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Far-infrared absorption spectra for liquid acetone, methylene chloride, acetonitrile, methyl 
iodide, and their dilute solutions in cyclohexane at 20°C are measured by molecular laser 
spectrometer. Measurements of dielectric loss of polar liquids and solutions in the frequency 
range 2-300 GHz are made using a number of different techniques. These two sets of 
measurements are combined with those made using a Fourier transform spectrometer in order 
to cover the frequency range up to 250 cm -I and total integrated absorption intensities are 
calculated. It is shown that the discrepancy between experimental integrated absorption and the 
theoretical results given by Gordon's sum rule with the Polo-Wilson internal field factor can be 
explained in the context of Bossis' theory. This theory gives a better agreement with the exper
imental integrated absorption intensity for these liquids. 

I. INTRODUCTION 

The zero to terahertz frequency spectra of a number of 
rigid polar molecules in neat liquids and dilute solutions 
have been studied by a number of investigators (see Refs. 
1-6). It is now well established7 that the far-infrared ab
sorption of highly polar liquids and solutions is mainly due 
to the rotational motion of the permanent dipole moment. 
The integrated dipolar absorption can be expressed in 
terms of the molecular quantities by Gordon's sum rule. 8 

However, it is also well known that the experimental inte
grated intensities are usually greater than those calculated 
using Gordon's sum rule. The discrepancy between the 
measured and the calculated values cannot be solely ac
counted by the Polo-Wilson internal field correction fac
tor.9 This follows from the fact that Polo-Wilson correc
tion factor is valid only for spherical molecules with an 
isotropic polarizabiIity. This is practically unrealistic for 
highly polar molecules. It has been shown by Bossis4 that 
this discrepancy between the theoretical and experimental 
result may be explained by taking into account both the 
shape and the anisotropy of the polarizability of the mol
ecule under investigations. Theoretical analysis which gen
eralized the internal field correction of Polo and Wilson,9 
considerably improves the agreement with experiment. 

In the present paper measurements of power absorp
tion coefficient of acetone {( CH3hCO) methylene chloride 
(CH2CI2), acetonitrile (CH3CN) and methyl iodide 
(CH3I) in their neat liquid phase and in dilute solutions in 
cyclohexane are presented in the frequency range 2 GHz-6 
THz. The measurements have been made using a molecu
lar laser spectrometer and a Fourier transform spectrome
ter. 

The object of this paper is to report high-accuracy far
infrared absorption spectra for four simple polar liquids 
and their extremely dilute solutions in cyclohexane. This 

, would allow us to systematically test the theory4 that pro
vides an explanation for the excess absorption for polar 
liquids and their dilute solutions, over and above to that 
predicted by Gordon sum rule with the inclusion of the 
Polo-Wilson correction factor, in terms of the molecular 
parameters. 

II. EXPERIMENT 

In the GHz frequency range (2-75 GHz), methods for 
measuring E" (ill) for dilute solutions of polar compounds 
are based on determining the attenuation suffered by the 
signal in traversing a given length of the waveguide cell 
filled with the solution. The microwave techniques and the 
methods used at these frequencies have been described pre
viously by one of the authors. 10 Dielectric loss of polar 
liquids in the frequency range 50-310 GHz (Ref. 11) has 
been determined using a set of carcinotrons as a source and 
a bolometer as a detector. 

The far-infrared absorption spectra for acetone, meth
ylene chloride, acetonitrile, and methyl iodide in neat liq
uids and in dilute solutions in cyclohexane (C6H 12 ) at 
20°C were measured with a molecular laserl2 system. The 
dilute solution measurements employed a two-chamber dif
ferential cell; 13 whereas a variable thin path length cell was 
used for neat liquids. The spot wavelengths given in mi
crometers for which the measurements were made are 
1258.3 (238.4 GHz), 447.1 (671.0 GHz) , 250.8 (1.196 
THz), 191.5 (1.567 THz), 118.8 (2.525 THz) , 96.52 
(3.108 THz) and 70.5 /Lm (4.255 THz). These measure
ments were combined with those made by using a Fourier 
transform infrared spectrometer (FTS) 113C Bruker spec
trometer in the spectral range 80-250 cm -1 and a Grubb 
Parsons Fourier transform spectrometer. 

For each polar liquid, five dilute solutions with varying 
mole fraction 12 in the range 0.2 to 1.5% were prepared. 
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The normalized experimental integrated intensity (IA)exp 

was determined as follows 

(1) 

where v is the wave number in cm -1. 

Here M(v) is the increment in the absorption coeffi
cient of the solution over the solvent and VF is the volume 
fraction of the solute which is given by 

V2 (J)21p2 

VF I I' VI +V2 (J)I PI +(J)2 P2 

where (J)1 and (J)2 refer to the weights of the solvent and the 
solute, respectively. Similarly PI and P2 refer to the densi
ties of the solvent and the solute. VF can be calculated 
directly or related to the mole fraction of the solute as 
follows. For extremely dilute solutions 

(J)21 P2 (J)2 PI 
VF=--:;;;;-

(J)11 PI (J)1 P2 

(J)21M2 M2 PI 
= (J)IIMI • MI P2 

(J)21M2 M2 PI 
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1 
• M-

I 
P2 

M 2 PI 

:;;;;/2' MI P2 ' 
(2) 

where 12 is the mole fraction of the solute, M2 and Ml are 
the molecular weights of the solute and the solvent, respec
tively. 

For the liquid under investigations the necessary ex
trapolation in the high frequency (> 250 cm -1) range 
leads to the error in the integrated intensity of the order 
-2%-4%. A comparison of our results with those in the 
literature4,6,I4 for the common systems shows a good agree
ment. 

Experimental far-infrared spectra of pure liquids and 
their dilute solutions in cyclohexane are shown in Figs. 
1-4, and their experimental integrated intensities are listed 
in Table I. Debye time (1' D) is defined such that 21T 1 max 1'D 

= 1, where 1 max is the frequency for maximum E". 

III. THEORETICAL DESCRIPTION 

The theoretical integrated dipolar absorption IA is 
usually evaluated as 7 

IA= J a (v)dv=FpwIAG , 

where a is the absorption coefficient, 

(Eoo +2)2 

3£ 

(3) 

(4) 

is the Polo-Wilson internal field correction factor,9 Eoo is 
the value of the dielectric permittivity E«(J) at high fre
quencies, 
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FIG. 1. Plot of power absorption coefficient A(217iic) (neper!cm) vs 
v(cm- I ) for acetone at 20 C. Curve 1, 8A(27Ti1c)/VF vs v for acetone in 
cyc1ohexane; 0 laser data, • FTS data; curve 2, D laser data for pure 
liquid, • FTS data. 

(5) 

is given by the Gordon sum rule,S Ix and Iyare the prin
cipal moments of inertia about the x and y axes of the 
molecule, the dipole moment is assumed to be directed 
along the z axis, f.L is the permanent dipole moment in units 
of Debye, Nis the molecular number density in gcm-3

, cis 
the velocity of light. 

Equations (3)-(5) do not take into account the shape 
and the anisotropy of the polarizability of the molecule. An 
estimation of these factors has been given by Bossis4 for the 
case of the ellipsoidal cavity model. Equation (3) may be 
written down as follows: . 

(6) 
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FIG. 2. The same as in Fig. 1 for methylene chloride, curve 1 for dilute 
solution, D laser data, • FTS data; curve 2, 0 laser data for pure liquid, 
• FTS data. 
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FIG. 3. The same as in Fig. 1 for acetonitrile. 

where Fe is a correction factor incorporating this aniso
tropic factor. For dilute solutions of polar liquids in non
polar solvents, the factor Fe is calculated by Bossis. The 
expression for Fe depends on whether J.L lies along or is 
normal to the symmetry axis of the polarizability. 

For the case of pure polar liquids when the dipole 
moment is considered both along and perpendicular to the 
revolution axis, the expressions are also derived for Fe by 
Bossis.4 

It should be noted that formulas4 have been derived 
with the assumption that the shape and the polarizability 

FIG. 4. The same as in Fig. 1 for methyl iodide. 

TABLE I. Expi!rlnlental data for the Debye times ('TD), intgrated ab~ 
sorption (IA)exp and (IA)c;, maximum absorption (amax) and corre-
spondirig frequencies (vo), and bandwidths (Do v). 

(IA)exp/' CIA) G a max vol Dovl 
103 cm-2 103 cm-2 nep. cm-1 cm-1 cm- 1 

'TD/ps 

Pure Liquids 
Acetone 3.22 24.3 12.9 208±4 64±2 113 
Methylene 2.07 20.5 11.7 182±4 87±2 108 

chloride 
Acetonitrile 3.62 73.4 48.6 6S0±1O 90±2 103 
Methyl iodide 3.62 9.2 5.5 99±2 57±2 82 

Solutions in Cyclohexane 
Acetone 1.45 20.2 12.9 220±4 26±2 86 
Methylene 0.57 17.1 11.7 194±4 48±2 84 

chloride 
Acetonitrile 0.64 to 2.39 60.7 48.6 536±5 47±2 110 
Methyl iodide 1.84 8.5 5.5 74±2 51±2 101 

of the molecule can be approximated by two ellipsoids of 
revolution, which do not exactly coincide for short times 
and when the permanent dipole moment lies along one of 
the principal axis. For the permanent dipole moment lying 
along the axis of greater polarizability, these equations pre
dict an excess absorption which will increase in proportion 
to the anisotropy in the shape and the polarizability. These 
equations may be considered as a generalization of the 
internal field correction factor given by Polo and Wilson 
(for the case of liquids composed of spherical molecules). 
One can also use these equations for determining the shape 
of the cavity that best fits the experimental results. This is 
useful for determining the volume of the cavity containing 
the dipolar molecule for the case of dilute solutions. 

IV. COMPARISON WITH THE EXPERIMENTAL 
RESULTS 

From a comparison of the dilute solution and the neat 
liquid spectra, we find that the frequency of the maximum 
absorption for dilute solutions decreases compared to that 
for the neat liquids. This reflects the fact that far-infrared 
absorption of polar liquids has intermolecular origin. The 
frequency of maximum power absorption is associated with 

~ . the mean frequency of molecular librations.6 The torsional 
frequency 0 0 of librations in harmonic approximation is 
given by Ref. 15: 

0 0 = (V o/4Ir ) 112, (7) 

where Vo is the height of the potential barrier in which a 
dipole is situated and Ir is the reduced moment of inertia of 
a molecule, Ir=IxIyI(Ix+1y) (Ix and Iy are the principal 
moments of inertia of the molecule and it is assumed that 
the dipole moment lies along the z axis). An observed 
increase in the frequency of maximum absorption predicts 
a considerable increase in the height of the potential barrier 
Vo in going from the dilute solution to the neat liquid (e.g., 
for acetone the sixfold increase). The dipole-dipole cou
pIing between the molecules in the neat liquids and the 
intermolecular steric effects seem to be the dominant con
tributing factors giving rise to an increase in the height of 
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the potential barrier. Vo is higher in neat liquids due to the 
larger dipolar torques than for the dilute solutions. The 
change in the bandwidth of the absorption spectra for the 
neat liquids from their dilute solutions is reflected in a 
change of the damping coefficient r=half-width/lo' 

In order to test the theory for the integrated absorption 
intensity, we compare the experimental internal field cor
rection factor F exp defined as 

F exp= (IA)obs/(IA)G (8) 

with the theoretical factor Fe. As in Ref. 4, we have taken 
molecules with high values of p?/Ir' i.e., light molecules 
with large dipole moments. This allows us to neglect the 
absorption from the induced dipole moments. We have 
chosen acetone, methylene chloride, acetonitrile, and me
thyl iodide molecules. We have taken acetonitrile for mak
ing a comparison with the results in Ref. 4, whereas such 
detailed and accurate measurements on other systems have 
not so far, in our view, been reported in the literature 
before. 

Methylene chloride and acetone molecules are asym
metric tops. Nevertheless, we applied the theory4 to these 
molecules assuming that the methylene chloride and ace
tone molecules can be approximated by prolate and oblate 
symmetric tops, respectively, with the dipole moment lying 
perpendicular to the axis of revolution. We have used the 
same method of the calculation as in Ref. 4. 

The mean polarizability a of neat liquids has been cal
culated from the infrared refractivity using the Lorentz
Lorenz formula: 

3M(€oo-l) 
a 

41Tp(€oo +2) , 
(9) 

where M is the molecular weight and p is the number 
density. 

The anisotropy of polarizability f3 for acetone, methyl
ene chloride, acetonitrile, and methyl iodide has been taken 
from Ref. 16 where the measurements of f3 in the gas phase 
have been made. This gives us reliable values of f3 for these 
systems. For neat liquids we have taken the volume of the 
cavity (41T/3)aPflz (which enters into the definition of 
Ir) as equal to the volume per molecule (Onsager's hy
pothesis); ax> ay> and az are the semiaxes of the ellipsoid. 
For the case of dilute solutions of polar molecules in cyc-
10hexane, the volume per molecule of the pure dipolar liq
uid near its melting temperature is taken as the volume of 
the cavity. 

.The shape facto~s S" and S 1 = (1-S" ) /2 which en
ter mto the calculatiOns depend on the ratio az/ ax as the 
lengths of the principal axes of the ellipsoid of revolution 
which are arbitrary. This assumed dependence of the shape 
factors on the geometry for the case under investigation is 
an unsatisfactory feature of the analysis. However, values 
of S" and S 1 may also be estimated from the bond lengths 
and van der Waal's atomic diameters. As shown in Ref. 4, 
Fe does not strongly depend on the ratio az/ax because 
when azlax increases, it leads to an increase in Fe' but also 
the reaction field factor III decreases which in turn re-

TABLE II. Molecular weight (M), density p and principal moments of 
inertia (1" ,[1 ), and dipole moments of organic compounds under inves-
tigation. 

pt/gcm3 
I" . 1038

/ I1 • 1038
/ 

Material M/g gcm2 gcm2 J-t/D 

Acetone 58.08 0.9157-94•5 1.63 0.79 2.86 
0.789920 

Methylene 84.93 1.539-100 2.77 0.26 1.61 
Chloride 1.326620 

Acetonitrile 41.05 0.8512-45 0.87 0.05 3.97 . 
0.875720 

Methyl iodide 141.94 2.530-70 1.10 0.05 1.64 
2.27920 

duces the magnitude of Fe because of the anisotropy (if f3 
is large enough one can even obtain a decrease in Fe when 
az/ax increases). 

Molecular parameters17,18,20 entering into the calcula
tions are summarized in Table II. Comparison of the ex
perimental, Polo-Wilson's and Bossis's internal field cor
rection factors for pure liquids and dilute solutions is given 
in Table III. This table also lists the principal polarizabil
ities taken from the literature. 16 

An inspection of Table III reveals that values of Fe are 
closer to the experimental F exp , for all the cases except 
acetonitrile in cyclohexane. We find a better agreement 
between the theory and experiment than that already pro
vided by the Polo-Wilson correction factor F pw' 

The most sensitive quantity which introduces uncer
tainty into the determination of Fe is the volume of the 
cavity which arises for the simple reason that the Onsager's 
hypothesis is only a crude approximation. Accordingly 
variations in the size and/or of the shape of the cavity is a 
way of extending the range of the validity of the theory. 
For example, if we decrease the volume of the cavity of 
neat acetone by a factor 0.7, which is in accordance with 
the calculations of Ref. 19, we find Fe= 1.82, which gives a 
better agreement with the experimental value Fexp= 1.88. 
However, in this case an uncertainty does still exist due to 
an assumption already made that acetone molecule is ap
proximated by a symmetric top. 

TABLE III. Physical parameters of the liquids and a comparison of the 
theoretical (Fpw and Fe) and experimental (Fexp) correction factors. 

a/l0-24 /3/10- 24 

SII tl;0 
s e2,2 cm3 cm3 Fpw Fe Fexp 

Pure liquids 
Acetone 0.60 21.1 1.94 7.35 -1.82 1.21 1.51 1.88 
Methylene 0.20 9.03 2.13 8.17 2.65 1.27 1.37 1.75 

chloride 
Acetonitrile 0.20 37.0 1.92 4.86 2.24 1.23 1.53 1.51 
Methyl iodide 0.26 6.95 2.27 7.35 2.78 1.38 1.66 1.67 

Dilute solutions in cyclohexane 
Acetone 0.60 2.023 2.023 6.42 -1.82 1.26 1.61 1.57 
Methylene 0.20 2.023 2.023 6.53 2.65 1.26 1.38 1.46 

chloride 
Acetonitrile 0.20 2.023 2.023 . 4.46 2.24 1.26 1.43 1.25 
Methyl iodide 0.26 2.023 2.023 7.56 2.78 1.26 1.55 1.54 
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V.SUMMARY 

Precise measurements of the dielectric loss and/or the 
power absorption coefficient for four highly polar liquids 
and their dilute solutions in cyc10hexane made in the fre
quency range 2 GHz-7.5 THz have been reported. A com
parsion of the experimental integrated absorption intensi
ties and that calculated using Gordon sum rule with Polo
Wilson correction factor shows large discrepancies 
between the results. This discrepancy (-15% to 30%) is 
explained in terms of the anisotropy of the polarizability, 
the shape of the dipolar molecule and implicitly on the 
permittivity of the liquid or dilute solution under investi
gations. 
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