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SAMENVATTING 

In dit proefschrift wordt een onderzoek beschreven van de dielec-
trische dispersie en absorptie van een aantal polaire vloeistoffen in 
het microgolf-gebied. Daar voor vloeistoffen, die bestaan uit polaire 
moleculen van eenvoudige structuur, de voornaamste absorptie 
juist in dit golflengte-gebied ligt, biedt een dergelijk onderzoek 
interessante perspectieven ter verificatie van verschillende dispersie-
theorieën en van de modellen, die daaraan ten grondslag liggen. 

In de Inleiding wordt een overzicht gegeven van de huidige stand 
der analyse van dispersiegegevens van polaire vloeistoffen welke 
kunnen worden beschreven met één relaxatietijd. Voorts wordt de 
historische ontwikkeling van het experimentele werk op dit gebied 
geschetst. Hoofdstuk II biedt een vergelijking van verschillende be-
kende dispersiemodellen. Tevens wordt een nieuwe dispersierelatie 
voor ellipsoidale moleculen afgeleid. De experimentele gegevens zijn 
vervat in Hoofdstuk I I I . Een nieuw ontwikkelde meetmethode 
maakt de bepaling van e' en e" met een nauwkeurigheid van 1 % in 
vele gevallen mogelijk. Na een beschrijving van de gebruikte micro-
golf-apparatuur volgen de eigenlijke meetresultaten, die een golf-
lengte-gebied tot 8 mm bestrijken. Teneinde een theoretische inter-
pretatie van deze resultaten mogelijk te maken is het onderzoek be-
perkt tot een aantal polaire vloeistoffen waarvan de moleculen zo-
veel mogelijk corresponderen met de besproken modellen, t.w. een 
tweetal vrijwel bolvormige moleculen en een reeks mono-gesubsti-
tueerde benzenen. Hieraan zijn metingen aan water en de eenvou-
digste alcoholen toegevoegd. Tenslotte is een serie metingen aan op-
lossingen van enkele dezer vloeistoffen in benzeen verricht. De meet-
resultaten, die alle zeer goed met een halve cirkel in het e', e"-vlak 
kunnen worden beschreven, wijzen voor de gesubstitueerde ben-
zenen op het bestaan van een tweede dispersiegebied bij mm-golven. 
In de discussie van deze resultaten in Hoofdstuk IV blijkt, dat dit 
van dipolaire oorsprong moet zijn. Zulk een verdere dispersie van de 
dielectrische constante is niet in overeenstemming met het bespro-
ken Onsager-model. Zij is echter wel te begrijpen op grond van de 
veronderstelling dat, tengevolge van de regelmatige rangschikking 
der moleculen, locale velden werken op een molecule, die mede het 
dielectrisch gedrag bepalen. 
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MICROWAVE DISPERSION OF SOME 
POLAR LIQUIDS 

Summary 

The chief purpose of the present investigation is the measurement and 
analysis of the microwave dispersion of some polar liquids. An outline of 
the problem and a historical survey of experimental work on the dielectric 
behaviour of polar liquids are given in Chapter I. A number of theoretical 
expressions for the dielectric constant in the static case and their extension 
to alternating fields are reviewed in Chapter II . A formula for the dielectric 
dispersion in liquids composed of ellipsoidal molecules is derived and its 
consequences are investigated. Chapter I I I deals with the experimental 
details of the investigation. A new microwave measuring technique is 
described, accurate in most cases to about 1 % for both the real and 
imaginary part of e. In order to make the theories applicable, the investi-
gation has been restricted mainly to polar liquids of simple structure, in 
particular to the mono-substituted benzenes. The results refer to wave-
lengths down to 0.8 cm. The analysis of our measurements in Chapter IV 
reveals discrepancies between the dielectric constant e^, extrapolated 
from the side of cm-waves, and n^, the square of the refractive index, 
extrapolated from measurements in the visible and infrared. This leads to 
assuming an additional region of dipolar absorption in the neighbourhood 
of I mm. The mechanism to which such an absorption may be due is sought 
in the strong local fields exerted on a molecule by its immediate neighbours. 

CHAPTER I. INTRODUCTION 

§ 1. The analysis of the dielectric behaviour of polar liquids *). The 
dispersion and absorption of electromagnetic waves by polar 
dielectrics have been a subject of investigation for a considerable 
time. The main purpose of this research is to discuss the behaviour 
of the dielectric constant £ = e' — je" according to new measure-

*) Throughout this investigation non-rationalized Gauss units are employed, in view 
of the fact that in this field the use of Giorgi units has as yet made little headway. 
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ments in the cm-wave region at the hand of various theoretical 
formulae. The parameters in these investigations in general are the 
circular frequency m, the temperature T, and in the case of solutions 
the concentration. 

- # 
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Fig. 1. Qualitative picture of the dispersion and absorption of 
polar gases and liquids. 

a. Gas, b. Liquid with ê o = 'ï'̂ . <^- Liquid with £„ ^t «2 

The discrete absorption lines observed in polar gases are known 
to be due molecular rotation, atomic vibration and electronic 
transitions, located in the frequency scale as sketched roughly in 
fig. 1 a. Each spectral line has a width which is dependent on various 
causes, in particular the vapour pressure, and contributes to e". 
Corresponding to each absorption line a contribution to e' of well-
known resonance character arises. 

The contribution of the atomic vibrations and electronic trans-
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itions to the total polarization in a constant or slowly var5ang 
electric field can be determined from measurements of the polar-
izability a of the molecules in the far infrared where the rotational 
contribution has decreased to zero. If the gas is sufficiently dilute so 
that the interaction of the molecules can be neglected, the field 
acting upon a molecule equals the applied external field E, and the 
contribution of the molecular rotation amounts to 47tN/i^E/3kT, N 
being the number of molecules per unit volume, ju the permanent 
dipole moment and k B o l t z m a n n ' s constant. All contri-
butions together lead finally to the well-known relation for the 
dielectric constant e^ in the static case: 

The strong molecular interaction existing in polar liquids causes 
radical changes in the situation just discussed. Here a continuous 
absorption curve describes the behaviour of e", while that of e' too 
no longer shows a discrete structure. This is displayed in fig. \b. 
Moreover the interaction between the molecules leads to a consider-
able difference between the actual field acting on each molecule and 
the applied external field. 

In order to account for the dielectric constant e at low frequencies 
in terms of a and ju, D e b ij e )̂ derived his well-known formula, 
assuming the field acting on the spherical dipole molecule to be 
equal to the internal field according to L o r e n t z-L o r e n z. 
An improvement in the theory was obtained by O n s a g e r ^ ) , 
by taking into account more carefully the interaction between the 
polarizable molecule and its surroundings. Further refinements 
were made by K i r k w o o d )̂ in his treatment of short-range 
interaction and by several authors in their extension of O n s a-
g e r's results for spherical molecules to molecules of ellipsoidal 
shape. The agreement, however, between the values of /x calculated 
from liquid data and those determined for the vapour is still dis-
appointing in many cases. 

Turning to the analysis of dispersion measurements, it is observed 
that for dipole molecules of simple shape within the range of the 
measurements a semi-circular locus in the e', e"-plane is obtained, 
which apparently confirms the theory developed by D e b ij e. The 
generalization of O n s a g e r's derivation for the case of alter-
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nating fields leads to a curve differing markedly from a semi-circle. 
However, a logical extension to ellipsoidal molecules, as suggested 
by the author in the first part of this investigation, shows that here 
too loci approaching more or less a semi-circular form may often be 
expected. 

While the theoretical pictures mentioned seemed to give a 
consistent account of the dielectric dispersion, our microwave data 
have provided us with a new topic of investigation in this field. 
Discrepancies have been revealed, sometimes of substantial magni-
tude, between the value of the dielectric constant e^, as extra-
polated from determinations in the cm-wave region, and the square 
of the index of refraction n^, following from measurements in the 
far infrared, and representing the effect of atomic vibrations as 
well as electronic transitions. This is illustrated in fig. Ic. A fair 
example is provided by nitrobenzene, for which accurate measure-
ments by C a r t w r i g h t and E r r e r a *) have led to n^ = 2.43, 
whereas our microwave data give s^ = 4.07. This suggests a new 
dispersion region of the dielectric constant between those due to 
molecular rotation and atomic vibration respectively, which our 
measurements indicate to be of dipolar origin. 

An absorption mechanism which might lead to such a second 
dipolar dispersion in polar liquids is implicit already in work of 
P a u 1 i n g 5), where the modification of the free rotation of a 
molecule by a potential is considered. Depending on the strength of 
this potential two limiting cases can be distinguished. When it is 
small with respect to kT, the behaviour will lie close to that of a 
free rotator. When, however, it is large, the molecule will only 
exert small oscillations around the equilibrium positions determined 
by the potential. The mathematical treatment by quantum theory 
shows the possibility of a gradual transition from one extreme to 
the other, permitting for cases with intermediate strengths of the 
potential the simultaneous presence of rotation and oscillation 
dispersion. 

The suggestion that an intermolecular field, giving rise to hindered 
rotation, may play a role in the dielectric properties of liquids was 
first made by D e b ij e ®) and applied by D e b ij e and R a m m '') 
to a discussion of dielectric dispersion. A quantummechanical 
treatment applicable to the same problem was developed by 
G o r t e r and K r o n i g * ) . 
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In view of this situation the aim of our present work is twofold. 
In the first place the nature of the microwave dispersion curve has 
been established for a number of selected simple polar liquids, 
satisfying the theoretical assumptions as well as possible. We have 
chosen for this purpose a series of mono-substituted benzenes where 
all disturbing effects, such as internal twisting and bending or the 
presence of intermolecular bonds, can be expected to be relatively 
unimportant. In the second place we have tried to give a quahtative 
explanation of the observed dispersion curves in terms of the 
mechanism just mentioned, for pure liquids as well as for solutions 
of polar molecules in a non-polar solvent. 

§ 2. Historical outline of experimental work. Notwithstanding the 
experimental difficulties a number of short-wavelength data on 
liquids were obtained before 1940, using mainly free space trans-
mission and reflection techniques. 

With damped waves experiments were made some fifty years ago 
by L a m p a )̂ and D r u d e i") ii), and some time later by 
C o l l e y i 2 ) , E c k e r t " ) , R u b e n s " ) , R ü c k e r f i s ) , M ö-
b i u s ^ * ) , W e i c h m a n n 1') 1*) and T e a r ^ " ) , covering cm-
and mm-wavelengths. However daring these first pioneering 
explorations before 1925 were, the results unfortunately turned out 
to be very unreliable. This was due to the primitive apparatus and 
detecting devices then available, and to uncertainty as to wave-
length and "energy distribution. In particular the sharp dispersion 
regions recorded in data on water and alcohols were later shown to 
be entirely fictitious. 

Meanwhile the development of new types of generators made a 
gradual advance towards shorter wavelengths possible. Though from 
1930 to 1940 most of the authors still used the longer wavelengths 
between 100 and 1 m (for instance M a 1 s c h ^"), K r a u s e ^i), 
S c h m e l z e r ^ ^ ) and F i s c h e r 2^)), measurements were 
achieved already in 1926 and 1929 down to 58 cm wavelength by 
M i z u s h i m a 24) 25), and in 1930 by G i r a r d and A b a d i e 2«) 
at 40 cm wavelength. During 1933 S e e b e r g e r " ) reported data 
on water and alcohols between 24 and 13 cm wavelength. Finally 
the 10 cm barrier towards the microwaves was overcome in 1937 
with the publication of data on the same substances by E s a u 
and B a z 28) and by K n e r r 2 )̂. Here for the first time use was 
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made of velocity-modulated tubes which in further developments 
were to conquer the microwave region so succesfully. The last 
pre-war progress was recorded in 1939 in the measurements on 
water and alcohols at wavelengths between 7 and 1.5 cm published 
by K e b b e l » " ) . 

The forced development of magnetrons and klystrons and of 
waveguide measuring-techniques during the last fifteen years has 
been followed by an avalanche of experimental microwave data on 
polar liquids. In general these measurements were made at discrete 
frequencies in the 5-band (10 cm), X-band (3 cm) and i<L-band 
(1.25 cm), using commercially available oscillators. Not many 
liquid data are available as yet in the mm-region, where research on 
energy generation and detection equipment is still going on. 

As many data were obtained rather incidentally, however, part 
of the experimental results is unfortunately either unsuitable for 
use in fundamental discussions on the dispersion of polar liquids or 
unreliable due to greater or lesser inaccuracies. Nevertheless, 
systematic experiments are in progress for instance at Princeton 
University on organic halides ( S m y t h c.s. ^^) 2̂) 33̂ ) and at the 
Laboratoire de Chimie Physique at Paris on the dispersion of 
hydrogen-bonding liquids (M a g a t c.s. **).) The same phenome-
non is studied by H a s t e d c.s. in ionic solutions ^̂ j sê ^ ^^^ ^t 
the National Physical Laboratory down to 6.2 mm by S a x t o n 
and L a n e 3') ^). Some research on the solvent effect at micro-
waves has been done by S m y t h c.s. *̂) and by W h i f f e n and 
T h o m p s o n * " ) . The absorption in non-polar liquids has been 
treated by W h i f f e n *i) *2) and again by S m y t h c.s. *») **). 
No systematic investigation of our main subject of research, the 
mono-substituted benzenes, exists as yet. 

CHAPTER II 

THE ANALYSIS OF DIELECTRIC DISPERSION DATA 

§ 3. The formula of Debije. As mentioned already in the intro-
duction, the electric polarization P of a substance composed of 
dipole molecules in an electric field of circular frequency co can be 
written as the sum of a contribution due to a partial orientation 
of the dipoles under the influence of this field and a contribution 
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from other causes, such as atomic vibrations and electronic trans-
itions. Denoting by w, the average contribution of non-polar 
origin to the electric moment of a molecule and by Wj the average 
dipolar contribution, we have for P and the corresponding complex 
dielectric constant e at frequency <w 

AnP = (e — \)E = AnN{m^ + m^). (2.1) 

Here A'̂  stands for the number of molecules per unit volume. 
The best-known formula for e resulting from (2.1) in the case of 

liquid dielectrics is that of D e b ij e ^): 

Ê - 1 = AnN [a + ---— ) - — , (2.2) 
\ 3kT \ + JMT J E ^ ' 

where a is the polarizability per molecule, fx the permanent dipole 
moment, k B o l t z m a n n's constant, T the absolute tempera-
ture, T the molecular relaxation time, and f^ the effective field 
acting on a molecule. 

In deriving (2.2) D e b ij e considered the molecule as a sphere 
of radius a, suffering viscous resistance when changing its orien-
tation in the medium by which it is surrounded. He was thus led 
to the relation 

Anric? 

kT 
(2.3) 

between T and the viscosity r] of the medium. 
Whatever the mechanism of relaxation, the frequency de-

pendence of the dipolar term given in (2.2) corresponds to the case 
that a deviation of the distribution of the dipoles over various 
directions from a uniform distribution would disappear exponent-
ially according to the factor e"""' when left to itself. 

Ei^ was taken by D e b ij e to be equal to the so-called L o-
r e n t z-L o r e n z field, given by 

e + 2 
£ ^ = - ^ - £ . (2.4) 

Here the electric action on a given molecule by the surrounding 
molecules is replaced by their average field. 

From (2.2) and (2.4) it follows that 

. - 1 = 4.A^(a + - ^ ^ ^ _ ) ^ ± 1 . (2.5) 
\ ZkT \ ^ 1 oix I 3 
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In the limit m = 0 the quantity e becomes equal to the static 
dielectric constant £Q, while at sufficiently large values of co, where 
the second term in parentheses has practically decreased to zero, e 
goes over into the square of the index of refraction n^ in the far 
infrared, which involves the contributions from the atomic vibrations 
and the electronic transitions. 

Applying (2.5) to these two limiting cases we can express fx and a 
in terms of EQ and n, obtaining 

AnN 2 _ 3(£(, - n^) 

'9kT^ ^ (£o + 2) («2 + 2) ' ^ '̂̂ ^ 

AnN n^ — 1 
a 

«̂  + 2 

With (2.6) and (2.7) equation (2.5) may be written as 

£ — W^ £n — w^ 1 

£ + 2 £g -)- 2 1 + ƒ WT 

(2.7) 

(2.8) 

which is a linear equation in £. 
Putting the complex quantity £ equal to E' — j e", we find from 

(2.8) 

e' = n^+ / ° ~ 1 , , (2.9) 

l + ( - : ^ - - - ^ ^ ' 

' ° + ^ COT. (2.10) 
/ gp + 2 V 
W + 2 ) 

Eliminating the frequency oj from (2.9) and (2.10) it follows that 

This is the equation of a circle in the complex £-plane with radius 
|(£o — n^) and centre on the real axis at £' = i(eo + ^^). as was 
first shown by C o l e and C o 1 e *5). This representation is hence 
known as a C o l e-C o 1 e-plot. The upper half of this dispersion 
circle is fully drawn in fig. 2 for EQ = 12.5 and n^ = 2.5. As co 

8 



increases from zero to large values, it is described from right to left 
as indicated by the arrow. From (2.9) and (2.10) it also follows that 

CUT = 
«2 + 2 

«0 + 2 
(2.12) 

permitting T to be calculated from experimental data. 

Fig. 2. Dispersion locus for spherical molecules. Full line: according to the 
D e b i j e equation (2.11). Dashed line: according to the generalized 

O n s a g e r equation (2.19). 

§ 4. The formula of Onsager. A more careful study of the inter-
action between dipole molecules in liquids has been made by 
O n s a g e r 2). He too considers the molecule as a sphere of radius 
a, surrounded by a medium of dielectric constant e. a is determined 
by putting Ana^j'i equal to the volume IjN per molecule of the 
liquid. 

According to O n s a g e r (2.2) has to be replaced by 

L 3(2£ + n^) 3kT 1 + ƒ COT. 

where the directing field *^) EQ is given by 

E(n' + 2) 

J E ' 
(2.13) 

(2.14) 

Although in fact (2.13) was given by O n s a g e r only for the case 
CO = 0, the reduction of the dipolar contribution in (2.13) for 
increasing frequencies will be effected by the same factor 1/(1 -f/COT) 
as in the model of D e b ij e since the same damping mechanism 
may be supposed to be acting. 
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It has been subject of discussion whether this procedure o 
generalizing the static relation to the case of alternating fields might 
be open to objections. The model of O n s a g e r , assuming an 
instantaneous readjustment of the surroundings of the central 
molecule, might be inadequate at higher frequencies. However, the di-
recting field EQ has the right magnitude both at very low frequencies 
and in the far infrared, in the latter case being equal to Eg = Ej^ = 
= ^(n^ -\- 2)E. Thus there is considerable justification for the use of 
EQ also at intermediate frequencies, the time-lag of the read-
justment of the surroundings being taken into account by the 
introduction of the complex dielectric constant in the expression 
for EQ. We shall therefore adopt in our following treatment the 
procedure outlined above, in accordance with analogous approaches 
of for instance C o l e * ' ) , F u o s s and K i r k w o o d **), 
S m y t h * * ) , S a X t o n *') *8) and B o l t o n * " ) , bearing in 
mind the restrictions possibly adhering to it. 

If we now use (2.13) to express /i and a in terms of EQ and n, 
we obtain 

AnN 3 (£o - n') (2eo + n') 
-" = / 2 , ox2 ' (2-15) 9kT ' eoin" + 2) 

AnN 

3 n' + 2 

With these expressions for /u and a (2.13) can be written 

(£ - n^) (2£ + n^) {EO - n^) {2E^ + n^) 1 

(2.16) 

(2.17) 
e CQ 1 + ƒ COT 

In contrast to (2.8) this is a quadratic equation in E. 
Approximate methods for determining the real and imaginary 

parts of Ê according to (2.17) have been given by F i s c h e r *•*) in 
the case where (COT)̂  <^ 1, and by C o l e * ' ) in the case where 
£g ^ M̂ . The limited validity of these approximations is often 
forgotten. In the experiments to be discussed in Chapter I II neither 
of these conditions is realized. Exact calculations are then required. 

The best way, due to B o l t o n * ' ) , to achieve these is to 
separate (2.17) into its real and imaginary parts. Ehminating CD 
between them and introducing the abbreviations 

e' E" (eo — w^) (2£o -(- ri}) 
u = ^r, v = —.~, d=^-^ ' - ^ - , (2.18) 

n n^ ErM 
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it appears that v must satisfy the equation 

av^ + bv^ + c = 0. (2.19) 
Here 

a = A, 

8u^ - (2(5 + A)u -f ((5 + 5), } (2.20) 

C = 4^" - (2Ó + 4)^3 + (Ó - 3)M2 + (Ó -I- 2)M -I- 1. 

From (2.19) and (2.20) v and hence E" can be computed if u, or in 
other words s', is given, leading to the construction of a curve in the 
complex £-plane, analogous to the semi-circle in § 3. In fig. 2 this 
curve is plotted as a dashed line, using again the values £Q = 12.5 
and M̂  = 2.5. It can be shown quite generally, as also appears in 
fig. 2, that the plot resulting from the relation of O n s a g e r lies 
everywhere above the semi-circle, the difference being in general 
much greater than the accuracy of measurement. 

From (2.17) one gets 
E"[2{E'^ + E"') + n'] 

2\ Co'2 I o"2\ _ (2e' - n^) (£'2 -f £• 
(2.21) 

§ 5. Ellipsoidal molecules. A generalization of the procedure of 
O n s a g e r for static fields to the case of molecules of ellipsoidal 
instead of spherical shape has first been given by S c h o 11 e *^). 
Recently several other relations have been suggested, and it may be 
profitable to compare these expressions in their practical appli-
cability before choosing one of them as the most suitable basis for 
extension to the case of alternating fields. 

When the permanent dipole moment [x lies along the aj-axis of 
the ellipsoidal molecule, having semi-axes a^, «2. <^z< the static 
relation replacing (2.13) becomes according to S c h o 11 e: 

. . - , = 4 , 4 4 . , ^ + ^ - - ^ ^ . ] . ,2.22, 

Here a^ denotes the polarizability of the molecule along the axis a,. 
For an ellipsoid of homogeneous and isotropically polarizable 
material having a refractive index n it is according to S c h o 11 e *i) 
(see his equation (14)) given by 

« 2 - 1 
oLi = ;; a,ana-,, (2.23) 
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where 
oo 

Ai= ' 2 ^ = = = (2.24) 
2 .' (s + af)V(s -f fl?) (s + a )̂ (s + aj) 

0 

is the depolarization factor along the axis â . E^^ is the directing 
field along the axis a,, which as shown by S c h o 11 e ^̂ ) (see his 
equation (18)) can be expressed in terms of the electric field E by 

Eoi = -, y r-^U- ^ (2.25) 

with 

3 ^.(1 - A,) (£o - 1) 
' ' "^ / m • (2..Zb) 

«lajfls £o — (£o — l)^j 
In analogy with O n s a g e r's theory it is assumed that the 
volume of the ellipsoid is related to the number of particles per unit 

volume Â  by 
An _ 1 
3 1 2 3 ^ - a-^a2a2 = -^ • (2.27) 

Eliminating first Eo^ from (2.22) by means of (2.25) we find 

«0 — 1 

4^iV r * I.-^ 5̂ + ' _ f? ^ 1 (2.28) 
L^ i\-a,f^E,^{E,-\)A,{\~a,f,fE,-[E^-\)A,3kTy ' 

Introducing furthermore the a^ from (2.23) and the /̂  from (2.26) 
leads with the aid of (2.27) to 

£o - 1 = è S ' , ^ + 

, g ^ o - f a - l ) ^ i ] [ l + {n^- 1 )^ . ] ' i^JV , 

+ [ £ o - ( £ o - « V , ] ^ 3 " ^ r ' ' - (^-^'^ 

The relations (2.28) and (2.29) are suitable for a comparison with 
expressions proposed by different authors. 

For ellipsoids of not too large a deviation from the spherical 
shape S c h o 11 e *2) applied an approximation in the first term on 
the right-hand side of (2.28) by replacing the directing fields E^i 
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in (2.22) by the directing field on a sphere with polarizability 

Since for a sphere ^^ = 3, this leads to 

AnN 
3£n 1 

. l - a / 2 £ o + l ( l - r x , / , ) 2 £ o - ( £ o - l ) ^ , 3 ^ r . ]• (2.30) 

To give an impression of the error made we have shown in table I 
the percentage difference of the two terms in question in (2.30) and 
(2.28) for various ellipsoids of revolution (̂ 2 = «3) and for two ratios 
of the quantity £o/«^. It can there be seen that for values of the 
ratio aja2 between 0.5 and 3 the errors made are actually not large. 

TABLE 1 

Error made by introduct ion of approximat ion of 
S c h o l t e 

« i / f l j 

3.3 
1.7 
1.12 
0.73 
0.54 
0.37 

^ 1 

0.1 
0.2 
0.3 
0.4 
0.5 
0.6 

Er ror in % 

£„/»» = 2.5 

1.5 
0.5 
0.1 
0.15 
0.9 
2.4 

£„/«" = 5.0 

3 
1 
0.1 
0.2 
2 
5.3 

In (2.29) the same approximation comes down to replacing A^ by 
^ in the first term on the right hand side. Then (2.29) can be 
rewritten as *̂) 

47rÂ  ., 

3kT 
IX 

(£o-n^)(2£o+l)[£o-(£o-n^)^,]^ 

£o(2£o+«^) [E,-{E,~\)A,] [\ + {n-'-\)A,] 
(2.31 

Another formula has been proposed by A b b o t t and B o l -
t o n * * ) . Assuming the polarizability to be isotropic and taking the 
total induced dipole moment to have the direction of the permanent 
moment, they get instead of (2.28) 

1 

47rÂ  1 1 2 
L . ( l - a / i )£o -

1 

M.- [\-af,fE^-{E^-\)A,3kT. SkTJ^ • 
32) 

B u c k i n g h a m °*) rightly critisizes these assumptions. By 
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taking into account a correction suggested by K i r k w o o d ' ) , he 
finds instead of (2.29) 

, , ^ £o(«^ - 1) 2eo + 1 

eo(2£o+ 1)[1 + ( n 2 - \)A,]' 

+ 

+ 
AnN 

- y « (2.33) 
[E,-{E,-n')A,r 9kT 

In a second paper B u c k i n g h a m * * ) introduces in addition 
an approximation analogous to that of S c h o 11 e, finding ultima-
tely instead of (2.31) 

4jrA^ 

3kT 

3(£o [£o - (£o - n^)A^ 

^ ~ e,{2E, + n')[l + (n'-\)A,f ^ •^^' 

To investigate the practical applicability of the different formulae 
the author has computed for a number of liquids, listed in table 
II, the value of //, resulting from them. The experimental data 
used have been taken from the references quoted there. The 
depolarization factors for CH3CI, CH3Br, CH3I and CH3CN have 
been given by A b b o t t and B o l t o n * * ) , for CHCI3 and 
CHBr3 by S c h o 11 e *2)̂  while for the mono-substituted benzenes 
we have determined them from the graphs of O s b o r n e * ' ) , 
using data on the ellipticity given by l e F è v r e and 1 e F è-
V r e *^). The values for n^ of the mono-substituted benzenes have 
been taken equal to «^ {'"•D being the index of refraction for the 

TABLE II 

Comparison of ^ -va lues in Debije-units, computed according to several suggested 

Substance 

CH3CI 
CH.Br 
CH3I 
CH3CN 
CHCl, 
CHBr , 
C,H,F 
CeH^Cl 
C.HsBr 
C,HJ 
C.HjNO, 
C S H ^ C N 

relations 

T 

223 
223 
293 
293 
292 
299 
294 
295 
295 
294 
293 
294 

«0 

14.88") 
12 .63") 
7.00 " ) 
3 7 . 5 " ) 
4 . 8 0 " ) 
4.29 " ) 
5.44 ">) 

5 .69") 
5.43 " ) 
4.64 " 

35.7 «5 
2 5 . 6 " 

n ' 

2.42 " ) 
2.79 " ) 
2.34 " ) 
1.84") 
2 . 1 0 " ) 
2.54 " ) 
2 . 1 5 " ) 
2.33 " ) 
2.43 " ) 
2.63 " ) 
2.43 «) 
2.34 " ) 

^« 
1.86") 
1.78") 
1.64") 
3 . 9 4 " ) 
1.02") 
1.00") 
1.61 «1) 
1.70") 
1.73") " ) 
1.67") 
4.21 ")«>) 
4 . 1 4 " ) 

f* 
(2.15) 

1.54") 
1.33") 
1.31 " ) 
3 . 3 2 " ) 
1.22 
0.97 
1.43 
1.45 
1.37 
1.13 
4.13 
3.55 

(2.32) 

1.78") 
1.55") 
1.38") 
3.53 " ) 
1.10 
0.80 
1.72 
1.81 
1.72 
1.61 
5.56 
4.87 

1 (2.33) 
1.82") 
1.57") 
1.44") 
4.33 " ) 
1.08 
0.82 
1.76 
1.83 
1.72 
1.35 
5.86 
5.21 

(2.34) 

1.95 
1.74 
1.59 
4.69 
1.12 
0.87 
1.80 
1.87 
1.75 
1.43 
5.92 
5.26 

(2.31) 

1.72 
1.50 
1.38 
4.04 
1.07") 
0.88 " ) 
1.67 
1.73 
1.63 
1.34 
5.34 

4.69 1 
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sodium Z)-lines). The justification of this procedure is given in 
Chapter I I I , § 11. 

From this table it is observed that the agreement between the 
computed values for Hi in the liquid and those for the vapour /x^ 
is generall}' rather poor. The applicability of a certain formula 
seems to depend mainly on the ratio e^jn^ involved. No pronounced 
preference for one of the suggested relations can be arrived at, 
although at least for the substances under investigation our ex-
pression (2.31) leads on the average to the best results. We shall 
therefore restrict the further discussion where the ellipsoidal shape 
is involved to the use of (2.31). 

No attempts have been made up to now to extend the foregoing 
static considerations to the case of dispersion for ellipsoidal mole-
cules, although the actual molecular shape will hardly ever be 
spherical. In order to complete the basis for analysis of our di-
electric measurements we generalized the relation (2.31) for el-
lipsoidal molecules to alternating fields in a way completely analo-
gous to that followed in the case of the formulae of D e b ij e and 
O n s a g e r . We have then as the expression determining the 
dielectric constant e: 
(£ - n^) (2Ê -f 1) [£ - (e - M^)/!,]^ _ 

e(2£ + n^) [ £ - ( £ - 1)^,] ~ 

_ (£o - n^) (2£o - H ) [£o - (£O - n^) A,f \ 

«0 (2eo + n^) bo - («0 - 1) ^ i ] 1 + ƒ CUT ' 

As this is a fourth degree equation in e, it can best be solved by 
numerical methods. 

(2.35) 

f 5 

f,i 

z 

A, ^.33 

A|.0.2D ^-\^ 

3 1 5 

^ _ 
- ' ^ 

6 7 e 

"--C 

9 

^ 
-̂  

10 

\ 

11 

\ 
\ 

12 
V , 

13 

Fig. 3, Dispersion locus for ellipsoidal molecules, for various values of 
A-^. The semi-circular locus is inserted as a dashed line. 

15 



We have established the locus of (2.35) in the e', e'-plane as a 
function of Ai, analogous to the representation of (2.11) and 
(2.19) *^). The computations have been made at assumed values of 
COT of 0.5, 1.0, 2.0 and 4.0, for a value of ^ i = 0.20 and 0.33, 
representing a case of medium eccentricity with the axis ratio 
«i/aj = 1.7 and that of a sphere respectively. We have collected 
the results in fig. 3. The locus of a D e b ij e dispersion, i.e. a semi-
circle, is indicated there by a dashed line. From this picture the 
important fact is manifest that the O n s a g e r reaction field 
combined with suitable eccentricity may lead to a dispersion curve 
which can hardly be distinguished from a semi-circle. 

§ 6. Models with local fields. In order to account for the dis-
crepancies between the values of /x found in the gaseous and liquid 
state from his formula D e b ij e *) *̂ ) suggested a modification of 
his model by assuming that the dipole molecule, even in the absence 
of an applied electric field, is subject to a local field E', arising from 
the surrounding dipoles. He took this field to be homogeneous over 
the region occupied by the molecule and of arbitrary direction. In 
consequence the average dipolar contribution to the electric mo-
ment per molecule is reduced from the value /n^EJ3kT as given in 
(1.1) to the value 

>h = ̂ [\~L'{y)]E, (2.36) 

with J ^ , 

L ( y ) = c o t h y - - , y = 4 ^ • (2.37) 
y kl 

The same model was applied by D e b ij e and R a m m ') to 
the case of alternating fields. In particular formulae were derived by 
them for the limiting cases y <^ 1 and y ^ 1. 

For y <^ 1, where the model approaches that of the free rotator, 
it was shown that the dipolar contribution is additively composed 
of a series of terms with the frequency dependence 

.4„ 

1 + j COT„ 

The relaxation times T,J characterizing them are given by 

dnria'^ 
T„ = — ~ — , (2.38) 

LkT ^ ' 
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the 1„ being eigenvalues of a differential equation which in the limit 
y ^- 0 approach the values n{n -f- 1). In this limit TJ goes over in 
(2.3), while only ^ , remains then different from zero so that the 
results of § 3 are reobtained. 

For y ^ 1, where the dipole never deviates much from the 
position of minimum potential energy in which it is aligned with the 
direction of the local field, there results as dipolar contribution to 
the electric moment 

' if^E' 1 + ƒ 
with a single relaxation time given by 

Bnrja^ 

fxE' 

(2.39) 

(2.40) 

By G o r t e r and K r o n i g * ) * ^ ) a general approach on a 
quantummechanical basis has been developed for computing the 
polarization due to atoms or molecules, simultaneously subjected to 
a time-independent field, such as would originate from the sur-
roundings of a given atom or molecule, and an alternating field. 
In addition to these agencies an intermolecular coupling to the 
thermal motion is assumed to be present that gives rise to tran-
sitions between the various stationary states of the atomic systems. 
If in particular only two stationary states 1 and 2 with energy 
difference small compared with kT are involved, for which the 
electric moment in the direction of the alternating field has diagonal 
matrix elements M^ and Afj, then there results for the polarization 

(M, - M^? 1 ,^ , , , 
P = nN - L ^ 2/_ ^ E^, (2.41) 

kl I -j- ] cor 
the relaxation time T being related to the transition probabilities 
i4i2 and A21 between the states 1 and 2 by 

^ 1 2 'T ^ 2 1 

The situation just described would arise for example if a strong local 
field were not of the type considered by D e b ij e, but had a plane 
of symmetry, tending to align the dipole in either one of two opposite 
directions. The dipole, caught in the lowest vibrational state of the 

17 



two troughs of potential energy, would have Mj = /«cos •&, 
Mj = — n cos ê, ê being the angle between the direction in which 
the potential energy has the throughs and the direction of the 
alternating field. The averaging in (2.41) over the factor cos^ ^ 
leads then back to the usual formula. As shown by K r o n i g ' " ) , 
the presence of more than two stationary states gives rise to the 
occurrence of a number of terms of the type given in (2.41) with 
different relaxation times. Also the influence of non-diagonal 
matrix-elements of the moment was discussed by him, be it for the 
analogous magnetic case. The considerations of K r o n i g and 
G o r t e r were later repeated by F r ö h 1 i c h 'i) '2) at the hand 
of a classical model when discussing the behaviour of solid dielec-
trics. 

CHAPTER I I I . EXPERIMENTAL FACTS 

§ 7. Principles of measuring method. The common microwave 
measuring technique consists in determining the input impedance 
of a liquid-filled waveguide section from the phase and amplitude 
of the standing-wave pattern in front of a separating mica window 
(see fig. 4). This, however, leads to inaccuracies increasing with the 
value of the complex dielectric constant, which are mainly due to 
the uncertainties in the phase determination. 

We have therefore developed a measuring technique involving 
only measurement of the standing-wave ratio rj, i.e. the ratio of the 
field strengths E^^^ and E^^„, as a function of the length d of a. 
liquid column which is terminated by a short-circuit piston '^). Thus 
the determination of the phase has been avoided. An analogous 

Yf^i+j-^i 

E max 

Fig. 4. Schematic drawing of liquid section. 
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technique described by C r o u c h ' * ) uses an open-circuit termi-
nating-piston and in consequence is dependent upon the frequency. 
In the measurements rectangular waveguides have been used, 
operating in the TEQ^ (i.e. H^-^) mode. The propagation constant y^ 
and the wavelength Agg in the air-filled guide are related to the 
vacuum wavelength A„ and the cut-off wavelength Â , equal to 
twice the width of the guide, according to 

7o ^ ik = 
2nj 2nj 

Vi - {xjxf 

The propagation constant of the liquid-filled guide is given by 

2nj 

(3.1) 

yi = a, + 7/3i V£ - [KIKf (3.2) 

and the ratio of its complex intrinsic impedance Z^ to that of the 
air-filled guide Z^ by 

Z, Vi - [KIK) 
VE [KIKY 

(3.3) 

The relative complex input impedance Z,/Zg at t,he mica window for 
short-circuit termination follows from common transmission line 
theory according to 

Zi z, 
" - = -— tanh y^d 

and is related to the standing-wave ratio rj 

ZilZ, - 1 

(3.4) 

^maxl^min '-^Y 

1 + 

n 
1 — 

zjz, + 1 
ZJZo - 1 
ZJZ^ + 1 

(3.5) 

When the standing-wave ratio is determined as a function of the 
length d of the liquid column, a curve results which exhibits suc-
cessive maxima and minima, tending towards a final value r]^' 
for a length of liquid column which is electrically infinitely long. 
An example is shown in fig. 5. The mathematical expression for 
this curve, resulting after introduction of (3.4) in (3.5), is transcen-
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Fig. 5. Dependence of rj on liquid column length for a liquid with £' = 3.68 
and tan J/l = 0.155. 

dental and leads to equations for the extrema which cannot be 
evaluated without a large amount of numerical computation. I t is, 
however, not so difficult to deduce the wavelength in the liquid-
filled waveguide Aig as well as the loss-factor of the liquid from 
this curve. 

As C r o u c h ' * ) has shown for an open circuit termination, the 
distances between the minima equal to a very high degree of 
accuracy the value ^Aĵ . This also applies to our short-circuit 
termination. Introducing furthermore 

tan A = 
{KIKY 

(3.6) 

as a waveguide loss tangent '*), analogous to the free space loss 
tangent tan ö = £"/£', it is possible to deduce the value of tan ^A = 
= a,/)3i from the ratios of the »j-values in the successive maxima, 
using the fact that the values of rj change only slowly near the max-
ima (at values oi d <^ ^^Kg)- Denoting the standing-wave ratio 
in the m-th maximum by ??„, we obtain 

rj„ tanh (nn tan ^A) 

7]„ tanh [mn tan ^A) 
- (1 - C) (3.7) 
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and 

Vm ^ 1 
rj^ tanh {mn tan ^A) (1 - Q (3.8) 

respectively for the ratios of the m-th and w-th maximum, and the 
OT-th maximum and rj^. The values of the correction-factors are 
given by 

C = A sin^ lA [tanh^(M7r tan Jzl) — tanh^(w7r tan ^A)] . 

zjz, 
(1 -\ZJZ,\^){\ -\ZJZ,\') 

C^ = A sin^ |Zl [1 — tanh^(m7t tan I A)] 

ZJZo 

( 1 - 1 Z,JZ, p) (1 - I Z,JZ, 

(3.9) 

(3.10) 

In practically all our measuremerits C or C^^ can be neglected 
with respect to unit}', being genei^ally smaller than 1%. This can 
be shown with the aid of table III , C being expressible in terms of 
the functions /j and /j tabulated there by 

C = / i ( tanizl) . /2(£', tanZl) . [1 

- ^ TABLE III 

(KIKY 

Correction factor 

in eq. (3,7) 

tan iA 1 / , (tan iA) 

i 
i 
i 

0.0004 
0.0043 
0.0245 
0.032 

Correction factor in eq. (3.7) 

/a(« ' , t a n z l ) 

tan A\^e' 
0.62 
0.41 
0.24 

1 0.00 

2 

0.37 
0.89 
1.45 • 
2.00 

5 

0.107 
0.193 
0.263 
0.31 

10 

0.049 
0.082 
0.099 
0.123 

20 1 
0.024 
0.038 
0.048 
0.055 1 

Thus we are justified in using in our measurements the relations 

rj„ tanh {nn tan |zl) 

and 

rj„ tanh {mn tan ^A) 

Vm ^ } 
7]^ tanh {mn tan |zl) 

(3.11) 

(3.12) 
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—1 1 1 ^—I 1 1 1 I 
0.05 0.10 0.15 0.20 0.25 0 3 0 0.35 0.40 

. - tan A 

Fig. 6. Graph of the functions r)^lrj„ = f (tan \A). 

—\ 1 1 1 1 1 1 1 1— 
0J05 0.10 0.15 0.20 0.25 OJO 0.35 0 .40 0.45 

Fig. 7. Graph of the functions iimi'loo = /(tan \A). 

The Y]^ having been measured, the value for tan \A can be de-
termined from graphs which we have plotted according to (3.11) 
and (3.12), giving »?„/>?„ and rj„/rj^ as a function of tan ^A. These 
graphs are reproduced in figs 6 and 7. 

With the data for p , j and tan ^A the required values for E' and 
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E" follow in a straightforward manner from (3.2): 

^ ) . (3.13) 

(3.14) 

Corrections have to be applied due to the losses of the air-filled 
waveguide section itself. These losses consist of junction, wall and 
termination losses. When the standing-wave ratios involved are 
sufficiently large, the separate contributions simply add according 
to the relation 

1 1 1 1 
= ^ + — + — . (3.15) 

»?«•? '7/ Vw Vt 

By a number of careful experiments it could be shown that wall 
and termination losses could be neglected with respect to the 
junction loss, thus reducing the final corrected standing-wave ratio 
to 

1 1 1 
- = . (3.16) 
V Vmeus Vi 

This tallies with data from other publications '*). Our compu-
tational procedure requires only values of rj at column lengths 
d = \mX^^. Thus to each value of rj in the successive maxima the 
same correction has to be applied. This correction is determined 
easily for m = 0. Application of this correction leads to an increase 
in accuracy in the value of tan \A, as appears from the probable 
errors given in table IV. 

Care has also to be taken to see if the rectifying characteristic of 
the crystal is quadratic. In case the rectification takes place 

T A B L E IV 

Decrease of the probable error by 
waveguide loss correct 

Solution 

0.05 C , H , N 0 2 

0.95 C S H , 

0.15 C .HjNO, 
0.85 CeH„ 

tan 

uncorrected 

0.116 ± 0.018 

0,212 ± O.oio 

int roduct ion of 
ons 

4/1 

corrected 

0.104 ± 0.001 

0.205 ± 0.002 
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according to the ^-th power of the electric field strength E, we have 
for the measured deflections D: 

^max I ^max \ k / o iTN 

~n—^\Ë—/ ^"^' ^ ^ 
min ^ tnin ' 

Deviations from the normal value k = 2 must be corrected for. 
Actually such corrections had to be applied only at A„ = 0.8 cm, 
where our detecting apparatus had a value of ^ = 1.9. 

The final accuracy of E' and e" resulting from our method is 
fairly high; in both cases the errors generally do not exceed about 
1%. The accuracy of the loss factor is higher than is encountered 
usually in microwave practice, due to the fact that the value of 
tan \A, obtained as an average from a number of ratios rjjrj^, has a 
much higher accuracy than the value taken from a single determi-
nation. Although the degree of accuracy lies close to the possible 
limits for microwave detection apparatus, it cannot compete with 
the accuracy obtained at lower frequencies, where the value of the 
dielectric constant can be determined with an accuracy far within 
1%. 

§ 8. Experimental arrangement. The general set-up for our micro-
wave measurements consisted of the elements shown in the block 
diagram reproduced in fig. 8. Some details about these elements and 
their actual operation are given in the following sections. A view of 
the apparatus for 1.25 cm wavelength is shown in fig. 9. 

(\>-E3 (\> 
3 

POWER 
I UNIT I 

J *H INPIC. I H A T ^ I H METER | —|_OSC 

Fig. 8. Block diagram of measuring-apparatus. 

8.1. T h e g e n e r a t o r s used to provide the microwave 
energy at the wavelengths of operation consisted of the following 
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Fig. 9. View of the apparatus and electronic equipment for 1.25 cm 
wavelength, 

types of klystrons: 

wavelength 
cm 

3.99 
3.55 
3.20 
1.25 
0.80 

frequency 
MHz 
7.520 
8.451 
9.375 

24.000 
37.500 

type 

2K44 
2K39 
CV129 
2K33 
VX357 

manufacturer 

Raytheon 
Raj'theon 

? 
Raytheon 
R.R.E. 

In all our measurements square-wave reflector modulation at a 
rate of 1000 Hz was applied to the generator. 

8.2. T h e w a v e m e t e r s f or the discrete frequencies, of the 
resonant-cavity type ((J-factor > 10*), were used for the indication 
of the frequency as well as to check the stability of the frequency. 
It can be shown that maximum sensitivity with respect to frequency 
variations exists at deflections of about | times maximum deflection 
in resonance condition. The frequency of operation can thus be 
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maintained constant within I : 10* a 10 ,̂ excluding frequency' 
instability as a source of errors. 

Apart from the wavemeter for 0.8 cm wavelength, which was 
provided by Hilger and Watts (London), all the wavemeters which 
were used were constructed and machined at the precision workshop 
of our laboratory, after the design of Ir M. L. T o p p i n g a. 
Details may be found for instance in " ) . 

8.3. V a r i a b l e a t t e n u a t o r s are generally used to 
decouple the measuring-section from the oscillator to prevent pulling 
of the oscillator by changes in the terminating impedance. In all 
the arrangements except the 1.25 cm apparatus the common type of 
attenuator, using strips of absorbing material, has been used. In prac-
tice an attenuation of about 16 db resulted in sufficient decoupling. 

In the 1.25 cm apparatus the decoupling was achieved by making 
use of the gyrator, a new electromagnetic circuit element, described 
a t length by v a n T r i e r in his thesis '^). The advantage of 
this new type of decoupler is that almost no energy is lost in it, 
nearly all the energy produced by the oscillator being available in 
the measuring-section. 

8.4. S t a n d i n g-w a v e d e t e c t o r . The detection at all 
wavelengths of operation was obtained using a precision standing-
wave detector, consisting of a slide-mounted tunable probe which 
could be moved through a narrow slot in the waveguide to sample 
the standing-wave pattern. The energy detected after rectification 
by a suitable crystal was amplified by a selective amplifier and 
applied to a tube voltmeter. 

Precautions have been taken to avoid errors in the standing-wave 
detection due to deviations from a quadratic crystal rectifying-
characteristic, due to non-linearity of the amplifiers and due to field 
disturbance by excessive probe penetration. 

The following specification applies to the detectors: 

wavelength cm type, design crystal-type 
3.99 ] 
3.55 [ B.T.H.typeV 1N21 
3.20 J 
1.25 Phys. Lab. NDRC 1N26 
0.80 Hilger & Watts VX3136G.E.C. 

W 870 
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8.5. L i q u i d s e c t i o n . At each wavelength of operation a 
liquid cell is used of the same general design. While the waveguide 
is terminated at one end by a thin mica-window, a non-contacting 
movable aluminium piston constitutes the required short-circuit 
at the other. The following window thicknesses have been used; 

/elength 
cm 
3-4 
1.25 
0.8 

thickness 
cm 

0.0025 
0.0015 
0.0015 

The piston is mounted in a liquid-tight waveguide section, to 
make the movement of the short-circuit b j ' external drive possible. 
The displacement of the piston could be determined with an accu-
racy of about 0.0005 cm when necessary. The liquid is allowed to 
pass along the piston by some small savings in it. Details of this 
mounting are shown in fig. 10. With this design a reproduction of 
observed meter readings at a certain piston setting was obtained 
within ^%. 

For the wavelengths of operation of 3.99, 3.55 and 3.20 cm the 
same liquid cell could be used, due to the frequency insensitivity of 
our measuring-method. For the measurements on tertiary butyl 
chloride and methyl chloroform a copper short-circuiting piston has 

Fig. 10. Details of liquid section. 
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been used to avoid a chemical reaction between the liquid under 
investigation and the movable piston. All the liquid-sections were 
designed and constructed in the precision-workshop of our 
laboratory. 

As our measuring cells are not yet equipped with provisions for 
temperature variation, all our measurements have been made at 
room temperature. Precautions have been taken to keep this 
temperature constant within ± 0.5°C during the measurements. The 
actual temperature has been given together with the other data. 

§ 9. The substances investigated. The substances chosen for 
investigation should permit structural interpretation of the 
measured data. Therefore dipole molecules of simple shape were 
chosen with fairly rigid binding between the component parts and 
having no intermolecular bonds. 

The following specification applies to the series of substances 
which has been investigated: 

Substance Origin Purification Dried with Boiling-point 

(CH3)CCl3 
(CH3)3CC1 
CeHsF 
CeHsCl 
QHsBr 

CeHsI 
C,HsN02 
CeHsCN 
CeH, 
HjO 

CH3OH 
C2H5OH 

Kodak 
B.D.H. 
B.D.H. 
B.D.H. 
B.D.H. 
B.D.H. 
Merck 
Fluka 
Merck 

Waalsdorp 
dunes 

Merck 
B.D.H. 

Lab. Phys. Chem. 
Lab. Phys. Chem. 
Lab. Phys. Chem. 
Lab. Phys. Chem. 
Chem. Dept. 
Lab. Phys. Chem. 
Chem. Dept. 
Chem. Dept. 
Lab. Phys. Chem. 
Chem. Dept. 

Chem. Dept. 
Chem. Dept. 

• 
Na2S04 
Na2S04 
CaClj 
CaClj 
CaClj 
Na2S04 
CaClj 
CaCl2 
CaCl2 

°C 
73.8 
50.8 
84.5 

131 
156 
188 
210.5 
191 
78.1 

100 

64.5 
78.3 

Lab. Phys. Chem. = Laboratory for Physical Chemistry, University 
of Leyden. 

Chem. Dept. = Chemical Department of the Physical Laboratorj' 
N.D.R.C, Waalsdorp. 

Grateful acknowledgement is made for this aid in purification. 
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A number of measurements on the almost spherical molecules 
(CH3)CCl3 and (CH3)3CC1 have been included to test the differences 
between diverse dispersion relations (cf. Chapt. II , § 4). We have 
further restricted the discussion mainly to a number of mono-
substituted benzenes. These molecules might be approximated in 
shape by an ellipsoidal model with a dipole-moment which is bound 
rigidly to the longest axis of the ellipsoid. Finally some data on 
simple associating liquids, HjO, CH3OH and C2H5OH, are given. 

§ 10. Experimental results. 
10.1. P u r e l i q u i d s . Data for the static dielectric constant 

of several substances have been supplied by the Laboratory for 
Physical Chemistry of the University of Leyden, as well as by 
Ir G. P. d e L o o r (Physical Laboratory N.D.R.C.) from precision 
measurements at frequencies of about 1 MHz. The permission to 
quote these unpublished data is gratefully acknowledged here. 

10.1.1. S p h e r i c a l m o l e c u l e s . Care has been taken in 
the measurements to avoid errors due to decomposition of the sub-
stances used, especially in the case of (CH3)3CC1. The measurements 

T A B L E V 

Microwave dispersion of 
methyl chloroform 

CH3CCI3; T = 293°K 
£„ = 7.20 " ) ; n" = 2.07 ") 

own meas. 
A„( 
3.20 
1.25 
0.*02 

6.64 
5.20 
4.02 

1.59 
2.42 
2.44 

y 

/ 
/ 

/ 
1 
1 

1 1 r-

^ 

0.802 

^^ 

1 

1.25 ^ \ 

-T T 

s. 
\ i 2 0 

\ 
\ 
\ 

\ 

Fig. 11. Microwave dispersion of methyl chloroform, 
(CHjjCCla, at r = 293°K. 

X own measuring data; O ref. " ) . 
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have been carried out immediately after an intensive drying and 
distillation process at the Laboratory for Physical Chemistry, 
Leyden. The experimental data are given in tables V and VI and 
in the corresponding figs 11 and 12. 

T A B L E VI 

Microwave dispersion of te r t ia ry 

(CH3)3CC1; T = 293<'K; £„ = 9.90 

own meas. 

A„cm 

3.20 
1.25 
0.802 

'̂ 
9.34 
7.50 
6.07 

E" 

2.31 
3.64 
3.97 

buty l chloride 

'»); «2 = 1.92'») 

l i terature 

1 K cm 1 
10.10 
3.22 I 
1.25 

e' 1 e" 
10.06 0.70 
9.48 2.00 
7.17 4.12 

ref. 1 
44) 

44) 

" ) 1 

Fig. 12. Microwave dispersion of tertiary butyl chloride, 
(CH3)3CC1, at r = 293°K. 

X own measuring data; O ref. " ) . 

10.1.2. M o n o - s u b s t i t u t e d b e n z e n e s . The experi-
ments have been carried out on a series of six mono-substituted 
benzenes: C^HgF, C^HgCl, C^HjBr, C^HsI, C^HsNOj and C^HsCN. 
The data obtained are given in tables VII to XII and are plotted 
in the corresponding figs 13 to 18. Some data obtained by other 
investigators have been included in the tables and the graphs. 

TABLE VII 

Microwave dispersion of 
fluorobenzene 

CeH.F ; T = 294°K; 
£„ = 5.44»"); «2 = 2 . 1 5 " ) 

own meas. 

A„ cm 

3.99 
3.20 
1.25 
0.802 

E' 

5.22 
5.09 
4.15 
3.43 

'" 
0.71 
0.95 
1.54 
1.48 1 
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Fig. 13. Microwave dispersion of f luorobenzene, C^HsF, a t T = 294°K. 
X own measur ing d a t a ; . ref. *"). 

TABLE VIII 

Microwave dispersion of chlorobenzene 
C.H.Xl; T = 295°K; E„ = 5.69 " ) ; «^ = 2.33 =») 

own meas. 

A„ cm 

3.99 
3.55 
3.20 
1.25 
0.802 

e ' j E" 

4.93 
4.79 
4.59 
3.37 

2.96 

1.32 
1,42 
1,49 
1,39 
1.06 

l i terature 1 

A„ cm 1 E' 

10.0 
3.22 
1.27 

5.54 
4.62 
3.43 

E' 1 ref. 

0.67 
1.43 
1.34 

8.) 

32) 

1 

16-

1,4-

1.2-

1,0-

08-

Qb-

0.4-

02-

2 P 22 24 

/ 
0.802"^ 

/ / 
/ 

/ 
/ 
/ 

1 

2.6 28 30 

1 2 ^ ^ - — ^ 

^ / 1 2 7 

32 34 36 

-— 

38 40 4.2 

320 

322 ^ ^ ^ 9 9 

44 46 48 50 52 

\ 
\ 

54 

\ | Q 0 

1 , 
5.6 58 W 

Fig. 14. Microwave dispersion of chlorobenzene, C^jHsCl, a t T = 295°K. 
X own measur ing da t a . 

. ref. 31), 32), 33); Q ref. 52). 
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TABLE IX 

Microwave dispersion of bromobenzene 
CeH„Br; T = 295°K; £„ = 5 . 4 3 " ) ; »" = 2 . 4 3 " ) 

own meas. 

X„ cm 

3.99 
3.55 
3.20 
1.25 
0.802 

«' 
4.32 
4.16 
4.06 
3.00 
2.82 

£" 

1.36 
1.42 
1.40 
0.98 
0.71 

l i terature 

A„ c m 1 E' 

10.0 
3.22 

5.09' 
3.88 

E' 

0.80 
1.34 

ref. 
33) 

a.) 

2U 

1.5 

1.0 

05-

/ 

0,803/ 

/ 

/ 
1 

_ _ - i l 2 3 5 5 
, - - ^ 3 l 2 fe9T~-^ -. 

> , 

\ 

20 25 3.0 35 4.0 4 5 50 

Fig. 15. Microwave dispersion of b romobenzene , Cf^^Hi, a t T = 295°K, 
X own measur ing d a t a ; . ref. ^i), 33). Q j-gf 43) 

TABLE X 

Microwave dispersion of 
iodobenzene 

C , H J ; T = 294°K; 
£„ = 4.64 « ) ; «2 = 2.63 5») 

own meas. 

A„cm 

3.99 
3.20 
1.25 
0.802 

E' 1 E" 

3.44 0.92 

3.31 1 0.875 
2.88 1 0.47 
2.80 0.36 

£" 1.4-, 

1.2-

1.0-

0.8-

0.6-

0.4-

a 2 . 

0 22 24 

0.8021C 

/ 
1 

2.6 2 8 

3 9 9 
3.20)^-* 

/ / 
'125 

30 32 34 36 

~^\^ 
N, 

\ 

\ 

i 36 4.0 42 4.4 45 4.8 5 0 

Fig. 16. Microwave dispersion of iodobenzene, CjjHsI, a t T = 294°K. 
X own measur ing d a t a ; O ref. ' " ) . 
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TABLE XI 

Microwave dispersion of nitrobenzene 
CjHsNOj; r = 293°K; £„ = 35.7 • ' ) ; n^ = 2 . 4 0 " ) ; nf, = 2 .43 ' ) 

own meas. 

A„ cm 1 E' 

3.99 
3.55 
3.20 
1.25 
0.802 

10.15 
8.53 
7.45 
4.73=' 
4.05 

£ ' 

12.36 
10.91 
9.51 
4.58 
3.26 

l i terature 

/y cm 

10.0 

£ ' 1 E' 

22.8 15.9 

ref. 
. 0 ) 

Fig. 17. Microwave dispersion of n i t robenzene , Cf,H5N02, a t T = 293°K. 

X own measur ing d a t a ; . ref. *5); O ref. *»). 

TABLE XII 

Microwave dispersion of 
benzonitrile 

C.HjCN; T = 294°K; 
e„ = 25.6 ");n' = 2 . 3 4 " ) 

own meas. 

A^ cm 

3.99 
3.20 
1.25 
0.802 

£' 

9.39 
7.17 
4.64 
3.99 

E" 

9.65 
7.98 
4.29 
3.07 



Fig. 18. Microwave dispersion of benzonitrile, C^jHsCN, a t T = 294°K. 
X own measuring data; O ref. '*). 

10.1.3. A s s o c i a t i n g l i q u i d s . Some measurements have 
been made on water and on pure methyl and ethyl alcohol, the latter 
as part of the investigation on the dispersion of solutions of polar 
molecules, to be recorded in the following section. The results on 
the pure liquids are given in tables XI I I to XV and are plotted in 
the figs 19 to 22. 

TABLE XIII 

Microwave dispersion of water 
H , 0 ; T = 293<'K; f„ = 80.0 " ) ; njv = 2.82 •) 

own meas. 

Aj, cm £' 

3.99 
3.55 
3.20 
1.25 
0.802 

70.1 
67.7 
61.8 
31.5 
21.34 

£ ' 

24.6 
27.1 
32.0 
35.5 
29.6 

l i te ra ture 1 

A„ cm 
10.00 
6.48 
3.19'* 
1.58 
1.26 

£' 1 £ ' 1 ref. I 
77.7 
74.0 
61.5 
43.9 
31.0 

13.0 
18.8 
31.6 
37.1 
35.0 

81\ 1 

81\ 

37\ 

81\ 

4 0 

30-

20-

15-

10-

5-

0 . 8 0 2 / 
y' 

/ / / 
/ 

/ 
/ 
/ 
/ 

, 1 , 1 , , 

' • ^ „ - — - ' « ' ^ 
^ ^ » 3 ^ 

X399 

X6.4a 

\ lO.O0 

\ 

1 
5| 10 15 20 25 30 35 40 45 SO 55 60 65 70 75 

C» ^c- 'o 

Fig. 19. Microwave dispersion of water, at T = 293°K. 
X own measuring data. 
. ref. 81); O ref. " ) . 
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TABLE XIV 

Microwave dispersion of methyl alcohol 
CH3OH; T = 293° K; £„ = 32.2 «2); «2 = 1.99») 

own meas. 

A„ cm 

3.99 
3.51 
3.20 
1.25 
0.802 

E' 

9.72 
8.68 
7.78 
5.98 
5.68 

E" 

10.20 
9.14 
7.69 
4.48 
3.23 

l i terature 

A„cm 

3.21 
1.24 
0,62 

CH3OH; T = 298°K; £ 

own meas. 

A„ cm 

3.20 
1.25 

«' 
8.18 
6.04 

e" 
8.00 

> 4.13 

E' 1 £ -

8.36 
6.88 
6.04 

8,20 
4.76 
3.15 

= 3 1 . 0 " ) 

ref. 
3 7 ) 

,.) 
" • ) 

l i terature 

Aj,cm 

3.21 
1.24 
0.62 

£' 1 £' 

8.70 8.53 
6.90 4.94 
6.04 3.22 

ref. 
3 7 ) 

3 . ) 

= ) 

Fig. 20, Microwave dispersion of methyl alcohol, CH3OH, at T = 293°K. 
X own measuring data; Q ""ef. 8̂ ). 

Fig, 21. Microwave dispersion of methyl alcohol, CH3OH, at T = 298''K. 
X own measuring data; Q ref. 8̂ ). 
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TABLE XV 

Microwave dispersion of e thyl alcohol 
C2H5OH; T = 294°K; £„ = 24.1 " ) ; «2 = 2.16») 

own meas. 

A„ cm 

3.99 
3.55 
3.20 
1.25 
0,802 

E' 

4.84 
4,75 
4.59 
4.13 
3.89 

£ ' 

2.91 
2.77 
2.50 
1.42 
1.30 

l i tera ture 

A„ cm \ E' 

3.21 
1.24 
0.62 

4.54 
4.23 
3.47 

£" 1 ref. 1 

2.28 
1.56 
1.11 

37) 1 

3») 

3») 

,fii' 

399 
355 

320 

1.25 
•^0802 

Fig. 22. Microwave dispersion of e thy l alcohol, C2H5OH, a t T 

X own measur ing d a t a ; Q î f̂- '") '*)• 
294°K. 

10.2 M e a s u r e m e n t s o n s o l u t i o n s . In order to 
provide some information on the behaviour of the relaxation time 
as a function of concentration a series of measurements at several 
wavelengths was made on solutions of nitrobenzene in benzene as 
well as on solutions of the associating liquids methyl and ethyl 
alcohol in benzene. 

The dielectric constant of the solvent benzene at microwaves has 
been determined using the normal impedance measuring method 
according to v o n H i p p e l * * ) , leading to e' = 2.28 + 0.01 at a 
wavelength of 3.20 cm. The dielectric loss appeared to be too small 
to be measured with sufficient accuracy. 

The results on these solutions are assembled in the tables XVI, 
XVII and XVIII . Some examples of E', e"-diagrams for a given 
concentration as obtained by interpolation from these tables, are 
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shown in figs 23 to 25. A further discussion of these data is given in 
the following chapter. 

TABLE XVI 

Microwave dispersion of solutions of 
CeHsNOj in C j H , ; T = 293°K; own meas. 

1 A„ = 1.25 cm. 

cone. 

0 
15.0 
30.0 
44.9 
59.6 
79.8 

100 

£ ' 

2.28 
2.97 
3.42= 
3.79 
4.12 
4.48 
4 .73 ' 

£ ' 

1.01 
1.88 
2.64 
3.42^ 
4.13 
4.58 

A„ = 3.20 cm. 

cone. 

" 1 % 

0 
4.98 

14.97 
24.9 
34.6 
49.6 
65.0 
80.0 

100 

£' 

2.28 
2.87 
3.97 
4.87 
5.59 
6.50 
7.07 
7.40 
7.45 

E" 

0.50 
1.49 
2.58 
3.71 
5.40 
7.18 
8.73 
9.51 

Â  - 3.99 cm. 1 

cone. 

lO.O 
19.8 
33.1 
49.7 
65.0 
76.8 

100 

£' 

2.28 
3.72 
4.82 
6.40 
7.78 
8.69 
9.23 

10.15 

£ ' 

0.912 
1.88 
3.51 
5.64 
7.70 
9.30 

12.36 

3.5-

3.0-

2.5-

2.0-

1.5-

1.0-

0.5-

/ 
, 2 5 / 

/ 
/ 

/ 

1 

3 2 0 3 9 9 

~~~--~̂ ^ 

x,̂ ^ 
\ 

\ 

\ 

1 
2 25 3 35 4 45 5 55 6 65 7 7.5 85 9 9.5 

Fig. 23. Microwave dispersion of solution of 30% C^H5N02 in C^H^, 
following from interpolated experimental data. T = 293°K. 

2 3 4 5 6 7 9 10 It 12 

Fig. 24. Microwave dispersion of solution of 40% Cf,H5N02 in C^H^, 
following from interpolated experimental data. T = 293°K. 
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TABLE XVIT 

Microwave dispersion of solutions of 
CH3OH in C .H , ; T = 298°K; own meas. | 

cone. 

1-1% 

10 
25 
40 
55 
70 
85 

100 

A„ = 1.25 cm 

e ' 

2.73 
3.20 
3.63 
4.17 
4.69 
5.25 
6.04 

£ ' 

0.266 
0.69 
1.18 
1.76 
2.42 
3.16 
4.13 

A„ = 3.20 cm 

£- I £ ' 1 
2.90 
3.51 
4.20 
4.96 
5.74 
7.06 
8.18 

0.402 1 
1.16 
2.16 
3.39 
4.84 
6.42 
8.00 1 

0 12 14 16 18 20 22 24 26 

Fig. 25. Microwave dispersion of solution of 80% CH3OH in C ĵH ,̂ 
following from interpolated experimental data. T = 298°K. 

TABLE XVIII 

cone. 

f i % 

0 
10 
20 
30 
40 
50 
60 
70 
80 

90 
100 

Microwave dispersion of solutions of 
CjHjOH in CjHe; T = 294°K; own meas. 

A„ = 1.25 cm A„ = 3.20 cm 

-' 
2.28 
2.54 
2.77 
2.98 
3.16 
3.34 
3.51 
3.68 
3.83 
3.97 
4.12 

£ ' 1 £- 1 , £" 

— 
0.16? 
0.31 = ? 
0.47 
0.62 
0.77 
0.91 
1.05 
1.19" 
1.33 
1.42 

2.28 
2.67 
2.99 
3.25 
3.46 
3.66 
3.84 
4.02' 
4.20 
4.37 
4.59 

— 
0.25? 
0.50 
0.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 

Ai, = 3.99 cm 

£ ' 

2.28 
2.77 
3.09 
3.34 
3.55» 
3.75 
3.96 
4.16 
4.38 
4.61 
4.84 

E" 

— 
0.22 
0.51 
0.83 
1.14 
1.45 
1.76 
2.07 
2.39 
2.69 

2.91 1 
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§11. Determination of the atomic polarization. The proper way 
of determining the value of the refractive index n in the formulae 
of Chapter II would be the measurement of this quantity at 
wavelengths longer than those where absorptions due to atomic 
vibrations occur and yet short enough so that the dipolar effects 
do not contribute to the total polarization any more. Such wave-
lengths would lie between 100 and 500 ixm, as the atomic vibrations 
most frequently occur between wavelengths of 3 and 30 fxm. As 
the former wavelength-region, however, is still almost inaccessible, 
other methods for determining n have to be found. 

One procedure is to plot the static dielectric constant CQ for the 
vapour as function of the temperature and to determine the value 
which it approaches as T goes to infinity. This limit can be identified 
with n^, the dipolar contribution to EQ decreasing as IjT. Such an 
extrapolation, of course, is not very accurate. 

One can also make use of the empirical knowledge that in general 
n, in passing from the lower visible part of the spectrum to the further 
infrared in those substances in which measurements are available, 
changes only very slightly. We have checked this in particular for a 
number of substances which are quite similar in chemical structure 
to the mono-substituted benzenes. Experimental values M ,̂ in the 
extreme infrared, at wavelengths between 52 and 152/*m, are here 
available from a publication of C a r t w r i g h t and E r r e r a *). 
The values for the index of refraction at the sodium D-lines n^ 
have been taken from T i m m e r m a n s ' handbook^''). A 
comparison is given in table XIX. It is seen that the values n^, and 
«o do not differ noticeably. 

TABLE XIX 

Comparison of the values for ii/j, 
and « j , for several substances 

Substance 

C,He 
CflH^CHg 
CeH^NO, 
C^HjN 

a-CH3-C„H,N 

cell 

«D 

1.501 
1.497 
1.552 
1.510 
1.501 

1.460 

».> 1 
1.49 
1.49 
1.56 
1.52 
1.51 

1.47 
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We shall hence proceed in the present investigation by assuming 
that for the mono-substituted benzenes the quantity n in our 
formulae can be replaced with an accuracy of about 1 % by the value 
M̂  for these substances. 

CHAPTER IV 

INTERPRETATION OF THE EXPERIMENTAL DATA 

§ 12. General discussion of the experimental results. 
12.1. S p h e r i c a l m o l e c u l e s . In the measurements on 

molecules of approximately spherical shape, viz. (CH3)CCl3 and 
(CH3)3CC1, the experimental data can quite weU be represented 
by semi-circles in the E', £"-plane through EQ and n^ (see figs 11 
and 12). However, as the available measuring frequencies cover 
only half of the dispersion region, no definite conclusions can be 
drawn as yet, as to which of the two relations (2.11) and (2.19), 
corresponding respectively to the treatment of D e b ij e and 
O n s a g e r , gives the better fit. 

The curve representing our data for (CH3)3CC1 deviates from 
the curve through the points of S m y t h c.s.**), which are 
located above the semi-circle through EQ and n^. As Prof. S m y t h 
kindly has informed us, these deviations can be ascribed to de-
composition of the substance under investigation. 

The deviation of our measuring point at A„ = 3.20 cm from the 
semi-circular locus may perhaps too be attributed to the onset 
of decomposition. 

12.2. M o n o - s u b s t i t u t e d b e n z e n e s . The data ob-
tained on the series of mono-substituted benzenes can be repre-
sented very well by semi-circles in the e', £"-plane (see figs 13 to 
18). Here a large part of the dispersion region is covered by the 
points determined. It then appears that the intersections E^ of 
these semi-circles with the e'-axis at the high frequency end, 
which can be extrapolated with an error of about 1%, differ 
markedly from the values n^ obtained from infrared and optical 
data according to §11. The relevant figures are collected in the 
upper part of table XX, where also the values of è — E^ — n^ 
and of the square of the dipole moment in the gaseous state //^ 
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TABLE XX 

Difference d between £^0 and n^ for several substances. Values of fi, are 

Substance 

C . H , F 
C.H.Cl 
CeHjBr 
C e H J 
C , H , N O , 
CeH.CN 

H O H 
CH3OH 
C2H5OH 

r°K 

294 
295 
295 
294 
293 
294 

293 
293 
294 

D e b ij e-units 

n> 

2.15 
2.33 
2.43 
2.63 
2.43 
2,34 

2,8 
2.0 
2,2 

£co 

2.33 
2.56 
2.62 
2.76 
4.07 
3.85 

5.5 
5.3 
4,0? 

s 
0.18 
0.23 
0.19 
0.13 
1.64 
1.51 

2.7 
3.3 
1,8 

f̂ 
2.6 
2.9 
3.0 
2.8 

17.6 
17.1 

3.3 
2.9 
2.9 

given in 

si/^l 
0.07 
0.08 
0.06 
0.05 
0.09 
0.09 

0.82 
1.14 
0,62 

are given. There is a striking paralellism between d and /x^^, the 
ratio dl/u^g, as set out in the last column, being roughly the same 
for all the substances in question notwithstanding the wide range 
of /i-values involved. The difference d can only mean that between 
the cm-waves and the ordinary infrared there must lie an additional 
region of absorption and dispersion. The parallelism between d and 
/<g suggests that we are dealing here with a phenomenon of dipolar 
origin 8*). Indeed, in view of the considerations of Chapt. I l l , 
§11, atomic vibrations give only rather small contributions to 
the dielectric constant and could hardly be held responsible for 
the observed differences. 

The beginning of a new region of absorption is actually indicated 
by our data for the heaviest molecules C îHgl, C^HgNOj, C^̂ HgCN 
at a wavelength of 0.802 cm, the E', e"-data beginning to depart 
from a D e b ij e-circle there. Further evidence might be expected 
from an extension of the measurements towards still smaller 
wavelengths. 

In addition to inquiring whether the points representing our 
measurements in the e', e"-plane lie on a circle, one may ask if 
they are located on such a circle in agreement with one of the 
formulae proposed in Chapt. II. This can best be verified by 
computing a relaxation time T from them and by noting if the 
values thus resulting are the same at different wavelengths. 

One will in the first place try the simple D e b ij e equation 
(2.12) in which «^ has been replaced by the quantity e^ resulting 
from the measurements. This has been done in table XXI. It 
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TABLE XXI 

Values of the relaxation time T according to (2.12) with £^0 replacing »-, com-
puted from the experimental da t a given in tables VII to X I I , at the wavelengths 

indicated 

Substance 

CeH.F 
C.H.Cl 
CeHjBr 
C e H J 
CsHsNOj 
CeHjCN 

T 

°K 

294 
295 
295 
294 
293 
294 

T X 10'»s 

K K 
10.00 3.99 
cm 1 cm 

0.071 
0.112 

0.073 

0.031 
0.070 
0.106 
0.205 
0.069 
0.078 

3.55 
cm 

0,071 
0.109 

0.074 

K 
3.20 
cm 

0.034 
0.074 
0.1045 
0.194 
0.077 
0.087 

K 
1.25 
cm 

0.033 
0.068 
0.110 
0.186 
0.073 
0.076 

K 
0.802 

cm 

0.034 
0.067 
0.099 

X 

X 

X 

rav X 10'°s 

0.033 
0,070 
0.107 
0.195 
0.073 
0,080 

X values not computed due to the presence of the second dispersion region. 

appears that the values of r thus obtained are practically constant 
for the whole range of wavelengths. In the places marked X no 
T-values have been computed, as here the new region of dispersion 
mentioned above is already coming into play. The values of r 
show a steady increase with increasing size of the molecule. 

One might furthermore try to obtain T from our equation (2.35) 
for ellipsoidal molecules, since it too gives an approximately semi-
circular dispersion locus for ellipticities such as we are here dealing 
with. It would then seem most reasonable to let n^ stand in the 
terms involving the depolarization factor A^, i.e. in the terms 
[e — (e — n^)A^] and [1 + {n^ — 1)^4,], since these factors arise 
from the internal polarization of the molecule involving nothing 
but the electronic transitions and atomic vibrations, and only 
to replace n^ by e^ elsewhere. If this is done, it is found that the 
constancy of r with changing wavelength is markedly inferior to 
that realized in table XXI, the extreme variation resulting for 
instance in the case of C^̂ HjCl being about 18%. We shall, indeed, 
see in § 13 that the application of (2.35) to molecules where e^ and 
n^ differ noticeably must be rejected also for theoretical reasons. 

One may finally compare the values of r given in table XXI with 
the values resulting according to (2.3) if we there replace Ana^/3 
by 1/Â , the volume per molecule. It is found that the values 
thus computed are by about a factor 8 larger than those of table 
XXI. To this point we also shall return in § 13. 
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12.3. A s s o c i a t i n g l i q u i d s . The data for the associating 
liquids HjO, CH3OH and CjHjOH (see figs 19 to 22) show that 
for the first two liquids the points in the e', e"-plane lie on semi-
circles, while for the third all the reliable points available lie near 
the high frequency end. For this last molecule a beginning of a 
second region of absorption is clearly apparent. As the structure 
of these liquids is very complicated due to the presence of strong 
hydrogen bonds, one may question whether a dipolar mechanism 
may serve to explain the discrepancy between s^ and n^ resulting 
also here. In fact no proportionality of ö with /x^ is found, as is 
shown in the lower half of table XX. The formal application of 
(2.12) to the computation of T, again with n' replaced by E^, 
leads to the results shown in table XXII . 

T A B L E x x i i 

Values of the relaxation t ime T according to (2.12) with E^O replacing n', com-
puted from experimental da ta given in tables X I I I and XIV, at the wavelengths 

indicated 

Sub-
stance 

CH3OH 

7' 

293 
293 

T X 10'" s 

A . 
10.00 
cm 

0.0088 

A . 
6.48 
cm 

0.0086 

3.99 
cm 

0.0074 
0,104 

A„ 
3.55 
cm 

0.0075 
0.107*) 

3.20 
cm 

0.0088 
0.112 

K 
1.58 
cm 

0.0074 

A . 
1.25 
cm 

0.802 
cm 

Tav X 
10"s 

0.0083 0.0073 0.008 
0.093 0.077 0,10 

*) at Lj = 3.51 cm. 

12.4. S o l u t i o n s of p o l a r m o l e c u l e s i n a n o n -
p o l a r s o l v e n t . The data obtained on solutions can be ana-
lysed in an analogous way. From this analysis, however, the data 
in which the presence of a second dipolar dispersion makes itself 
felt should be excluded. Furthermore, in order to increase the 
number of available data, the results of static measurements on 
these solutions can be taken from literature. 

Displaying the results in the E', «"-plane, it is observed that for 
instance for C^HjNOj in C^H ,̂ and for CH3OH in Cf,H^ the data 
for a given concentration can again quite well be fitted by semi-
circles, Some examples were given in fig. 23 and fig. 24 for volume 
concentrations v, of 30% and 40% C^HgNOj in Cj,H^ respectively, 
and in fig. 25 for 80% CH3OH in Cffl^,. The values of e' and E" 
for various concentrations, determined graphically by inter-
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polation, are tabulated in table X X I I I and table XXIV respecti-
vely, together with the corresponding static data and the values 
for e^ follovidng from semi-circular extrapolation at the concen-
trations considered. The static results for the solution of C^iHsNOj 
in CfjHj, have been interpolated from the measurements of P i e-
k a r a **) and of the National Physical Laboratory ^^). The static 
data for the solution of CH3OH in C^H^ have been deduced from 
data of F i 1 i p p o V ̂ ') and of the M.I.T. Tables of Dielectric 
Materials 83). 

TABLE XXIII 

Interpolated da ta for the dielectric constant of solutions of CeHsNOj in CjHj, 
T = 293''K 

% 
0 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Aj, = 3.99 cm 

£' 1 £" 
2.28 
3.72 
4.92 
6.03 
7.04 
7.81 
8.39 
8.93 
9.36 
9.77 

10.15 

0.92 
2.00 
3.13 
4.38 
5.71 
7.03 
8.36 
9.73 

11.04 
12.36 

A„ = 3.20 cm 

£' 

2.28 
3.45 
4.46 
5.27 
5.94 
6.52 
6.91 
7.20 
7.40 
7.48 
7.45 

£" 

1.00 
2.09 
3.17 
4,28 
5.47 
6.62 
7.69 
8.70 
9.28 
9,51 

A„ = 1.25 cm 

e' 

2.28 
2.76 
3.12 
3.42 

3.68 
3.91 
4.11 
4.28 
4,46 
4.60 
4.74 

£ ' 

0.70 
1.33 
1.88 
2.42 
2.90 
3.34 
3.77 
4.13 
4.40 
4.58 

Eo 

2.28 
4.26 
6.57 

9.10 
11.76 
14.60 
17.95 
21.6 
26.0 
30.6 
35,7 

« 0 0 

2.28 
2.46 
2.63 
2.79 
2,96 
3.13 
3.29 
3.47 
3.65 
3.87 
4,07 

TABLE X.XIV 

Interpolated da ta for the 

/o 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

CH3OH ii 

A„ = 3.20 cm 

£' 

2.28 
2.72 
3.20 
3.69 
4.22 
4.74 
5,30 
5.92 
6.65 
7.39 
8,18 

£" 

— 
0.41 
0,90 
1.48 
2.14 
2.94 
3,82 
4.84 
5.88 

6.95 
8.00 

dielectric constant of solutions of 
CeH,. r = 298°K 

A„ = 1.25 cm 

E' 

2.28 
2.68 
3-04 
3.34 
3.68 
4.00 
4.33 
4,68 
5.05 
5.48 
6.04 

f" 

0.24 
0.54 
0.83 
1.16 
1.54 
1.97 
2.40 
2.89 
3.46 
4.13 

Eo 

2.28 
4.8 
7.5 

10.2 
13.1 
15,9 
18,8 
21.8 
24.9 
27.9 
31.0 

£ 0 0 

2.28 
2.66 
3.00 
3.30 
3.62 
3.91 
4.18 
4.48 
4.70 
5.01 
5.30 

The dependence of the values of e^ and «^ on concentration is 
shown in fig. 26 and 27 respectively. Between the known values 
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Fig. 26 Dependence of E^ and n^ on the concentration for a solution 
of C^HsNOj in C^He. T = 293 °K. 
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Fig. 27 Dependence of E^ and n^ on the concentration for a solution of 
CH3OH in C^He. T = 298 °K. 

of r? at 0% and 100% a straight line has been drawn, no values 
at intermediate concentrations being available. From other similar 
cases of mixtures an approximately linear behaviour may be 
expected. Again the inequality of E^ and M^ is evident at once. 
It is observed that the difference ^ = £<„ — ŵ  increases with the 
concentration, suggesting that the origin of this difference must 
be sought in the presence of the dipolar component. 

In table XXV we have given the values of the relaxation time, 
calculated according to (2.12), for solutions of C^H^NOj in Cj,Hj, 
at several wavelengths. It is seen that just as for pure C^^HgNOj 
these values are practically independent of wavelength and decrease 
gradually for increasing concentration v^, as shown also in fig. 28. 
For solutions of CH3OH in C^H ,̂ no consistent values of T at different 
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TABLE XXV 

Values of the relaxation time TX 10'°s according to (2.12), with E^ replacing n', 

for solutions of CjHsNOj in CjHe as a function of the concentration «i a t several 
wavelengths 

\ " i % 

A c m \ 

3.99 
3.20 
1.25 

T^av 

10 

0.110 
0.122 
0.110 

0.114 

20 

0.100 
0.105 
0.097 

0.101 

30 

0.088 
0.094 
0.085 

0.089 

40 

0.083 
0.088 
0.080 

0.084 

50 

0.080 
0.085 
0.076 

0.082 

60 

0.077 
0.082 
0.072 

0.078 

70 

0.075 
0.080 
0.072 

0.076 

80 

0.073 
0.079 
0.068 

0.074 

90 

0.071 
0.079 
0.072 

0.074 

100 

0.069 
0.077 
0.074 1 
0.073 1 

rxio"s 

120-

1.10-

1D0-

Q90-

0.80-

0.7O 

10 20 30 40 50 60 70 80 90 100 % 

— V, 

Fig. 28 Dependence of the relaxation time computed according to (2.12) 
on the concentration for a solution of Cf,H5N02 in Cf,H{,. T = 293 °K. 

wavelengths could be obtained. At low concentrations the una-
voidable inaccuracy in the measurements makes reliable conclusions 
impossible, while at high concentrations the associating character 
of the solute probably comes into play. 

I t may be noted in passing that the extrapolated value of T 
for infinite dilution of nitrobenzene in benzene (T fv 0.13xl0'°s) 
has approximately the same magnitude as the corresponding values 
for chloro- and bromo-benzene *"), indicating the absence of pre-
dominant influences due to the dipole-moment. 

§ 13. Applicability of various models to the liquids investigated. 
For the mono-substituted benzenes and their solutions in benzene 
we are now in a position to draw some definite conclusions regarding 
the possibility of interpreting the experimental results of Chapter 
I I I at the hand of the models discussed in Chapter II. As mentioned 
already in § 12.1 the data in the case of the spherical molecules 
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(CH3)CCl3 and (CH3)3CC1 are still too incomplete for this purpose, 
while in the case of the associating liquids their complicated struc-
tural properties make it improbable already beforehand that their 
dielectric behaviour can be explained in simple terms. 

The most striking experimental result found for the mono-
substituted benzenes and their solutions is the difference between 
e^ and n^. Neither the original model of D e b ij e, discussed in 
§ 3, nor that of O n s a g e r , discussed in § 4, nor the generali-
zations of the latter to ellipsoidal molecules, discussed in § 5, show 
this feature. For the models with local fields mentioned in § 6, 
on the other hand, such a difference is just what would be expected, 
as we shall illustrate in greater detail presently. 

Local fields may arise from the existence of a quasi-crystalline 
structure in the liquid. The presence of a more or less regular 
arrangement of the neighbours of a molecule can be argued theo-
retically from steric as well as energy considerations. Even for 
molecules of essentially spherical shape effects of closest packing 
will result in the preponderance of certain intermolecular distances, 
and if the molecules are oblong or disk-shaped, a tendency towards 
mutual alignment is plausible on a purely geometrical basis. For 
molecules of the type of benzene such a tendency will, moreover, 
be favored by van der Waals forces (see e.g. J. H. d e B o e r ^^)). 
But quite aside from theoretical arguments direct experimental 
evidence is afforded by X-ray diffraction measurements, showing 
a pronounced preference for parallel orientation *'), ^^), while 
experiments on nuclear relaxation support this conclusion *^). 

If the effect on a given dipole molecule of the more or less aligned 
dipole molecules in its neighbourhood may be represented in first 
approximation by a constant field, then we have the situation 
considered in the model of D e b ij e and R a m m ') , mentioned 
in § 6. We saw there that the first region of dipolar dispersion 
may be followed by others with smaller relaxation times. 

On the other hand, in view of the fact that the molecules in 
question have symmetry elements, it seems more likely that the 
potential energy of orientation, considered as a function of suitable 
polar angles, has two or more minima. If the corresponding troughs 
of potential energy are sufficiently deep, the molecule, caught 
in the lowest stationary states of vibrational motion about the 
minima, will have non-vanishing diagonal matrix-elements of its 
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electric moment, and the treatment of G o r t e r and K r o n i g * ) , 
discussed in § 6, can advantageously be applied. The diagonal 
matrix-elements will have practically the value /x^ in the direction 
of the minima. If the troughs are less pronounced, the zero-point 
vibrational motion wül reduce this value somewhat, while transi-
tions to the first excited vibrational levels become possible and 
give rise to additional absorption and dispersion at shorter wave-
lengths. 

Both in the treatment of D e b ij e and R a m m and in that 
of G o r t e r and K r o n i g the influence of the immediate 
surroundings on a given dipole is represented by the local field 
introduced. To make use of a reaction field of the sort suggested 
by O n s a g e r would appear to be taking into account twice this 
same influence. The use of the L o r e n t z-L o r e n z field therefore 
seems to us to be appropriate and leads then, indeed, in both 
cases for pure liquids as for solutions to the semi-circular plots 
through Eg and E^ which practically all our measurements confirm. 

That as mentioned in § 12, the values of the relaxation time r, 
as experimentally determined, generally are smaller by a con-
siderable factor than those following from the expression (2.3), 
working with the viscosity, is not surprising either. In the treat-
ment of G o r t e r and K r o n i g r i s a measure of the time 
between transitions of the molecule from one minimum of its 
potential energy of orientation to another. That the strong local 
interactions might bring about such transitions much more fre-
quently than the general interaction incorporated in the macro-
scopic viscosity is altogether plausible. 

In particular our determinations of T for the solution of Cĵ HgNOa 
in C^H ,̂ represented in fig. 28, illustrate our view-point. Sugges-
tions in this direction also form the basis of a theory recently 
pubhshed by Miss H i 11 ^2), leading to values of T roughly five 
times as small as the D e b ij e values. 
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STELLINGEN 
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Op grond van verschillende modellen voor de wisselwerking tus-
sen moleculen in een dipoolvloeistof mag een dielectrische dispersie 
verwacht worden, welke in het s', s"-vlak kan worden beschreven 
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toegekend aan macroscopische functies van de dielectrische con-
stante, zoals bv. de polarisatie. Verwaarlozing van dit onderscheid 
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IV 

Bij de berekeningen van de complexe dielectrische constante uit 
microgolf impedantie metingen kan met voordeel gebruik worden 
gemaakt van de door Benoit ingevoerde methode. 

Benoit, J., Ann. d. Téléc, 4 (1949) 27. 
Poley, J. Ph., Appl. Sci. Res., 4 (1954) 173. 

V 

De functie, welke Granier voorstelt voor de mathematische be-
schrijving van experimentele dispersie-gegevens, is identiek met de 
reeds in 1941 door Fuoss en Kirkwood aangenomen functie. 
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Soc, 63 (1941) 385. 

VI 

De dielectrische constante van telluriet-glazen bedraagt bij micro-
golven omstreeks 26, terwijl de verliezen verwaarloosbaar zijn. Ver-
dere ontsluiting van het mm-golf gebied biedt interessante perspec-
tieven voor een voortgezet onderzoek naar de samenhang van de 
electromagnetische eigenschappen met de structuur dezer glazen. 
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217. 
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VII 

Bij de studie van de electromagnetische eigenschappen van half-
geleiders verdient het aanbeveling de door M. en R. Freymann ont-
wikkelde methode toe te passen. 

Freymann, M, en R. Freymann, J. Phvs, Rad., 
13 (1952) 589; J. Chem. Phys., 20 (1952) 1970. 

VIII 

Het onderzoek met microgolven levert nieuwe en zeer nauwkeuri-
ge gegevens ter bepaling van diverse physische grootheden, zoals 
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van isotopen en de magnetische momenten der kernen. 
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IX 

In het golflengte-gebied, dat begrensd wordt enerzijds door de 
microgolven en anderzijds door het langgolvig infrarood, is het niet 
mogelijk op rendabele wijze electromagnetische energie van redelijke 
intensiteit op te wekken. Dit gegeven mag worden gezien als een 
principiële beperking van groot belang voor het voortbestaan van 
het leven, daar vele moleculen, die essentieel voor het physisch 
onderhoud der levensverschijnselen zijn, in dit golflengte-gebied 
absorptiebanden hebben. 

Klumb, H., Zs. f. Phy.s., 116 (1940) 321. 
Franz, R., Radiotechnik, (1947) 165. 
Eder, F. X., Funk und Ton, (1948) 491. 

X 

De betekenis, welke de Reformatie heeft gehad voor de ontwikke-
ling der natuurwetenschap, wordt veelal sterk onderschat. 

Pelseneer, J., o.a. in: Geloof en Wetenschap, 47 
(1949) 21. 

Hooykaas, R., Proceedings Research Scientists' 
Christian Fellowship Conference, London, 1953. 

XI 

In de Kerkenordening der Gereformeerde Kerken in Nederland 
dient de eigensoortigheid van het gezag, dat aan de Generale Synode 
toekomt, tot uitdrukking te worden gebracht. Voorts dient in de 
plaatselijke kerkelijke practijk het sociale aspect van het kerkelijk 
levensverband in toenemende mate tot zijn recht te komen. 

XII 

De bezwaren ingebracht tegen het Mandement der Bisschoppen 
gaan veelal voorbij aan het recht, dat aan de Kerk gegeven is, de 
levenspractijk van haar lidmaten te toetsen aan de Heilige Schrift 
en daartoe ideologieën en hun uitingsvormen te beoordelen, c.q. te 
veroordelen. Dit recht is niet afhankelijk van een specifieke kerkbe-
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