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The pyroelectric coefficient at constant stress was measured for meta-nitroaniline, meta-amino-
phenol, and 2,3-dichlorophenol in the temperature range 90 S 7VK % melting point. A change in 
sign of the pyroelectric coefficient was observed in meta-nitroaniline and 2,3-dichlorophenol. At 
room temperature is 9 |aCm_ 2K"' for meta-nitroaniline, 42 | iCm - 2 K _ l for meta-aminophenol, 
and 0.3 (iCm"2K_1 for 2,3-dichlorophenol (at 263 K for the latter one). By a classical harmonic 
oscillator model the contribution to the pyroelectric coefficient due to molecular dipole libra-
tional motions was estimated to be fairly small for meta-nitroaniline. The temperature depen-
dence of the coefficient of meta-nitroaniline is discussed on the basis of Boguslawski's theory. 
The importance of internal polar optical modes for the temperature dependence of the 
pyroelectric coefficient of molecular crystals is shown. 

Introduction 

Pyroelectricity has gained much attention in the 
last two decades because of the interest in pyroelec-
tric materials in applied science. Furthermore much 
work is devoted to the nonlinear optical properties 
of noncentrosymmetric polar crystals. The majority 
of studies have been focussed to the pyroelectricity 
of inorganic compounds or organic salts because in 
these groups of solids some members show a very 
large pyroelectric coefficient, a property important 
in application, e.g. for thermal detectors. 

Many molecular solids crystallize with a non-
centrosymmetric polar crystal structure. However, 
their physical properties have not been much ex-
plored, probably because of low melting points and 
weak mechanical strength. A theory of the pyroelec-
tric effect, based on nonclassical physics was first 
presented by Boguslawski [1], He assumes that one 
atomic point position in the pyroelectric crystal 
performs major anharmonic thermal oscillations. 
With this assumption the temperature dependence 
of the primary pyroelectric coefficient can be ex-
pressed by the Einstein function for an oscillator 
system. 

With a slight extension of the Boguslawski model 
the temperature dependence of the primary pyro-
electric coefficient of LiTa03 and LiS0 4 • H 2 0 was 
explained and the importance of the polar optical 
lattice-vibrational modes recognized [2, 3], It was 
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found that in these essentially ionic crystals the an-
harmonicity of the polar optical lattice modes 
dominates the primary pyroelectric coefficient. 

In case of polar molecular crystals with (per de-
finitionem) permanent electric dipole moment, it is 
expected that the anharmonicity of the low-fre-
quency internal modes and the averaging effect of 
librational motions of the molecule on the dipole 
moment take also an important part in the pyro-
electric coefficient. 

The temperature dependence of the pyroelectric 
coefficient in molecular crystals has been analyzed 
for saccharose [4] and a-resorcinol (meta-dihydroxy-
benzene) [5]. Both solids are molecular crystals with 
such a structure that intermolecular interactions via 
hydrogen bonds are very likely. The discussion of 
pyroelectricity in saccharose is limited to the low-
temperature behaviour in which the internal modes 
contribute negligibly to the pyroelectric coefficient. 
For x-resorcinol an analytical fitting of the pyro-
electric coefficient was given for the range 
5 ^ 77K ^ 350. One of the optical frequencies 
(wave number v % 520 cm - 1 ) found from this fitting 
agrees with that of a strong infrared band at v = 
543 cm"1. This band has A! symmetry (polar) and it 
can be assigned to the substituent sensitive 6a-mode 
of meta-disubstituted benzenes [6]. 

In order to obtain further information about the 
microscopic mechanism of the temperature depen-
dence of the spontaneous polarization in pyroelec-
tric molecular crystals, the pyroelectric coefficient 
of three benzene derivatives was studied in the tem-
perature range 90 ^ T/K ~ melting points; this is 
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reported here. The compounds are meta-nitroani-
line, meta-aminophenol, and 2,3-dichlorophenol. 
the crystals of them belong to the space groups 
C 2 v -Pbc2i , C2 v-Pca2], and C2 '3-P3] 2 , respectively, 
in the same order [7-10], A positive pyroelectric 
effect was observed in meta-nitroaniline [11]. How-
ever. no numerical values have been reported. For 
meta-aminophenol Myzgin et al. [12] give a pyro-
electric coefficient of ~ 30 pCm - 2 KT1 at arbitrary 
temperature. 

Experimental 

Material 

The starting material for crystal growth of the 
three compounds investigated was from commercial 
sources. The chemicals were of purity ^ 98% and 
they were further purified during the crystallization 
procedures. 

Large single crystals of meta-nitroaniline 
(N0 2 ) ( 3 ) (NH 2 ) ( 1 ) C 6 H 4 , m.p. = 385 K, can be grown 
from melt [13]. After refining cycles a single crystal 
of meta-nitroaniline with size of ( 5 x 7 x 4 0 ) mm 3 

was grown by zone melting using a translational 
speed of 0.9 mm • h~'. Single crystals of meta-
aminophenol, (NH2) ( 3 )(OH) ( 1 )C6H4 , m.p. = 396 K. 
were grown from alcoholic solution by slow cooling 
of the solution and evaporation of the solvent. To 
prevent oxidation the solution was kept in the dark. 
Single crystals of (4x8x10) mm3 size were pro-
duced by this method within 7 days. 

2,3-dichlorophenol. C1 (2 )C1 (3 )(0H) ( , )C6H3 melts at 
F = 330 K. It was purified by sublimation under 
reduced pressure, melted and degassed in a glass 
tube and sealed in vacuo. A cylindrical single crystal 
of 2,3-dichlorophenol, 13 mm in diameter and 
40 mm long, was grown by the Bridgman method. 
The pulling speed was 1.8 mm • h_1. 

Measurement of Pyroelectricity 

To determine the direction of the polar axis with 
respect to the bulk single crystal was no problem in 
case of meta-aminophenol. The crystal faces could 
be identified and plates (001), perpendicular to the 
polar axis [001], were cut with a wire saw. The 
different plates used for measurements had an area 
of ^ 10 mm 2 and were ~ 1.5 mm thick. 

In case of the two compounds grown from melt, 
meta-nitroaniline shows pronounced cleavage per-

pendicular to [010]. Two plates parallel to [010] and 
perpendicular to each other were cut and tested by 
pyroelectric measurements at 300 K. In this way the 
polar axis, positioned in the plane (010) was deter-
mined and then appropriate samples for the mea-
surements were prepared. The samples had a thick-
ness of 0.4 to 1.5 mm and areas of 9 to 18 mm2. 

The test measurements on three crystal plates, cut 
perpendicularly to each other showed in the case of 
2,3-dichlorophenol that the polar axis of the tri-
gonal crystal coincides within the limits of error 
with the axis of the Bridgman tube. For the mea-
surement of pyroelectricity in this compound plates 
of — 120 mm 2 area and up to 2 mm thickness were 
prepared. 

The single crystal plates were painted by air 
drying silver paste on the two opposite faces and 
inserted between copper electrodes into a cryostat 
similar to that used by Lang et al. [14]. The tem-
perature at the site of the sample was measured by 
thermocouples. With this arrangement the pyroelec-
tric voltage was measured in three ways. 

a) Pyroelectric coefficient measurement at nearly 
constant rate of temperature change: The pyroelec-
tric current is measured during the continuous 
change of the sample temperature by use of a shunt 
resistance and an electrometer. From the rate of tem-
perature change and the pyroelectric current mea-
sured, the pyroelectric coefficient is calculated 
[15, 16]. An ultra high input impedance electrometer, 
Cary model 31, vibrating reed electrometer, was 
employed using a shunt resistance of 1010Q. 
The temperature of the sample was varied by 
~ 2 K - m i n _ 1 in order to keep the difference be-
tween sample temperature and the temperature in-
dicated by the thermocouple at a minimum and 
also to minimize temperature gradients within the 
sample. 

b) Charge integration: The pyroelectric crystal is 
connected to a large capacitor (here 10 nF). From 
the voltage which appears on the capacitor due to a 
small change of the crystal temperature the pyro-
electric coefficient can be evaluated [16]. For the 
voltage measurements the same electrometer was 
used as described under a) but without shunt resis-
tance. 

c) Charge integration via operational amplifier: 
Instead of a capacitor (see b)), a charge integrating 
amplifier is used to collect the pyroelectric charge 
released [16, 17], The effective input impedance of 
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the operational amplifier is very small and therefore 
essentially short circuit conditions are maintained 
for the input signal. Hence, the change of the 
polarization can be monitored continuously as a 
function of temperature. A low drift integrator was 
constructed for those measurements incorporating 
an Analog Devices Operational Amplifier AD 515 K 
(maximum input bias current 150 fA). 

d) Pyroelectric voltage measurement under low 
frequency sinusoidal temperature oscillation: The 
temperature of the crystal is changed sinusoidally 
and from the sinusoidal pyroelectric voltage across a 
shunt resistance the pyroelectric coefficient is cal-
culated. The set up used here was constructed fol-
lowing the circuit given by Hartley et al. [18]. An 
ultra high impedance operational amplifier (Analog 
Devices, type AD 311 K) and a shunt resistance of 

10.5 MQ were used. The temperature oscillation was 
created by a Peltier element driven with a frequency 
of 0.01-0.02 Hz; the amplitude was % 2 K. In ap-
plying this method, silver paste was used to fix the 
crystal on a copper plate which in turn was connect-
ed to the Peltier element. 

To suppress sublimation of the materials studied 
the crystals were held under an atmosphere of dry 
nitrogen gas. No sublimation was observed and the 
resistance of the crystals studied was in any case 
sufficiently high compared to the shunt resistance. 
The measurements were carried through with in-
creasing and with decreasing temperature to check 
the existence of nonpyroelectric current sources. The 
true pyroelectric current reverses its polarity on 
changing from cooling to heating and vice 
versa [19]. 

0 

- 5 

0 100 200 300 T/K 400 
Fig. 1. Temperature dependence of the pyroelectric coefficient of meta-nitroaniline measured at constant stress. — The 
solid curves 1, 2, and 3 were calculated by means of (11) with c, =24, 22, and 20 pCm"2 K - 1 , respectively, and c2 = 
6.5 |iCm"2 K_1, and 0 = 554 K (see text). ( • ) measured by method (a) and (b), cooling cycle; (+) measured by method 
(a) and (b). heating cycle; (o) measured by method (d). 
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Results 

The pyroelectric coefficient p° at constant stress a 
and constant electric field E is defined by 

Pi = 
0 A 
~ÖF 17, E 

a / V 

9 Ti<j,e 
(1) 

Here, F), and Ph denote, respectively, the compo-
nents of the electric displacement and polarization 
vectors, and T is the temperature, />, is the sum of 
the primary pyroelectric coefficient p i defined at 
constant strain ij and constant E. and the piezoelec-
tric effect due to thermal strain (the secondary pyro-
electric coefficient pfc). This relationship can be 
expressed by the tensor equation [20] 

PT= Pi + dj}^- CjYi.m- + ( 2 ) 

where d[jE
k and c^kj.m denote, respectively, the 

tensor components of the piezoelectric and elastic 
stiffness moduli measured at constant T and F, 
whereas ocf% is the thermal expansion tensor at 
constant a and E. 

The pyroelectric coefficient p = ,p2<pi) de-
fined above is a vector quantity. The direction of 

the vector is parallel to the crystal polar axis. The 
value along the polar axis is denoted by use of sub-
script letter i = 3 for the point groups C 2 v-mm2 and 
C3-3 of the present compounds. 

No attempt was made in this work to determine 
the sign of the coefficient p° [21]. Hence, the sign of 
the polarization change was not determined. 

The pyroelectric coefficients p° determined are 
listed for two temperatures in Table 1 and in Fig. 1 
the temperature dependence of p i for meta-nitro-
aniline is given. The full circles were measured with 
decreasing temperature and the crosses with in-
creasing temperature on the same crystal and by the 

Table 1. Pyroelectric coefficients />? of three benzene deriv-
atives at two temperatures. The absolute sign of p i has not 
been determined. 

Compound pl/{\\Cm~2 K" 

T= 100 K T= 295 K 

meta-nitroaniline - 4 ± 1 9 ± 1 
meta-aminophenol 24 ± 2 42 ± 2 
2,3-dichlorophenol - 1 . 1 ± 0.1 0.3 ± 0 . 1 

( 7 = 263 K) 
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Fig. 2. Temperature dependence of the pyroelectric coefficient p" of meta-aminophenol measured by the method (a). 
( • ) Decreasing temperature. (O) increasing temperature. 
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Fig. 3. Temperature dependence of the pyroelectric coefficient p° of 2,3-dichlorophenol measured by method (a). 
( • ) Decreasing temperature, (O) increasing temperature. 

two methods a) and b), while the open circles show 
the data points obtained by use of sinusoidal tem-
perature oscillation method using a different crystal 
plate. Above ca. 350 K an abnormal current was 
detected which is not of pyroelectric origin, because 
it was observed at constant temperature. Due to this 
abnormal current, the pyroelectric coefficient could 
not be measured beyond this temperature. Sign 
reversal of the pyroelectric coefficient was observed 
at about 130 K. 

Figures 2 and 3 show the results obtained for 
meta-aminophenol and 2,3-dichlorophenol, respec-
tively. The measurements at higher temperatures 
were also limited because of nonpyroelectric current 
and rapid decrease of resistance of the crystals. A 
sign reversal of similar to that found for meta-
nitroaniline, was observed in 2,3-dichlorophenol at 
T % 220 K. 

Discuss ion 

Sign reversal of the pyroelectric coefficient 
The pyroelectric coefficients of meta-nitroaniline 

and 2,3-dichlorophenol change sign smoothly at 

about 130 K and 220 K, respectively. A similar 
change in sign of the pyroelectric coefficient p° has 
been observed in B a ( N 0 2 ) 2 - H 2 0 [22, 23], Li2S04 

• H , 0 [3, 22], KH 2 P0 4 [24], and N a N 0 2 [25], For 
Ba(N02)2 • H 2 0 and for Li2S04 • H 2 0 it was re-
vealed that the primary coefficient itself changes its 
sign [3, 23]. 

Three possible explanations can be considered for 
the sign reversal of p f . (i) phase transformation, 
(ii) cancellation of primary and secondary coeffi-
cient, (iii) mutual cancellation of the opposite con-
tributions from optical modes. 

The possibility of a phase transition is excluded 
for the four inorganic compounds mentioned above. 
In case of meta-nitroaniline and 2,3-dichlorophenol, 
where we observed a change of sign in phase 
transformation near 130K and 220 K respectively, 
can be excluded, too. For example, the Raman 
spectra of meta-nitroaniline do not show significant 
changes by cooling a crystal down to liquid helium 
temperature [26]. The 35C1 NQR spectrum of 2,3-di-
chlorophenol is reported in literature for room tem-
perature and 77 K [27, 28], We have done some 
measurements of 35C1-NQR as a function of tem-



572 T. Asaji and A. Weiss • Pyroelectricity of Molecular Crystals: Benzene Derivatives 

perature in the range - 7 5 ^ 77°C ^ + 25 and did 
not find any sign for phase transition. From this we 
conclude that there is no drastic change of crystal 
symmetry in the range 77 ^ 7VK ^ 298 and the 
origin of sign reversal must be due to either cancel-
lation of the primary and secondary pyroelectric 
coefficient or mutual cancellation of the opposite 
contributions from optical modes. 

Effect of librationcil motions of molecular dipoles on p° 

The thermal average (cos >9) of the instantaneous 
angle ,9 between the molecular dipole direction and 
the polar axis of the crystal changes with tempera-
ture. Because of the change of librational motions 
the polarization of the crystal changes too. In 
(cos .9) bar and bracket denote, respectively, the 
average of cos .9 for one energy state and the statis-
tical average of cos .9 over the energy states at a 
given temperature. 

The pyroelectric coefficient pVlh due to dipole 
librational motions can be estimated by use of a 
classical harmonic oscillator model in which the 
ensemble of molecular oscillators is represented by 
a classical harmonic oscillator. Mopsik and Broad-
hurst [29] have shown, that 

6 (cos ,9) 500 
= - cos ,90i , (0O) 

a t a T ' 
(3) 

where .90 is the angle between the polar axis of the 
crystal and the direction z\ the average direction of 
the dipole. 0 O is the amplitude of a classical rota-
tional harmonic oscillator and the function J\ (.x) 
denotes the Bessel function of first kind and first 
order. In the above expression, only the librational 
motion about one axis (e.g. y') perpendicular to the 
average dipole direction z' is considered. 

More generally, librational motions about two 
orthogonal axes, x ' and y', lying in the plane per-
pendicular to the r'-axis should be taken into ac-
count. Then the following expression is obtained: 

8 (cos .9; 
a T 

= — cos ,9r •M^O.a- O-M^O.V') e r 

+ M<Po.y')Jl(4>0.: 
a<z> 

a T 
(4) 

Here. J0(.\) denotes the Bessel function of first kind 
and zero order. 

The amplitudes 0O,.x, and 0o .y of a classical rota-
tional harmonic oscillator about the axes x ' and y', 
respectively, are defined by the mean-squares am-
plitude of libration about each axis as 

0 O - / = ( 2 < 0 ] » 1 / 2 . 
/ = X , V (5) 

In the classical harmonic approximation, the tem-
perature derivative of the amplitude defined in (5) 
is given by 

8 0 0./ 0 0.1 

e r 2 T 
i = x , v (6) 

Hence, for a crystal consisting of crystallographical-
ly equivalent molecules, the pyroelectric coefficient 
/»üb due to molecular dipole librational motions can 
be formulated as 

P üb = 
p a (cos ,9) p cos 50 

V 2 T v e r 

• [^o(0o..v') J\ ( 0 0 , / ) ^O.v' 

+ ^o(^o .v ' ) J i ( 0 o , y ) 00,.v] (7) 

where p and V denote the electric dipole moment of 
the molecule and the volume per molecule, respec-
tively. In case the unit cell contains more than one 
crystallographically nonequivalent molecule, (7) 
gives the contribution of one of these molecules, 
and the individual contributions have to be added 
before taking the absolute value in estimating the 
magnitude ofp\ i b . 

For meta-nitroaniline. the mean-squares ampli-
tudes of librational motions about the principal 
axes of moments of inertia can be evaluated by 
using the Raman spectroscopic data on lattice 
vibrations and the tensor of moments of inertia 
given by Szostak [30]. If /, are the moments of 
inertia of the molecule and a>, its angular fre-
quencies of librational motion about the principal 
axes system with the coordinates u, v, vv, by classical 
approximation one finds 

kT 

h « / 
I = u. V, U' . (8) 

Using the formalism given by Cruickshank [31] we 
have calculated from the data of Szostak the rota-
tional amplitudes around x', y', z'. Thereby the y'-
axis was defined in the plane wz'. The direction z' 
of the average position of the molecular dipole and 
its magnitude were evaluated by summing up the 
partial dipole moments of the substituent groups 
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[32] in the molecule and by referring to the coor-
dinates determined in the X-ray structure analysis 
[8]. In this way the following values have been 
found for meta-nitroaniline at T = 250 K: Molecular 
dipole moment p = 1.65 • 10~29 Cm; .90 = 51°; V= 
16 • 10 -29 m3; @0 X' = 0.07 ( F = 250 K); <P0,/ = 0.11 
( F = 250 K). Then, from (7) pVlb is estimated to 
1 pCm" 2 K"1 at 250 K. In comparison, the observed 
value of pf is 6 p C m - 2 K_1 at 250 K, varying from 
- 5 pCm" 2 K"1 to + 10 pCm - 2 K_1 on changing the 
temperature from 90 K to 310 K. 

From this estimate we conclude that the averag-
ing effect of molecular dipoles by librational 
motions contributes little to the observed tempera-
ture variation of pf in meta-nitroaniline. 

For the two other compounds studies here, meta-
aminophenol and 2,3-dichlorophenol, there is no 
report in literature about the librational motions 
and an estimate of p l i b , as done for meta-nitro-
aniline, is not possible. However, that factor in (7), 
which is independent of the amplitude of libra-

I p cos 5 0 \ 
tional motions the factor was estimated 

\ V IT J 
for meta-aminophenol and for 2,3-dichlorophenol 
by use of the known crystal structure data and 
partial dipole moments [32]. The partial dipole 
moment of the bond C-Cl was taken from LB, Vol. 
1/3, p. 405 (1951): //c.Ci = F6 Debye. It was found 
that p l i b , calculated in this way is about 40% (meta-
aminophenol) and 13% (2,3-dichlorophenol) of p l ib 

found for meta-nitroaniline. It has to be mentioned 
that in 2,3-dichlorophenol there are 3 molecules in 
the asymmetric unit of the unit cell, and one of the 

p cos .90 coefficients Yt~ 0 P P 0 S i t e s i§ n °f ^ 

other two. The estimate of pHb for meta-amino-
phenol shows that the librational effect can hardly 
be responsible for pf since the ratio pf/pnb is here 10 
times larger than in meta-nitroaniline. 

It seems that librational motions contribute little 
to the pyroelectric coefficient in molecular crystals. 
We confirmed this by carrying out similar calcula-
tions for a-resorcinol on the basis of the known 
mean squares amplitudes of librational motions 
deduced from a neutron diffraction analysis [33]. 
P i i b = 0.5 pCm"2 K"1 was found at T = 250 K. a 
value which is two orders of magnitude smaller than 
Pi found from experiment. pf of a-resorcinol at 
room temperature is reported by different authors 
to be 26 p C m - 2 K"1 and 120 p C n r 2 K"1 [5, 34, 35], 

Contribution to pf originating from polar 
optical modes 

As stated above, the librational motions effect is a 
rather minor contribution to pf and to the tempera-
ture dependence of pf . In the following we shall try 
to explain pf = / ( F ) of meta-nitroaniline by a theo-
retical expression based on Boguslawski's prediction 
[1]. According to [2, 3] p] is given by 

p 1 = Y . c i E ( 0 i / T ) , (9) 
/ 

Cj being the coefficients which describe the relative 
amplitude of each contributing polar mode /', and 
0 j being the Einstein temperatures defined by 
h Vj/k for the mode / with frequency v,. The Einstein 
function E (x) is given by 

E (x) = x2 ex/(ex — 1 ) 2 . (10) 

In case of meta-nitroaniline, for which compound 
the vibrational data are available, the relation be-
tween the pyroelectric coefficient and the Einstein 
temperature can be applied under certain assump-
tions. We assume that the anharmonicity of a single 
polar optical mode predominates the temperature 
dependence of pf . Then (9) can be replaced by 

p f = c , F « 9 / F ) - c 2 . (11) 

The coefficient c2 includes all other contributions, 
i.e. the remaining polar modes and the secondary 
effect; c2 is assumed to be practically independent 
of temperature above F = 9 0 K . Equation (11) can 
be fitted to the experimental data. 

As reported by Szostak [30], all lattice vibrational 
modes of meta-nitroaniline can be assigned to bands 
lying below 150 cm - 1 . The Einstein temperatures 
corresponding to these frequencies cannot explain 
the increase of pf observed at room temperature. 

On investigating the IR spectrum of meta-nitro-
aniline with polarized radiation (E c) two strong 
bands are observed at v=385cm~ 1 and v=540cm _ 1 , 
and furthermore, with unpolarized radiation bands 
at v = 227cm - 1 , v = 383 cm_1 , and v = 541 cm - 1 are 
found [26], The Einstein temperatures correspond-
ing to the wave numbers 227 cm"1, 385 cm - 1 , and 
540 cm"1 are 327 K, 554 K, and 777 K, respectively. 
For the fact that pf is still increasing at room tem-
perature. 0 = 327 K cannot account for; it is not 
high enough. Using the Einstein temperatures 
0 = 554 K and 111 K. one finds a maximum for 
d £ ( 6 » / F ) / d F a t 122 K and 171 K, respectively. 
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In the exper imenta l curve pf vs. F (Fig. 1) with 
rais ing t e m p e r a t u r e the s lope starts to decrease 
clearly above 170 K. T h e m o d e at 540 c m - 1 corre-
spond ing to 0 = 111 K would shif t the t empera tu re , 
at which a decrease of the s lope pf = / ( F ) is clearly 
observed , to F > 1 7 0 K . Hence we conclude that 
0 = 554 K ( v = 385 c m - 1 ) is the impor t an t Einstein 
t e m p e r a t u r e (v ibra t ion) for p f . Wi th C\ = 
22 p C m ~ 2 K~' , c2 = 6.5 p C r n - 2 K~' , and 0 = 554 K 
the pyroelectr ic coef f ic ien t pf measu red for meta -
n i t roani l ine is well descr ibed by (11) t h roughou t the 
whole t e m p e r a t u r e range invest igated. This is 
shown in F igure 1. 

This result suggests the impor t ance of internal 
m o d e s in the t e m p e r a t u r e d e p e n d e n c e of the pyro-
electric coeff ic ient of molecu la r crystals. G a r r i g o u -
Lagrange et al. [36] have assigned the polar m o d e of 
me ta -n i t roan i l ine observed at 385 c m - 1 to the sub-
st i tuent (X) sensi t ive m o d e vc of Kohl rausch [37]. 
Th i s m o d e , co r re spond ing to the 6 a - m o d e in Wil-

son's notat ion [38], is a radial skeletal v ibra t ion 
strongly coupled to the C - X stretching v ibra t ion 
[39]. Al though Szostak [26] presented ano the r as-
s ignment for the same band , it can be assigned to a 
vibrat ional m o d e with apprec iab le a m p l i t u d e of the 
subst i tuents X. Its anharmonic i ty mus t be qu i te 
strong to account for reasonably large d e f o r m a t i o n s 
of the molecular s t ructure by changing the t e m p e r a -
ture. This effect in turn then is respons ib le for the 
t empera tu re dependence of p f . 

To conf i rm the es t imates presented here , the t em-
pera tu re dependence of the p r imary coeff ic ient p i 
should be analyzed and a precise s t ruc ture analysis 
at var ious t empera tu res is required. Such effor ts 
have been presented for B a ( N 0 2 ) 2 • H 2 0 [40], Tou r -
mal ine [41] and L i 2 S 0 4 • H 2 0 [42] to correla te the 
t empera tu re dependence of a tomic posi t ions with 
observed polar izat ion changes. 

W e are grateful to the Stif tung Volkswagenwerk 
for suppor t of this work. 
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