.30 nm.the values of from ( r e f . 10), 

"*CA = "CA 1 - e f f 
Aire er o CA 

(2) 

TABLE 1 
Force constants and e f f e c t i v e i n t e r i o n i c separations f o r the e l e c t r o s t a t i c i o n 
p a i r model 

s a l t Solvent Concentration 
/mol dm"3 

Band centre 
/cm - 1 

k . /N m obs 
-1 r C A (from eqn. ( 3 ) ) 

/nm 

Bu.Vci" 4 C 6 H 6 0.01 115 + 5 b 24.1 + 2.0 0.204 + 0.002 
0.21 112 + 1 22.9 + 0.4 0.206 + 0.001 
0.50 121 + 1 26.7 + 0.4 0.196 + 0.001 
0.80 119 + 1 25.8 + 0.4 0.198 + 0.001 
1.40 117 + 1 25.0 + 0.4 0.200 + 0.001 

Bu.Vcr 
4 

C 6 H 6 0.50 121 + 1 26.7 + 0.4 0.196 + 0.001 

cci4 
0.50 115 + 1 24.1 + 0.4 0.204 + 0.001 

CHC13 0.50 114 + 1 23.7 + 0.4 0.185 + 0.001 
T.H.F. 0.50 110 + 5 b 22.1 + 2.0 0.141 + 0.002 

Bu. nN +Br~ 4 C 6 H 6 0.50 79 + 1 22.1 + 0.6 0.209 + 0.001 
CHC13 0.50 79 + 3 b 22.1 + 1.7 0.161 + 0.004 

B u 4 v r CHC13 0.50 61 + 3 b 18.3 + 1.8 0.172 + 0.017 

Bu.™N +N0," 4 3 CHC13 0.50 100 + 3 b 29.1 + 1.7 0.147 + 0.003 

Bu.VciO ~ 4 4 CHC13 0.50 85 + 3 b 30.1 + 2.1 0.146 + 0.004 

Pe.Vci" 4 C 6 H 6 0.50 115 + 3 b 24.7 + 1.3 0.201 + 0.004 

Hp 4
nN +Cl~ C 6 H 6 0.50 112 + 3 b 24.2 + 1.3 0.203 + 0.003 

Er r o r s are standard d e v i a t i o n s obtained from band f i t t i n g s t a t i s t i c s . 
b E r r o r estimated by eye. 

agree very w e l l w i t h the measured values ( r e f . 10) of tfu f o r a s e r i e s of t e t r a -
-30 

butylammonium s a l t s ( i . e . ixi the 20 - 25 x 10 Cm. range). Our spectra also show 
some v a r i a t i o n on d i l u t i n g from 1.0M to 0.01M. Figure 3 shows t h a t there i s some 
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TABLE 2 , 
C a l c u l a t e d 3 e f f e c t i v e d i p o l e moments (eqn. 2 ) b ' c and band B i n t e n s i t i e s (eqn. 1) f o r 
a range of r - , values 

r C A / n m 103VCA/Cm B/m.mol 

0.25 4.3 127,600 
0.30 23.0 67,600 
0.35 37.7 44,300 
0.40 50.0 33,400 
0.45 61.0 27,500 
0.50 71.0 24,100 

The average observed i n t e n s i t y over the c o n c e n t r a t i o n range s t u d i e d i s 57,600 
. -1 m.mol. 

k The p o l a r i s a b i l i t y a e £ f i s taken as t h a t o f the tetrabutylammonium c a t i o n 
( r e f . 17) which i s much bigger than t h a t o f the h a l i d e i o n . 
0 The medium p e r m i t t i v i t y used was t h a t o f pure benzene (E = 2.31). 

6 O 0 t O 0 U » t ! M U 0 O r a O C K ) » J 0 

F i g . 3. Spectra of Bu^Vci" i n benzene a t (A) 0.88M (B) 0.01M a t 298K 
(The path lengths are 0.2 and 7.5 mm. r e s p e c t i v e l y . ) 

change of r e l a t i v e i n t e n s i t y o f the A and B bands on d i l u t i o n . I t seems t h a t the B 
band may decrease i n r e l a t i v e i n t e n s i t y and t h i s may indeed be due to some e f f e c t 
connected w i t h aggregate s i z e . However, since the s i g n a l / n o i s e r a t i o achieved so 
f a r f o r 0.01M s o l u t i o n s (Fig.3(B)) i s i n s u f f i c i e n t to j u s t i f y s e p a r a t i o n o f bands A 
and B (as shown on Figures 1 and 2) we cannot be sure of the absolute i n t e n s i t i e s of 
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the two Bands. I n previous p u b l i c a t i o n s ( r e f s . 1-3) we also regarded the d e v i a t i o n 
from Beers Law f o r Bu. V CI i n benzene ( r e f . 3, Figure 6) to be evidence i n favour 
of i o n p a i r a s s o c i a t i o n since i t was f e l t t h a t the aggregates were breaking up on 
d i l u t i o n . However, Barker ( r e f . 12) has found t h a t f o r Bu^N +Br the i n t e n s i t y data 
do obey Beers Law ( F i g . 4 ) . These e f f e c t s may s t i l l be r e a l since the bromide ought 

0-1 0-3 05 

[BU4N*Br-]/rroLdm"3 

F i g . 4. Beers Law p l o t f o r Bu^ nN +Br i n benzene a t 298K. 

to be less l i k e l y to form aggregates ( r e f . 19). Nevertheless, the presence o f small 
amounts of water may a f f e c t the i n t e n s i t y data more than we a t f i r s t thought (see 
below f o r f u r t h e r d i s c u s s i o n ) . Despite t h i s ' r e g u l a r ' i n t e n s i t y behaviour f o r the 
bromide and the apparently s e n s i b l e f o r c e constant r e s u l t s obtained w i t h a simple 
C - A model most p f the evidence seems to i n d i c a t e t h a t these s a l t s (and e s p e c i a l l y 
the c h l o r i d e s ) do_ form i o n p a i r aggregates i n non-polar s o l v e n t s . 

One of the most i n t e r e s t i n g f e a t u r e s of these s a l t s o l u t i o n s i s t h a t (as 
mentioned above) the c a l c u l a t e d r ^ values obtained from both, the f o r c e constant 
data (Table 1) using 

k , = — r- (3) 
calc . 3 

o Ca 
and the i n t e n s i t y data using equation 2 (Table 2) are considerably s h o r t e r (0.2 -
0.3 nm) than one might expect (0.5 nm) using the sum of i o n i c r a d i i ( r e f . 1 7 ) . 
These measurements seem to i n d i c a t e t h a t p e n e t r a t i o n on e f f e c t s ( r e f s . 18-20) may be 
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o p e r a t i v e and t h a t i n a non-polar, low p e r m i t t i v i t y s olvent the anion approaches the 
'centre' of p o s i t i v e charge on the c a t i o n (presumably on or near the n i t r o g e n atum) 
as i n d i c a t e d by osmotic c o e f f i c i e n t ( r e f . 18) and c o n d u c t i v i t y ( r e f . 19,20) 
measurements. We might t h e r e f o r e expect t h a t t h i s d i stance might increase on 
using a polar s o l v e n t such as chloroform. From Table 1 i t may be seen t h a t such an 
e f f e c t i s not observed and so there i s l i t t l e evidence f o r s t r o n g anion s o l v a t i o n by 
solvents such as c h l o r o f o r m ( r e f . 13) Studies i n s t r o n g l y p r o t i c s olvents such as 
methanol would be necessary i n order to get f u r t h e r i n f o r m a t i o n on t h i s phenomenon. 

Turning a t t e n t i o n now to band A i n the spectrum, we have presented good 
evidence ( r e f . 3) t h a t t h i s band i s composite i n nature. The two major components 
are ( i ) the high frequency p a r t of the spectrum caused by Debye r o t a t i o n of the 
r i g i d i o n - p a i r d i p o l e s , ( i i ) a b s o r p t i o n due to the f l u c t u a t i o n of induced d i p o l e s 
caused by i o n p a i r - solvent i n t e r a c t i o n s (these are expected to be mainly d i p o l e -
induced d i p o l e i n t e r a c t i o n s ) . From F i g . 5 i t may be seen t h a t the i n t e n s i t y of t h i s 

F i g . 5. Band i n t e n s i t i e s c a l c u l a t e d f o r band A of the spectra shown i n Figs. 1 and 2 
as a f u n c t i o n of c a t i o n - a n i o n or i o n - p a i r - solvent d i s t a n c e . Broken l i n e s 
represent the 'Poley' band i n t e n s i t y of equation ( 4 ) . S o l i d l i n e s represent the 
t o t a l i n t e n s i t y of equations (A) and ( 5 ) . 

band using the Gordon i n t e n s i t y sum r u l e 

55 rvM 
ntcnitv 

50 

)3( 

5 y. ! 1 
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p v 2 

( I = 1 f o r a di a t o m i c ' i o n - p a i r d i p o l e ) represents about h a l f the t o t a l i n t e n s i t y x y 
f o r reasonable values of r ^ = 0.3 nm and = 33 Cm ( r e f . 17) (assuming t h a t i o n 
p a i r s are the predominant species i n s o l u t i o n ) . The ot h e r h a l f o f the t o t a l s p e c t r a l 
i n t e n s i t y may be then be p r e d i c t e d by an equation o f the form, 

NTT B = , 2 3c m cs 

6*CA°S 
4 

4TTE ER o 
(5) 

where R i s the i o n p a i r - s o l v e n t d i s t a n c e , o the so l v e n t p o l a r i s a b i l i t y and m 
s r ' cs 

the i o n - p a i r / s o l v e n t reduced mass. F i g . 5 shows t h a t , i n order to make up the other 
h a l f o f the band A i n t e n s i t y , one has to employ a value o f R = 0.25 nm f o r a i f ^ of 
33 Cm. This i m p l i e s t h a t not on l y i s there anion p e n e t r a t i o n o f the bulky a l k y l 
c a t i o n but t h a t s o l v e n t molecules may also 'penetrate' between the a l k y l chains ( t h i s 
can be shown to be f e a s i b l e using molecular models). This i n t e r e s t i n g r e s u l t f o r the 
average value o f R - which agrees very w e l l w i t h the r e s u l t s o f d i e l e c t r i c 
p e r m i t t i v i t y measurements ( r e f s . 8-10) on very s i m i l a r systems - leads one to 
speculate t h a t the i o n i c 'aggregates' i n s o l u t i o n i n c l u d e s o l v e n t molecules which 
are 'trapped' w i t h i n the a l k y l chains. I f t h i s i s the case then the process ought to 
be a t l e a s t p a r t l y dependent upon the r e l a t i v e dimensions o f the s o l v e n t molecule 
and the a l k y l chain ' c a v i t i e s ' . We have r e c e n t l y t r i e d to get f u r t h e r i n f o r m a t i o n on 
possible e f f e c t s o f t h i s k i n d using methylated benzene solvents and d i f f e r e n t c a t i o n 
a l k y l chain l e n g t h s . We immediately n o t i c e d t h a t using p-xylene as a so l v e n t a t 
c o n c e n t r a t i o n s ^ 0.05M of n-Bu^N +Cl se p a r a t i o n i n t o two l a y e r s occurred as may have 
been expected from previous work ( r e f . 21) on ( i - C j H ^ ) ^ N + P i c i n benzene and on 
tetraalkylammonium s a l t s o f or g a n o - m e t a l l i c anions ( r e f . 2 2 ) . This phenomenon known 
as 'unmixing' i s b e l i e v e d ( r e f . 23) to r e s u l t from severe thermodynamic n o n - i d e a l i t y 
caused by very l a r g e dipole-medium i n t e r a c t i o n s . From Table 3 (and from data 
presented i n r e f . 22) i t i s c l e a r t h a t the r e l a t i v e s o l v e n t / c a t i o n sizes have an 
important i n f l u e n c e as would be expected i f d i p o l e - s o l v e n t i n t e r a c t i o n s are im p o r t a n t . 

TABLE 3 

Dependence of double l a y e r f o r m a t i o n on the c a t i o n and s o l v e n t . 

S a l t CftH6 p-C 6H 4(CH 3) 2 C g H ^ C H ^ 

( i C 5 H u ) 6 N + P i c " X ? 7 

nBu.N +Cl" X X 4 
nPe.N +Cl" - - X 4 
nHex.N +Cl~ - -
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We are now t r y i n g to s p e c t r o s c o p i c a l l y c h a r a c t e r i s e the two l a y e r s i n terms of 

c a t i o n chain or solvent p e r t u r b a t i o n s and m o n i t o r i n g changes i n the f a r ^ i n f r a r e d 

spectra w i t h c o n c e n t r a t i o n and s o l v e n t . From one o f the i n i t i a l spectra (shown i n 

Fig . 6) i t i s c l e a r t h a t almost a l l the s a l t and a l l the water present i s concentrated 

HO 

225 

"5 

«o 

125 

MO 

on 

050 

OS 

OOM O O O G O O I O O O a O O V O O B O O C O O X O O 2D0 800 2S0O 200 too 300 (00 O O O G O O I O O O a O O V O O B O O C O O X O O 2200 2O0 2S0O 
K 3 E M W 3 S ) IC*Hl 

F i g . 6. Spectra o f the two lay e r s formed by Bu^ nN +Cl and p-xylene a t room 
temperature (A). Spectrum of the ' s a l t - r i c h ' l a y e r a t a path l e n g t h o f 0.06 mm. 
(B) Spectrum of ' s a l t - p o o r ' l a y e r a t a path l e n g t h o f 0.2 mm. 

i n the bottom l a y e r . Figure 6 also demonstrates the p e r t u r b i n g e f f e c t o f the s a l t 
on the p-xylene i n t e r n a l v i b r a t i o n a l mode a t about 150 cm. * 

U n t i l very r e c e n t l y the band C i n the spectrum had been assigned ( r e f . 2) to 
some k i n d o f combination band due t o st r o n g c o u p l i n g of the i o n - i o n and i o n - s o l v e n t 
i n t e r a c t i o n s . Indeed there may " s t i l l be some a b s o r p t i o n i n the 180 cm. * r e g i o n 
( f o r n-Bu^N+Cl ) due to such c o u p l i n g . However, i t i s now f e l t t h a t t h i s band i s a t 
l e a s t p a r t l y due to the presence o f water ( a l b e i t i n very small amounts). F i g , 7 
shows t h a t on adding small amounts of water to benzene s o l u t i o n s t h i s band increases 
i n i n t e n s i t y r e l a t i v e to the other bands. Furthermore, Corset e t a l . ( r e f . 7) have 
shown t h a t a band a r i s e s i n t h i s r e g i o n when phenol i s added to s o l u t i o n s o f t e t r a -
a l k y l ammonium s a l t s i n carbon t e t r a c h l o r i d e . This band, which s i g n i f i c a n t l y does 
not appear i n s o l u t i o n s o f the (much le s s hygroscopic) bromide s a l t s ( F i g . 8 ) , i s due 
to some s o r t o f 0-H---X i n t e r a c t i o n and may w e l l be the s t r e t c h i n g mode ( r e f s . 
7, 24) of such a hydrogen-bonded complex. The presence o f t h i s band has l e d us to 
consider more c l o s e l y the e f f e c t s of water on s o l u t i o n s o f these s a l t s i n non-polar 
s o l v e n t s . The s o l u b i l i t y i s , o f course, very s e n s i t i v e to the amount of water 
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F i g . 7. E f f e c t o f adding water to a 0.8M s o l u t i o n o f Bu. V CI i n benzene a t 
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F i g . 8. Spectrum of a 0.35M s o l u t i o n of Bu^ nN +Br i n c h l o r o f o r m showing complete 
absence of a band a t t r i b u t a b l e to Br /Ĥ O i n t e r a c t i o n s . 

present and one may consider t h a t the water molecule may, i n f a c t , be in v o l v e d i n the 
'aggregate' or ' c l u s t e r ' formed i n s o l u t i o n . F i g . 6 shows t h a t any water present 
remains i n the s a l t r i c h l a y e r and f u r t h e r small a d d i t i o n of water leads to f u r t h e r 
c o n c e n t r a t i o n o f water i n the bottom l a y e r . I t appears t h a t a c e r t a i n p r o p o r t i o n o f 
water i s e s s e n t i a l f o r the fo r m a t i o n o f such double l a y e r s and t h i s i m p l i e s a 
d e f i n i t e ' r o l e ' f o r the water molecule presumably a t a s i t e where anion-water 
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hydrogen bonding i s f a c i l i t a t e d . 
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DISCUSSION 

M. VARWOOD 

H. Szwarc - The proposed i n t e r p e n e t r a t i o n of anions or benzene molecules 
i n t o quaternary ammonium ions i m p l i e s t h a t the a l k y l h y d r o c a r b o n chains 
are not f o l d e d , as apparentyly they are i n aqueous s o l u t i o n s , but extended, 
g i v i n g a straw-shape f^rm to c a t i o n s . Even then i t i s d i f f i c u l t to see how 
could the centers of N nucleus and CI nucleus be brought together to a 
dist a n c e of 3 to 3.5 A. 

J. Yarwood - Our i n t e n s i t y data are s u b j e c t , of course, to some e r r o r (see 
f i g . 4 of our paper) so a range of r values can be obtained. However, 
using the simplest model (as we have done) one cannot e a s i l y e x p l a i n the 
i n t e n s i t y of t h i s band using r < 4 A. This means t h a t there may po s s i b l y 
be an e x t r a c o n t r i b u t i o n Co the observed spectrum which we have not conside
red. This c o u l d , f o r example, be the " i n t e r n a l " l i b r a t i o n a l mode mentioned 
by Dr. White. On the other hand i t i s p o s s i b l e t h a t a more s p h i s t i c a t e d 
model may be necessary to e x p l a i n the i n t e n s i t y d a ta. 

J.F. Coetzee - I s + t h e r e any simple q u a n t i t a t i v e c o r r e l a t i o n between the 
s o l u b i l i t y of Bu^N CI i n benzene and the a c t i v i t y of water present ? 

J. Yarwood - We have no q u a n t i t a t i v e measure of the r e l a t i o n between s o l u 
b i l i t y and water c o n c e n t r a t i o n but I do not know t h a t i f the water l e v e l 
i s reduced beyond about 0.1 Z (by volume)then the s o l u b i l i t y i s l e s s than 
0.01 M (the lowest c o n c e n t r a t i o n we can d e t e c t using f a r i n f r a r e d methods). 
Better methods of c o n c e n t r a t i o n d e t e r m i n a t i o n are o b v i o u s l y necessary 
before one could say more than t h i s . 

H.L. Friedman - a/ Since Bu^N +Cl d i s s o l v e s i n benzene o n l y to the degree 
t h a t water i s present (which i m p l i e s t h a t i n s o l u t i o n we have only.CI 
w i t h H.O hydrogen-bonded to i t ) , i t seems pa r a d o x i c a l t h a t the i n t e n s i t y 
of band 3 i s so s e n s i t i v e to s t i l l more water. 
b/ Jn some other solvents the s o l v a t i o n enthalpy data show c l e a r l y t h a t i n 
R̂ N the a l k y l chains are s t r e t c h e d o u t , as you also f i n d necessary to 
assume. 

J. Yarwood - a/ Without q u a n t i t a t i v e s o l u b i l i t y / w a t e r c o n c e n t r a t i o n data i t 
i s d i f f i c u l t t o be sure t h a t t h i s apparent paradox i s "neat". I f , however, 
the molar c o n c e n t r a t i o n of water i s lower than t h a t of the s a l t (which I 
be l i e v e i t i s from our Karl-Fischer t i t r a t i o n data) then i t may be t h a t 
the water molecule i s important i n "aggregate" f o r m a t i o n . One may then only 
need one water molecule per aggregate but a d d i t i o n _ o f more water would, of 
course, lead to a higher c o n c e n t r a t i o n of H-O-H.,X species, 
b/ This would provide e x t r a evidence t h a t our idea of s o l v e n t molecules 
being "trapped" (on our time scale) w i t h i n the a l k y l chains (or chain aggre
gates) i s not t o t a l l y unreasonable. 

J.W. White - I have a few comments which I hope may help to understand some 
of the p o i n t s r a i s e d i n t h i s and the preceeding paper. F i r s t l y i t i s known 
t h a t a small amount of water (0.1 %) s t a b i l i s e s an abnormal c r y s t a l l i n e 
phase of tetramethylammonium c h l o r i d e compared to the phase f o r the dry 
c r y s t a l . Perhaps the same i s t r u e f o r other a l k y l ammonium s a l t s and the l a c k 
of s o l u b i l i t y of the dry form i n benzene r e s u l t s . Secondly I would l i k e 
to suggest t h a t there arc t\io d i f f e r e n t classes of l i b r a t i o n s p o s sible f o r 
alkylanmtoniura species i n s o l u t i o n i / l i b r a t i o n of the whole i o n p a i r or 
c l u s t e r i n the c r y s t a l f i e l d provided by the s o l v e n t and i o n i c neighbours 
and i i / l i b r a t i o n s of the tetraalkylammonium ions themselves. Because high 
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v i b r a t i o n a l amplitude proton s c a t t e r i n g dominates neutron spectra l i b r a t i o n s , 
p a r t i c u l a r l y of the type ( i i ) , appear s t r o n g l y . The neutron spectra are 
thus complementary to the i n f r a r e d a n d - e f f e c t s due t o sol v e n t s c a t t e r i n g 
can be s i g n i f i c a n t l y attenuated using deuterated(low s c a t t e r i n g ) s o l v e n t s . 
The f i g u r e i s an example of t h i s (Brown and White, unpublished work) and 
shows the p e r s i s t e n c e of both molecular modes (A) and the whole t e t r a m e t h y l -
ammonium i n l i b r a t i o n , B, (though w i t h changed f r e q u e n c y ) , through out 
the s e r i e s !/ tetramethy-ammonium c h l o r i d e s o l i d , 2/ glassy supercooled 
e u t e c t i c o f (CH,).N CI . 4 H-0 and 3/ the same s o l u t i o n a t 25°C. 

uamsoumc 
i n u AIM* 

sous sauna 
in cy>«r ZISR 

tSMUSU 

<S JB—C3—Bg3—BSHJ 

MIDI 

ttuTcst tint of ruaa i , » tarn 'i 

H.Cachet - The a n i o n - c a t i o n distance r deduced from experiment s t r o n g l y 
depends on the model, as shown b y o t h e d i f f e r e n c e s between your values 
(~ 3 A) and our values (~ 5 - 6 A) . I n r e l a t i o n w i t h t h i s p o i n t , can you 
e x p l a i n why, i n the r e s t o r i n g f o r c e governing the i o n - p a i r v i b r a t i o n , you 
neglect a l l f o r c e s other than the Coulombic one ? The $ ( r ) p o t e n t i a l o f 
mean f o r c e we use y i e l d s both r and the f o r c e c o n s t a n t ; i n the l a t t e r , 
the main term does not a r i s e from the Coulomb a t t r a c t i o n , but from the 
r e p u l s i v e f o r c e . 

J. Yarwood - Our f o r c e constants ( t a b l e 1 of our paper) are "observed" 
values and the data are f i t t e d to a diatomic molecule model using equation 
3. I agree t h a t t h i s equation uses an e l e c t r o s t a t i c model and t h a t f o r a 
meaningful f o r c e constant one needs a c e r t a i n degree of "covalent" bonding. 
However, the i n t e n s i t y data also give a value of r * 3.5 - 4.0 A and i t 
seems l i k e l y , i n view of the i n t e r p r e t a t i o n of c o n d u c t i v i t y data, t h a t 
p e n e t r a t i o n of the c a t i o n a l k y l chain by the anion produces an e f f e c t i v e 
rCA l ° w e r t n a n sum of i o n i c r a d i i . Nevertheless, I agree t h a t the 
p r e c i s e value of r obtained model dependent and t h a t t h i s parameter 
probably a l s o depends on the degree of " c l u s t e r i n g " i n concentrated s o l u t i o n s . 
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a) Research Colloquia, Seminars and Lectures by External Speakers 

Arranged by the Department of Chemistry of the University of Durham between 

1 October 1976 and 31 December 1978. 

20 October 1976 

10 November 1976 

17 November 1976 

24 November 1976 

8 December 1976 

26 January 1977 

2 February 1977 

9 February 1977 

23 February 1977 

25 February 1977 

2 March 1977 

4 March 1977 

9 March 1977 

18 March 1977 

30 March 1977 

20 April 1977 

27 April 1977 

4 May 1977 

Professor J . B. Hyne (University of Calgary), "New Research on an Old 

Element - Sulphur". 

Dr J.S. Ogden (Southampton University), ' The Characterization of High 

Temperature Species by Matrix Isolation". 

Dr B.E.F . Fender (University of Oxford), "Familiar but Remarkable 

Inorganic Solids". 

Dr M.I.Page (Huddersfield Polytechnic), "Large and Small Rate 

Enhancements of Intramolecular Catalysed Reactions". 

Professor A.J.Leadbetter (University of Exeter), "Liquid Crystals". 

Dr A. Davis (E.R.D.R.) , "The Weathering of Polymeric Materials". 

Dr M. Falk, (N.R.C. Canada), "Structural Deductions from the Vibrational 

Spectrum of Water in Condensed Phases". 

Professor R.O.C. Norman (University of York), "Radical Cations; 

Intermediates in Organic Reactions". 

Dr G. Harris (University of St Andrews), "Halogen Adducts of Phosphines 

and Arsines". 

Professor H.T.Dieck (Frankfurt University), "Diazadienes - New Powerful 

Low-Valent Metal Ligands". 

Dr F. Hibbert (birkbeck College, London), "Fast Reaction Studies of 

Slow Proton Transfers Involving Nitrogen and Oxygen Acids". 

Dr G. Brink (Rhodes University, South Africa), "Dielectric Studies of 

Hydrogen Bonding in Alcohols". 

Dr I.O. Sutherland (Sheffield University), ' T h e Stevans' Rearrangement: 

Orbital Symmetry and Radical Pairs". 

Professor H. Bock (Frankfurt University), "Photoelectron Spectra and 

Molecular Properties: A Vademecum for the Chemist". 

Dr J.R.MacCallum (University of St Andrews), "Photooxidation of Polymers". 

Dr D.M.J.Lilley (Research Division, G.D.Searle), "Tails of Chromatin 

Structure - Progress towards a Working Model". 

Dr M.P. Stevens (University of Hartford), "Photocycloaddition 

Polymerisation". 

Dr G.C.Tabisz (University of Manitoba), "Collision Induced Light Scattering 

by Compressed Molecular Gases". 
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6 July 1977 
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25 January 1978 

1 February 1978 

3 February 1978 

22 February 1978 

1 March 1978 

3 March 1978 

15 March 1978 

22 March 1978 

Dr R.E.Banks (U.M.I.S.T.), "The Reaction of Hexafluoropropene with 

Heterocyclic N-Oxides". 

Dr J . Atwood (University of Alabama), "Novel Solution Behaviour of 

Anionic Organoaiuminium Compounds: the Formation of Liquid Clathrates". 

Professor M.M.Kreevov (University of Minnesota), "The Dynamics of Proton 

Transfer in Solution". 

Dr J . McCleverty (University of Sheffield), "Consequences of Deprivation 

and Overcrowding on the Chemistry of Molybdenum and Tungsten". 

Professor J . Passmore (University of Brunswick), "Adducts Between Group 

V Pentahalides and a Postscript on S ^ l ^ " . 

Dr T.J.Broxton (La Trobe University, Australia), "Interaction of Aryldiazonium 

Salts and Arylazoalkyl Ethers in Basic Alcoholic Solvents". 

Dr B. Heyn (University of Jena, D.D.R.), "a-Organo-Molybdenum Complexes 

as Alkene Polymerisation Catalysts". 

Professor R.A.Filler (Illinois Institute of Technology), "Reactions of Organic 

Compounds with Xenon Fluorides". 

Dr N. Boden (University of Leeds), "NMR Spin-Echo Experiments for 

Studying Structure and Dynamical Properties of Materials Containing 

Interacting Spin - % Pairs". 

Dr A.R. Butler (University of St Andrews), "Why I lost Faith in Linear Free 

Energy Relationships". 

Dr P.A.Madden (University of Cambridge), "Raman Studies of Molecular 

Motions in Liquids". 

Dr R.O.Gould (University of Edinburgh), "Crystallography to the Rescue in 

Ruthenium Chemistry". 

Dr G. Richards (University of Oxford), "Quantum Pharmacology". 

Professor K.J.Ivin (Queens University, Belfast), "The olefin metathesis 

reaction: mechanism of ring-opening polymerisation of cycloalkenes". 

Dr A. Hartog (Free University, Amsterdam), "Surprising recent Studies in 

Organo-magnesium Chemistry". 

Professor J.D.Birchall (Mond Division, I.C.I. Ltd.), "Silicon in the Biosphere". 

Dr A. Williams (University of Kent), "Acyl Group Transfer Reactions". 

Dr G. van Koten (University of Amsterdam), "Structure and Reactivity of 

Arylcopper Cluster Compounds". 

Professor G. Scott (University of Aston), "Fashioning Plastics to match the 

Environment". 

Professor H. Vahrenkamp (University of Freiburg), "Metal-Metal Bonds in 

Organometallic Complexes". 
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19 April 1978 Dr M. Barber (U.M.I.S.T.), "Secondary Ion Mass Spectra of Surfaces and 

Absorbed Species". 

16 May 1978 Dr P. Ferguson (C.N.R.S., Grenoble), "Surface Plasma Waves and Absorbed 

Species on Metals". 

18 May 1978 Professor M. Gordon (University of Essex), "Three Critical Points in Polymer 

Science". 

22 May 1978 Professor D. Tuck (University of Windsor, Ontario), "Electro-chemical 

Synthesis of Inorganic and Organometallic Compounds". 

24 and 25 May 1978 Professor P. von R. Schleyer (University of Eriangen, Nurnberg), 

I. "Planar Tetra-co-ordinate Methanes, Perpendicular Ethylenes, and 

Planar Allenes". 

II. "Aromaticity in Three Dimensions". 

III. "Non-classical Carbocations". 

21 June 1978 Dr S.K.Tyrlik (Academy of Science, Warsaw), "Dimethylgloximecobalt 

Complexes - Catalytic Black Boxes". 

23 June 1978 Professor W.B. Person (University of Florida), "Diode Laser Spectroscopy 

at 16nm". 

27 June 1978 Professor R.B. King (University of Georgia, Athens, Georgia, U.S.A.), 

' T h e Use of Carbonyl Anions in the synthesis of Organometallic 

Compounds". 

30 June 1978 Professor G. Mateescu (Cape Western Reserve University), "A Concerted 

Spectroscopy Approach to the Characterisation of Ions and Ion Pairs: 

Facts, Plans and Dreams". 

15 September 1978 Professor W. Siebert (University of Marburg, West Germany), "Boron 

heterocycles as ligands in transition metal chemisty". 

22 September 1978 Professor T. Fehlner (Notre Dame, U.S.A.), "Ferraboranes: syntheses and 

photochemistry". 

12 December 1978 Professor C.J.M. Stirling (University of Bangor). "Parting is such sweet sorrow' -

the leaving group in Organic Reactions". 
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b) Conferences Attended During the Period October 1976 to December 1978 

13 and 14 December 1976 The Chemical Society, Faraday Division, Symposium No. 11, 

"Newer Aspects of Molecular Realxation Processes". The 

Royal Institution, London. 

13,14 and 15 September 1977 The Chemical Society, Faraday Division, General Discussion 

No.64, "Ion-Ion and Ion-Solvent Interactions". St.Catherine's 

College, Oxford. 

29 March — 1 April 1978 The Institute of Physics, '3rd International Conference on 

Submillimetre Waves and their Applications'. 

University of Surrey, Guildford. 

July 1978 'Synchrotron Users Meeting', Daresbury Laboratory. 

13 September — 15 September 1978 The Chemical Society, Faraday Division. General Discussion 

No.66 'Structure and Motion in Molecular Liquids! 

The University of Kent, Canterbury. 

Paper presented by the author 'Comparison of Infrared and 

Raman Vibrational Relaxation Functions of the u-| and U3 

Modes of Acetonitrile'. 

J.Yarwood, P.L.James, G.Doge, R.Arndt. [Appendix 2] 

6 December 1978 The Institute of Physics, Spectroscopy Group. 

'Aspects of Submillimetre Spectroscopy'. 

Westfield College, London. 


