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(Receiurd Apri l  IX, 1980) 

Low-temperature phase transition at 215 K in t-nitrobutane is accompanied by consider- 
able jump of electric permittivity. Measurements of c*(T) in microwave region and calculated 
correlation functions, by using additionally data on a(o) in far infra-red, allow to conclude that 
the permittivity jump is due to the change of the potential energy shape for librations perpendi- 
cular to the polar axis of molecules. It has been shown that dielectric losses can be ascribed to 
the low-frequency wing of the absorption band which during phase transition is shifted towards 
higher frequencies. 

I NTR 0 D U CTlO N 

The compounds of the general formula (CH,),CX where X = C1, Br, NO2, 
CN exhibit two phase transitions below the melting point which are related 
to retardation of rotational motions. In spite of structural similarities and 
considerable analogies in phase transitions, particularly with respect to 
changes in molal heat capacities, each of the 4 compounds mentioned above 
exhibits specific properties which are demonstrated in a peculiar way in its 
dielectric properties (cf. Table I). Nitro-t-butane is distinguished by the 
fact that apart from a large decreasing of E’ in the phase I-phase I1 transition 
resulting from the freezing of free rotation, it exhibits a second decreasing 
of E’ in the 11-111 transition whose nature has not been fully understood. 
A similar decreasing of E‘ is found for cyanobutane but in the 1-11 transition; 
this compound loses its freedom of rotation during freezing which is most 
probably related to the highest asymmetry of its molecules. 

In our previous report’ we have suggested that the low-temperature 
phase transition is related to the stepwise change of librational motions of 
the dipoles, describing phase I1 as a “librational” one. On the other hand, 

197 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
27

 2
3 

Fe
br

ua
ry

 2
01

3 



TA
B

LE
 I

 

Pr
op

er
tie

s 
an

d 
ph

as
e 

tr
an

si
tio

ns
 o

f 
(C

H
3)

,C
X

 c
om

po
un

ds
 

x 
=

 C
I 

Br
 

N
O

 2 
C

N
 

D
ip

ol
e 

m
om

en
t i

n 
ga

s 
ph

as
e 

x 
10

30
 cm

 
as

ym
m

et
ry

 p
ar

am
et

er
* 

Fr
ee

zi
ng

 te
m

pe
ra

tu
re

, K
 

C
ry

st
al

lo
gr

ap
hi

c 
sy

st
em

 
Pa

ck
in

g 
fa

ct
or

 
A

S 
at

 tr
an

si
tio

n 
to

 p
ha

se
 1

1, 
J/

m
ol

.K
 

D
ie

le
ct

ric
 in

cr
em

en
t, 
AS
, a

t t
he

 
tr

an
si

tio
n 

to
 p

ha
se

 IJ
 

Tr
an

si
tio

n 
te

m
pe

ra
tu

re
 (

I-
ll)

, 
K 

C
ry

st
al

lo
gr

ap
hi

c 
sy

st
em

 
Pa

ck
in

g 
fa

ct
or

 
A

S 
at

 th
e 

tr
an

si
tio

n 
to

 p
ha

se
 11

1 
J/

m
ol

 . 
K

 
D

ie
le

ct
ric

 in
cr

em
en

t. 
A

c.
 a

t t
he

 
tr

an
si

tio
n 

to
 p

ha
se

 1
11

 

Tr
an

si
tio

n 
te

m
pe

ra
tu

re
 (1

1-
H

I),
 K

 

Pa
ck

in
g 

fa
ct

or
 

Ph
as

e 
I 

Ph
as

e 
I1

 

Ph
as

e 
I1
1 

C
ry

st
al

lo
gr

ap
hi

c 
sy

st
em

 

7. 
12

2 
1 .o

o 
24

8.
45

*6
 

fc
c9

 
0.

59
 

25
.8

3’
’ 

12
.8

‘3
J4

 

21
9.

45
s6

 
te

tr
ag

on
al

g 
0.

63
 

10
.1

 7’
 

0.
15

5 

18
3.

15
*6

 
or

th
o-

rh
om

bi
c2

 
0.

68
 

7.
36

’ 
1.

09
 

25
6.

22
 

fC
C’

O
 

0.
60

 
4.

61
5 

1.
7”

 

23
1.

5’
 

or
th

o-
rh

om
bi

c’
 

0.
62

 

27
.2

5 

8.
8l

’ 

20
8.

7’
 

or
th

o-
rh

om
bi

c’
 

0.
68

 

12
.3

5’
 

1.
07

 

29
9.

2?
 

or
th

o-
rh

om
bi

c’
 

0.
59

 
17

.9
27

 

24
.2

16
 

26
0.

1 
tri

cl
in

ic
7 

0.
61

 

19
.6

4?
 

0.
81

h 

21
5.

3’
 

tri
cl

in
ic

’ 
? 

13
.1

54
 

1.
18

 

29
2.

1 ’
 

te
tr

ag
on

al
’ 

0.
58

 
1.

79
8 

0.
45

” 

23
2.

7’
 

? ? 1.
09

’ 

0.
0”

 

21
3.

0’
 

? ? 

9
 z U 2 N
 

4
 

7
; 

a
 A

cc
. t

o 
Sm

yt
h.

’ 
A

cc
. t

o 
K

ita
ig

or
od

sk
y.

” 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
27

 2
3 

Fe
br

ua
ry

 2
01

3 



DIELECTRIC BEHAVIOUR AND MOLECULAR MOTION I99 

QNS studies’ have shown that during the low-temperature transition uni- 
axial rotations become frozen along the polar axes of molecules. However, 
such freezing could not affect permittivity. It is not unlikely that in this 
transition both uniaxial rotation is retarded and the shape of the libra- 
tional motion potential varies. For better understanding of low-temperature 
phase transitions in (CH,),CX compounds we have decided to carry out 
dielectric studies over a broad frequency range, to compare them with 
absorption measurements in the far infra-red which is most probably related 
to libration vibrations and to obtain a consistent pattern of dielectric re- 
sponse, from static polarization through the micro-wave region up to the 
far infra-red frequencies. 

EXPERl M ENTAL 

Specific properties of TBN as a typical plastic crystal, i.e. a low heat of 
evaporation and sublimation at the high vapour pressure and relatively 
high changes in density during solidification result in the formation of a 
characteristic “vapour snakes.”” Macroscopic heterogeneity of the sample 
renders it difficult to achieve reproducible results of electric measurements. 

In order to obtain accurate results of E* measurements it was necessary to 
apply such a technique and such equipment to carry out measurements on 
possibly small samples of strictly determined dimensions to reduce down 
to a minimum improper packing of the sample. 

a Static measurements 500 kHz 

Measurements were carried out by the heterodyne-beat method in a thermo- 
stat-controlled two-electrode coaxial capacitor designed so that to prevent 
any variation in active capacitance during solidification. It may be filled 
with a small quantity of substance (about 3 cc) in spite of its relatively high 
active capacitance C ,  (about 16 pF). A precise Sullivan 70100 air capacitor 
of a linear characteristic in the 300 pF range and 2 .  low2 pF accuracy of 
reading or a General Radio capacitor with the 1050 pF range (deviation 
from linearity below 0.1 pF) and 0.1 pF accuracy of reading were used as 
standard capacitors. The former capacitor was used to determine the 
thermal dependence of capacitance for an empty and standard-filled capa- 
citor. 

The maximum measuring errorIg depends, on accuracy of reading of 
the standard capacitor and ranges from k0.04 for E, = 3 to k0.4 for 
c0 = 30 for a capacitor with the 1050 pF range. A temperature-control 
system maintained the temperature in the 180-450 K interval accurate to 
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200 P. FREUNDLICH AND L. SOBCZYK 

k0.05 K which enabled us to determine the freezing point of TBN with an 
accuracy of 0.1 K (stepwise increase in permittivity). 

It appeared important to form the sample in phase I, free from bubbles 
and cavities. Reproducibility of capacitance measurements for a capacitor 
filled with solid TBN was taken as a correctness measure of this process. 

The sample was repeatedly cooled down to about 250 K (below the 
rotational transition) and then was heated up very slowly (1-2 K per hour) 
to about 290 K with E ~ ( T )  measurements performed during all this period. 
Reproducible values of permittivities, independently of the direction of 
temperature changes, are also the highest obtainable eO values which is evi- 
dence of the maximum sample packing. 

b 

Measurements at this frequency were carried out in the coaxial line by the 
so-called lumped capacitance method described in detail by Kotodziej 
et aL20 The sample is formed in a transparent ring stuck to the top part of 
the inner conductor (Figure 1). Ring (3) made of Pyrex glass, wall thickness 
below 0.25 mm and specially polished (dimensional tolerances below 5 pm) 
was closed from the top by means of a metal cap (1) provided with a hole to 
remove bubbles during the filling of the ring with standard liquid for the 
calibration process. The cap adhered to membrane (2) of copper or alu- 
minium foil. Proper contact was ensured by constant pressure of spring (10) 
against the membrane through piston (1 1). 

Microwave measurements at 1.984 GHz 

I 
I 

FIGURE 1 Termination of a coaxial wave-guide in the capacitance method, 1-closing 
diaphragm, 2-membrane, 3-glass ring, 4-plug terminal, 5-outer conductor, 6-socket terminal, 
7-dielectric bracket (teflon), 8-conic passage, 9-sample, 10-spring, 1 1-piston. 
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DIELECTRIC BEHAVIOUR A N D  MOLECULAR MOTION 20 I 

Calibration of the system was performed at 298 K by means of two 
standards, a lossless one (air) and dichloroethylene. 

Repeatability of measurements was ensured by observing the optimum 
cooling rate found to be 10 K/hour. 

The sample was formed by means of a special mould to prevent any 
damage to the ring. The base (item 4 in Figure 1) with a ring stuck to it was 
placed on the cooling plate. A few drops of the substance was introduced 
from a pipette and by pressing the teflon piston the ring was filied gradually. 
Excess substance was removed through a cap hole (item 1) by heating it up 
slightly. 

Optical transparency of the ring permits to check if the sample is properly 
formed. The sample formed in this way, in most cases a transparent one, was 
placed in a sample holder cooled down below the freezing point of the 
sample. Measurements of the standing wave minimum (lmin) and double 
minimum widths Ax for each temperature were repeated several times (for 
low-loss samples, e.g. in phase 11, about ten times). The values of total errors 
estimated by means of computer analysis for a single measurement in this 
method are summarized in Table 11. 

TABLE I1 

Maximum error of single measurement in 
the capacitance method 

Maximum error 
Measured values (absolute) 

26.71 f 0.56 
t' 19.71" f 0.4 1 

3.32 k0.12 

3.55 * 0.22 
&" 1.90" k0.13 

0.07 +0.05 

a Results obtained for cyano-t-butane in 
liquid phase. 

The systematic error of E' and c'' measurements was estimated in the 
lumped capacitance method by means of known complex permittivity 
standards. For 1,2-dichloroethylene the values of E' and E" measured a t  
1.984 GHz were 9.86 and 0.745, respectively. The corresponding reference 
values2' are 10.04 and 0.729, i.e. the systematic error does not exceed 1.5%. 

c 

These measurements were performed by the reflection method for a short- 
circuit rectangular wave-guide." 

Microwave measurements at  38.09 GHz 
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202 P. FREUNDLICH AND L. SOBCZYK 

The main source of the impedance discontinuities in the wave-guide line 
are a large number of connections, which lead to the field distribution near 
the standing wave minimum. For this reason SWR was measured by means 
of two connected in series 0-30 dB variable precision attenuators. Addi- 
tionally the effect of the detection diode characteristic was eliminated also. 

A large number of connections and considerable distances between the 
sample and probe required an allowance to be made for the losses of the 
line itself as well as for additional reflections resulting from impedance 
discontinuities. The dependence of losses on the probe position was de- 
termined by the movable short-circuit method whereas the position of the 
reference plane related to reflections from the connectors and particularly 
from the terephthalate-foil window was determined by calibration by 
means of lossless standards (polystyrene, teflon and TBN in the phase 
frozen at 140 K). 

During preliminary measurements the conditions of stabilization of 
thermal equilibrium were fixed (by measuring the reference plane position, 
for a plate-short wave-guide, depending on temperature). 

a)  

b) 
I 

FIGURE 2 Sample mounting in the wave-guide. (a) Mutual positions of particular com- 
ponents: 1-top wave-guide section, 2-top nut, 3-wave-guide joint, 4-tapped centring sleeve, 
5-sample, 6-foil window, 7-inner wave-guide, 8-short-circuit plate, 9-sample holder; (b) Top 
view of the sample holder (9). 
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DlELECTRlC BEHAVlOUR AND MOLECULAR MOTION 203 

The sample was moulded in a similar manner to that described earlier, in 
a specially cut wave-guide section, 2.00 L 0.005 mm or 0.75 f 0.005 mm 
thick, terminated from one end with a thin metallic plate, and on the other 
end, on connecting to the slotted line, with a terephthalate-foil window 
50 f 1 pm thick (Figure 2). 

The moulding process performed outside the measuring head facilitated 
a control of the wave-guide filling degree and surface quality of the sample. 

The moulded sample was put into the cell cooled down to about 285 K 
and the temperature was reduced keeping the condition settled previously 
(cooling rate was about 10 K/hour). 

With a properly moulded sample and well pressed down foil window, the 
sample removed after the full measuring cycle is completed (25-36 hours) 
was still fully transparent and showed no losses of mass. Measuring accur- 
acy of permittivity and dielectric losses in the reflection method depends on 
measuring errors of the sample thickness, standing wave ratio SWR of the 
line with sample, SWR of the empty line, wavelength inside the wave- 
guide and the shift of minimum, A. 

TABLE 111 

Maximum error of a single measurement in the 
reflection method 

Measured magnitudes Maximum error 
(approximate values) (absolute) 

6.5 f 1.0 
E' 3.1 k0.14 

2.5 k0.14 

7.5 
El' 0.15 

0.01 

f0.50 * 0.02 
fO.01 

The most important source of measuring errors is misfit of the sample 
thickness, d, to the wavelength in the sample, A,. If the d/A2 ratio is close to  
0.25, the lowest errors are observed for c" whereas the lowest errors for E' 

occur at d / l ,  close to 0.5. Measuring errors summarized in Table 111, de- 
termined as previously by means of computer analysis, apply to the most 
unfavourable case. 

On measuring E' the accuracy is critically affected by measurements of the 
thickness and A. On measuring E" particularly for low losses, the errors 
made on determining SWR of both the empty line and that filled with the 
sample are predominant. 
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204 

RESULTS AND DISCUSSION 

P. FREUNDLICH A N D  L. SOBCZYK 

The results of measurements in the form of plots of static permittivity E~ 

versus temperature and both complex permittivity components of TBN 
(at 2 and 38 GHz) are summarized in Figures 3 and 4. Full lines in the 
figures are drawn through the points corresponding to the arithmetic means 
of measurements at a given temperature for all measuring series, one series 
containing the results of measurements obtained on one sample, i.e. on one 
filled ring or one condenser filling. Measurements were performed (except 
for static permittivity) only during the cooling down process. The continuous 
static permittivity curve was drawn only for the points measured on de- 
creasing the temperature. 

&,=f(T) f o r  T B N  

0 20 

liquid 

150 200 250 300 T [ K I  

0 occ t o  C l e m e t t  and Davies 

O o c c  t o  5myth  

FIGURE 3 
SmythZ4. 

Static permittivity of TBN (500 kHz). 0-Clemett and Davies,” 0-Crowe and 
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DIELECTRIC BEHAVIOUR A N D  MOLECULAR MOTION 205 

N- z 
W 

I . .  1 . . . < , ,  8 . 1  O r  P m .Y m N 
N 

w m  
N 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

3:
27

 2
3 

Fe
br

ua
ry

 2
01

3 



206 P. FREUNDLICH AND L. SOBCZYK 

a Static permittivity measurements 

The three phase transitions shown in Figure 3-solidification at 299 K, 
rotational transition at 260 K and transition at 215 K separate, in turn, the 
liquid, rotational (I), librational (11) and frozen (111) phases in the dielectric 
sense. l6 

The value of go found for phase I11 is close to r ~ g  and using it as E, leads 
to a very high contribution (as compared with the molar refraction R ,  = 
26.2 cm3) of molecular atomic polarizability P A  = 5.7 - 6.5 cm3 which is in 
very good agreement with P A  = 6.1 cm3, quoted by Wiswall and S n ~ y t h . ~  

The permittivity in phase I differs from that measured by Clemett and 
DaviesZ3 and S m ~ t h . ’ ~  Presumably it is connected with the kind of treatment 
of the sample. 

Then as additional factor may be the presence of impurities which results 
in the freezing point depression of TBN by about 2.5 K.24 It appeared during 
preliminary measurements that the method of sample moulding and the 
presence of impurities have no significant influence on the temperature of 
rotational phase transition and permittivity in the lower temperature phases; 
hence, the results of this paper are in full agreement with Smyth and 
Clemett’s measurements in phase I1 (Figure 3). 

A low increase of the dipole correlation factor g during solidification as 
mentioned in Ref. 16 (g = &/p,&) may result from the existence of small 
and short-living domains “microstructures” near the freezing point which 
are the source of an additional dipole moment. A decrease in the correlation 
factor in phase I may result from the potential distribution for rotation 
existing in this phase around the axis perpendicular to the dipole moment 
direction which may be approximated by the two-well model. This was 
suggested by who analyzed the shapes of molecules and measured 
dielectric relaxation in the liquid and plastic phases. The difference in depths 
of both wells determined by him from the Meakins relationz6 

T 

(where C is constant) is 2.1 & 0.4 kJ/mole and, being comparable with the 
value of RT in this temperature range (2.2-2.5 kJ/mole), does not affect 
significantly the freedom of reorientation in this phase, particularly near 
the freezing point. 

A change in the crystallographic system during the phase transition at 
260 K from the orthorhombic system of lattice parameters similar to those 
of the cubic system into the triclinic system whose parameters differ only 
slightly from those of the tetragonal s y ~ t e m ~ ’ ~  should be accompanied by 
a change in the shape of the potential energy curve during r~ ta t ion . ’~  One 
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DIELECTRIC BEHAVIOUR AND MOLECULAR MOTION 207 

of its effects is a shift of the absorption band maximum cc found in the far 
infra-red” from 33 cm- in the plastic phase to 6 5  cm- ’ in phase 11. 

A plot of static permittivity versus temperature for TBN in phase I1 
near 260 K is fairly well consistent with the Frohlich model for an ordered 
crystal. The initial considerable decrease in permittivity results from some 
molecules being “frozen” at lower energy equilibrium positions which 
involves an increase in the difference in depths of both wells. 

Assuming that in phase I1 the activation barrier AH for isotropic reorienta- 
tion was raised considerably (as compared to about 4.4 kJ/mole in the 
plastic phase,” any further course of variations in eO(T) may be explained as 
due to librations performed by the molecules inside the potential well around 
the axis perpendicular to the dipole moment ~ e n s e . ’ ~ , ~ ~  

In this phase, as shown by QNS measurements,’ the TBN molecules are 
simultaneously liable to rotate uniaxially around the C-N bond. Over- 
lapping of both types of motion causes that under the influence of the 
electric field applied the mean value of the 0 angle16 differs from zero. 

On this assumption one can f ~ r m u l a t e ’ ~ . ~ ~  an expression relating the 
libration frequency o to the magnitude of molar polarizability according to 
equation” 

where I is the moment of inertia and p, is the dipole moment of a free mole- 
cule. 

Molar polarizability of TBN determined from dielectric measurements 
(using Onsager relation) in phase I1 is 13.2 cm3 at 219 K and 16.4 cm3 at 
244 K. Taking into calculations p, = 12.37. 10-30cm and I = 372. 
kgm’, the estimated libration frequency is 36 and 33 cm-’, respectively, and 
is almost half as low as that determined from the maximum position of 
absorption coefficient cc at these temperatures.” Because of the simplicity 
of the above model and assumptions taken (polycrystalline sample, har- 
monic potential) this agreement should be considered satisfactory. 

During transition at 215 K to phase 111, the uniaxial rotation rate de- 
crease rapidly (below detectability of the QNS method.)’ The absence of 
rotation and libration overlapping might suggest that (0) = 0 and thus 
the contribution to libration polarizability disappears. 

A stepwise change in the eO(T) function found in this phase transition 
may also be explained by assuming that the dielectric increment in phase I1 
(E,, - n i )  is related to relaxation of some molecules exhibiting freedom of 
reorientation owing to the existence of various types of defects in the TBN 
crystal. Aconsiderabledepth of the well and absence of any visible dependence 
of the permittivity value in phase I1 and I11 on the freezing method indicate 
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208 P. FREUNDLICH AND L. SOBCZYK 

that such an explanation of the eO(T) plot seems to be very unlikely. One 
could have expected that more detailed information on this problem will be 
supplied by studies of E* at high field frequencies. 

b 

The plots of complex permittivity versus temperature for the 1.984 and 38.09 
GHz frequencies rule out the existence of any maximum for the reorientation 
processes of the TBN molecules at frequencies below 38 GHz. On the 
contrary, low losses E" = 0.13 at 219 K and 0.22 at 244 K at 38 GHz (as 
compared with the magnitude of dielectric increment-0.92 and 1.14, 
respectively) suggest the existence of a maximum at much higher frequencies. 
In the plastic phase the maximum absorption related to reorientation of the 
entire molecule occurs in the 10-22 GHz region so one can hardly expect 
that this process would take place at a much higher frequencies in the lower 
temperature phase. This indicates that absorption related to the dielectric 
increment of TBN in phase I1 has a resonance nature and may be assigned 
to the librational motion of the molecule in combination with simultaneous 
rapid uniaxial rotation. 

Thus, dielectric manifestations in the microwave region in such a formula- 
tion should be consistent with the absorption spectrum in the far infra-red. 
In the far infra-red range a broad absorption band is found which is assigned 
to the librational motion. Taking the results of measurements in the micro- 
wave region (< 2 cm- ') and absorption curve in the far infra-red2' as a 
starting point, the dependence of E' and E" uersus frequency was estimated 
in the 0.001-160 cm- ' range by means of a scheme based upon the Kramers- 
Kronig relation. For calculation of the main integral value the method of 
parabolae suggested by Hawranek3' was applied. During each run the 
values of dispersion E~ - E ,  were compared. Computations were inter- 
rupted when the differences between successive values did not exceed the 
preset value (0.02). As a selection criterion of a(6) in the intermediate range 
(40 GHz-20 cm- ') between the results of microwave measurements and 
in the far infra-red (Figure 5) the condition of monotonic plot ~'(6) in this 
range was assumed. The value of E, determined in this manner (knowing 
to l 6  from the static measurements) is similar to the magnitude obtained 
from the measurements of temperature dependence. Error of estimate for 
a(6) in the range of interpolation does not exceed 5 %. Scheme of calculations 
is presented in Figure 6. 

The plots of E' and E" against frequency for particular phases are presented 
in Figures 7 and 8. These results seem to indicate that in fact, the high- 
frequency ranges of the absorption bands and the resulting dispersion 
curves and dielectric data are in full agreement. 

Results of measurements in the microwave range 
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DIELECTRIC BEHAVIOUR AND MOLECULAR MOTION 209 

Id 109 Id0 1 d' 10'2 H t  

FIGURE 5 Absorption coefficient a versus frequency for TBN in liquid phase (303 K), in 
phase I (273 and 293 K )  and in phase I1 (219 and 244 K); PD-Debye plateau (273 K). 

I 1  

FIGURE 6 Calculation diagram of E' and E" versus frequency over the whole absorption 
region (microwave range and far infra-red) P.V. -principal value of the integral. 
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E' 

12-  

10 

8 -  

6 -  
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2 .  

0 -  

- 

linterpolation I F I R  
/ ?.'. I 

\ ' .  I 

m I crowave reg ion 

j /. . \: , 

.01 .1 1 

E' 

.b 

.2 .4 
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1 .  
108 109 lO1O 101' 1012 Hz 

L" tg1  for T B N  at various t e m e  r a t u r e  

FIGURE 7 Dielectric losses c'' versus frequency for TBN. Denotations as in Figure 5. In  
the microwave region the curves for liquid phase and phase I were determined by means of 
Debye distribution parameters;" 0-experimental points. 

FIGURE 8 
relation. Denotations as in Figure 5. 0-experimental points. 

Dielectric permittivity E' of TBN determined by means of Kramers-Kronig D
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DIELECTRIC BEHAVIOUR A N D  MOLECULAR MOTION 21 1 

c Correlation functions 

Utilization of the correlation function formalism creates an additional 
possibility for distinction between the activation and libration absorption 
mechanisms of TBN in phase 11. Figure 9 presents a normalized orientation 
correlation function G(t )  in the 0 to 1.2 ps range where 

r" En c0sQni;ct)di 

Plots of the orientation correlation function in the plastic and liquid phase 
are very similar. A slow decay of correlation is an evidence of a low reorienta- 
tion rate of the molecule. An increase in temperature results in shorter 
relaxation times. 

Such a behaviour of the correlation function in high-temperature phases 
is expressed by shifts of the maximum absorption with increasing tempera- 
ture towards higher frequencies (Figure 7) which is characteristic of the 
activation processes. 

In the librational phase (11) the correlation is found to decay much 
faster, the faster the lower is the temperature (219 K and 244 K, Figure 9). 
By comparing Figure 9 with plots of the orientation correlation function 
G(t) for TBN determined by Evans3' for various models of molecular 

G 

.9 . 

8 -  

7 -  

6 -  

5 -  

G(t) for T B N  in liauid . olastlc a n d  

librational phases 

2 -  

G(t) for T B N  in liauid . olastlc a n d  

librational phases 

. l L  ' 1 ' ' ' ' ' ' 
.I .2 .3 L .5 .6 7 .8 9 1 11 t ( p d  

FIGURE 9 
phase 1(273 and 293 K)  and in phase I1 (219 and 244 K). 

Orientational correlation function G(r) for T B N  in liquid phase (303 K), in 
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212 P. FREUNDLICH AND L. SOBCZYK 

and librationol phases 

FIGURE 10 Angular velocity correlation function G,,(t) for TBN. 

motion one can note that the experiment21 correlation function in this phase 
decays more rapidly than that calculated theoretically for a free rotator in 
the Mc Clung J-diffusion This indicates that motion performed 
by the TBN molecule responsible for absorption in that phase could not be 
attributed to reorientation but these could be librations of about 0.8 ps 
period. 

After a short time about 0.8 ps the experimental orientation correlation 
function in phase I1 reaches a constant value of 0.2-0.3 which, according to 
B r ~ t , ~ ~  is an evidence of distinguished positions in the crystal. Around these 
directions the molecules perform librations which presumably overlap on 
rapid uniaxial rotation. 

For the angular velocity correlation function G,,(t) (Figure lo), possibili- 
ties for the distinction between two absorption mechanisms are limited, 
although even here the curves for phase I1 may be clearly separated from 
those for the plastic and liquid phases. Plots of the experimental G,,(t) are in 
good agreement with those determined by Evans.3s This is quite justifiable 
since in the present work calculations of G,,(t) were performed by applying 
the results obtained by Haffmans and Larkin’* as it was done by Evans. 

A comparison of the experimental orientation and velocity correlation 
functions with the theoretical curves for the Brot-Larkin and Wyllie-Larkin 
m ~ d e l ~ ’ . ~ ~  leads to a conclusion that neither of these models corresponds 
fully to the results of experiments. 

However, on considering the conformity of the experimental results with 
theoretical expectations one should have several points in mind : 

i) Calculated correlation functions are the collective ones whereas the 
model functions do not allow for intermolecular interactions. 
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DIELECTRIC BEHAVIOUR AND MOLECULAR MOTION 213 

ii) Model correlation functions do not allow for induced absorption whose 
contribution, e.g. in the liquid TBN phase is estimated to be 28 % of theo- 
retical absorption. This confirms Brot’s note34 that the absence of static 
correlations (dipole correlation coefficient g is 0.94 in this phase) does not 
rule out the existence of dynamic correlations. 

iii) Measuring errors, particularly in band wings, which are critical for 
the shapes of correlation functions for short times are fairly considerable in 
most cases. 
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