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(Received 8 October 1993; accepted 6 December 1993) 

By using dielectric relaxation spectroscopy it has been observed that while the 
molecular reorientation around the long axis in the smectic B-crystal phase is active, 
the rotation around the short axis is frozen. Thus we show that the molecular 
dynamics of the liquid crystal phase designated as smectic B-crystal is intermediate 
between that of crystals and that of conventional smectic phases (like smectic A, 
B, C etc.). The temperature dependence of the complex dielectric permittivity E* 

(E* = E' - j ~ " )  has been studied in the frequency regime lOHz to 1 GHz on a 
binary mixture of a chiral epoxy compound and a non-chiral compound. The 
measurements were carried out on the isotropic phase (1 10-102°C), the narrow 
range cholesteric phase, the chiral smectic A phase (98-59"C), a chiral smectic B 
phase, so far classified as smectic B-crystal (59-33"C), and a crystal phase (below 
33°C). The dielectric measurements were made for planar and homeotropic 
orientations. From the analysis of the dielectric absorption curves in the planar 
and homeotropic orientations, it is found that while the molecular reorientation 
around the long axis is characterized by a distribution of relaxation times, the 
rotation times, the rotation around the short axis is described by a single relaxation 
mechanism. 

1. Introduction 
Dielectric relaxation spectroscopy can be a powerful tool for studying molecular 

dynamics because it covers a broad frequency regime to lO'*Hz); thus it has the 
ability to follow collective and non-collective molecular processes which exist in 
isotropic liquids, liquid crystals and other states of soft matter. While in isotropic liquids 
and the isotropic phase of liquid crystal materials, the molecular rotation is already 
relatively hindered and has a characteristic frequency in the microwave and high 
radio frequency regime, the rotation around the long and short axes of the molecules 
is frozen in the crystal phase. The situation in liquid crystalline phases, concerning the 
non-collective types of motion, is intermediate between the liquid and the crystal 
phases. The anisotropy of liquid crystal phases and the possibility of orienting the 
molecular director in directions parallel and perpendicular to a measuring electric field 
enables studies which may separate the molecular rotation around the short and long 
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368 F. Gouda et al. 

axis of the molecule. In this case, the dielectric spectrum of the parallel ( E ! )  and the 
perpendicular ( E ? )  components of the complex dielectric permittivity have two distinct 
dielectric absorption and relaxation curves as traced, respectively, by the imaginary (e”) 
and the real ( E ’ )  parts of the complex dielectric permittivity. The results of dielectric 
relaxation measurements made on the nematic phase [1-4], smectic A and C phases 
[5-91, and higher order smectic phases (B-crystal and hexatic, E, F, G, H, I) [lo-131, 
are summarized at the end of a review article by Kresse [ 141, in which it is stated: ‘From 
the experimental data in various LC phases it can be concluded that in all substances 
investigated until now, (1) a fast reorientation of the dipole moment around the 
molecular long axis and (2) a hindered reorientation around the short molecular axis 
exist. These two rotational possibilities should be typical for liquid crystals’. 

Concerning the collective type of molecular reorientation observed in the chiral 
tilted and orthogonal phases, dielectric relaxation spectroscopy has been successfully 
applied [15-191 to characterize the soft mode and the Goldstone mode. The former is 
the collective tilt fluctuation of the molecular director observed in the chiral smectic 
A (A*) and chiral smectic C (C*) phases, and the latter is the collective phase fluctuation 
of the director in the C* phase. 

The purpose of this paper is to present a dielectric study in the frequency regime 
lOHz to 1 GHz of the isotropic, cholesteric, smectic A* and smectic B*-crystal phase, 
showing the particular characteristics of the latter. From the measurements made for 
the perpendicular and the parallel components, it is found that molecular rotation around 
the long axis is active in all phases. However, while the rotation around the short 
molecular axis is only hindered in the smectic A* phase, it is completely frozen in the 
smectic B* crystal phase. Hence we have a first counter example to the statement cited 
above. 

2. Experiment 
The system studied was a binary mixture, with the components 

qo H,,-~-(=J-coo-(=J-cH=cHcooc, H, 

Non-chiral compound (Crystal 61.7 Smectic A 120.2 Isotropic) 

Chiral compound (Crystal 75 Smectic C*78 Cholesteric 95 Isotropic) 

The transition temperatures (given in degrees Celsius) of the mixture have been 
determined by differential scanning calorimetry (DSC) and optical microscopy to be 

Crystal-30-B *-60-A*-98-N*-102-Isotropic. 

The nature of the smectic A*-smectic B*-crystal transition has been characterized by 
DSC. From different scans made on both cooling and heating runs, a clear hysteresis 
in the A*-B* transition temperature has been found, thus indicating that the smectic 
A*-B*-crystal transition is first order. The hysteresis in the transition temperature 
depends on the cooling and heating rates; for instance at 2’C min - ’, the hysteresis AT 
was found to be 0-79°C. 
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(4 (b) 
Figure 1. The two measurement geometries in the smectic A* and B* phases. (a) Planar 

orientation: the smectic layers are aligned perpendicular to the electrode (or glass) plates. 
This measurement geometry permits measurements of the perpendicular component of the 
complex dielectric permittivity E:. (b)Homeotropic orientation: the smectic layers are 
aligned parallel to the glass plates. This measurement geometry permits measurements 
of the parallel component of the complex dielectric permittivity ~ g .  

The existence of the smectic B *-crystal phase has been confirmed by means of X-ray 
measurements. From the Guiner patterns of a non-directed sample, the smectic 
B*-crystal phase has been clearly distinguished from the A* and the crystal phase 
observed at higher and lower temperatures, respectively. 

The complex dielectric permittivity ( E * ,  E* = E' --j~") has been measured in the 
frequency regime lOHz to 1 GHz using the Hewlett Packard 4192 LF impedance 
analyser (5 Hz-lOMHz) and 4191A RF impedance analyser (1-1000MHz). The 
experiments were performed in two measurement geometries to determine the principal 
components E; and ~I l f  of the dielectric tensor. For the ET measurements in the low 
frequency regime, lOHz-l3MHz, the cell consisted of two glass plates coated with 
conducting layers made of indium tin oxide (ITO) separated by a mylar spacer of 12 pm. 
The active area of our cell was 30mm2. The glass surfaces were not treated with any 
surfactant after cleaning with acetone. The sample was cooled from the isotropic phase 
to the cholesteric and to the smectic A* phase in the presence of an A.C. electric field 
of 10 V/50 pm. This gives a planar orientation, i.e. with the smectic layers standing 
perpendicular to the glass plate, as checked by optical microscopy. The measuring 
electric field of 1 V/50 pm, as shown in figure 1 (a), was applied in a direction 
perpendicular to the director; hence we measured the perpendicular component of the 
dielectric tensor. In the high frequency regime, although microscopic observation was 
not possible because of the cell construction [20], nevertheless, this measurement 
geometry was identified from the dielectric absorption peak observed in the range of 
100 MHz, as will be discussed latter. The high frequency measurements were made on 
a sample of 50 pm thickness. The E% measurements were only made in the range 10 Hz 
to 10 MHz. The cell was similar to that used for planar orientation. However, the glass 
plates, in this case, were coated with surfactant (Quilon C) to get a homeotropic 
orientation. In this geometry (see figure 1 (b)) ,  the measuring electric field is applied 
in a direction parallel to the director. 

In the frequency range 10 Hz to 10 MHz, the measured dielectric absorption E", 

contains, besides the absorption peak due to molecular rotation, additional contributions 
at low and high frequencies which have to be corrected for as shown in figure 2. 
At low frequencies, the measured E" has a conductivity contribution due to the 
non-bound charge carriers (this is also called DC conductivity): the measured E" 

increases with decreasing frequency, and in the worst cases may obscure relaxation 
peaks due to dipolar rotation. At high frequencies, because of the I T 0  conducting layer 
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Figure 2.  Illustrative example of the frequency dependence of the measured dielectric 
absorption E\: in the homeotropic orientation. Besides the contribution from dipolar 
reorientation (open circles), there is a low frequency background from freely moving 
charges ( + ). At high frequency the background is due to the IT0 conducting layer ( X ). 
The solid line represents the fitting of the experimental data to equation (1). 

of about 20 WU resistance, the measured E" increases at frequencies 2 1 MHz. In order 
to extract the correct values of the dielectric contribution of a certain molecular process 
from this background at both low and high frequencies, the measured dielectric 
absorption has been fitted to an equation of the form [18] 

The first term represents the DC conductivity contribution in which 0 is the specific 
conductivity of the sample (ohm- ' cm- '), f is the frequency of the measuring AC 
electric field and EO is the vacuum permittivity. Both 0 and n are fitting parameters. 
The second term is the imaginary part in the Cole-Cole equation [21], where AE is the 
dielectric strength which is the difference between the dielectric permittivity measured 
at low cs and high ern frequencies,fR is the relaxation frequency, and CL is a symmetric 
distribution parameter. The third term represents the high frequency contribution, where 
a(R, C) is a fitting parameter which depends on the time constant of the cell, i.e. the 
resistance R of the IT0 layer and the cell capacitance C.  The fitting parameter n in most 
cases tends to be near one. 

3. Results and discussion 
3.1. The static dielectric permittivity 

The temperature dependence of the parallel and perpendicular components of 
the static dielectric permittivity measured in different phases is shown in figure 3. 
In the isotropic phase, the real part of the dielectric permittivity E is about 4.75 at 110°C 
and increases with decreasing temperature. In the cholesteric phase, N*, within our 
measurement accuracy, the measured E behaves in a similar way to that in the isotropic 
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Figure 3 Temperature dependence of the static dielectric permittivity measured in different 

phases. 

phase; we were not able to resolve a remarkable difference between the values of EJI and 
E~ in this phase. However, at the N* to smectic A* transition, the values clearly split. 
While the perpendicular component E~ increases with decreasing temperature, the 
parallel component ell behaves in an opposite manner. The decrease in 811 is usually 
attributed to an antiparallel correlation between the dipole moments along the long axes 
of the molecules [22]. At the transition from the smectic A* phase to the smectic 
B*-crystal phase, a sharp drop in E I ~  from 4.7 to 2.9 is observed. A further drop in both 
ell and EL is observed at the transition to the crystal phase; el decreases from 5.20 to 
2.55, and EIJ decreases from 2.90 to 2-60. In the smectic A* and B* phases, cl_ is larger 
than q, and this means that the dielectric anisotropy ea = 811 - el is negative and increases 
with decreasing temperature. The largest value of E, in the smectic A* 
phase, as can be seen from figure 3, is about - 0.8. In the B* phase, E, equals - 2.3. 
Another quantity of importance is the average value of the dielectric permittivity 
B = (41 + 2el)/3. In the case of a strongly polar compound, 5: shows a drop while cooling 
from the isotropic to the nematic phase [23]. In our case, the dielectric permittivity in 
the isotropic phase increases with decreasing temperature, and in the smectic A* phase, 
E does not show any appreciable drop; however, the slope dBldT is smaller relative to 
that in the isotropic phase. In the smectic B*-crystal phase, we observe that B 
is considerably less than that of the smectic A* phase; it decreases by 20 per cent. 
This indicates that the dipolar reorientation in the smectic B*-crystal phase is strongly 
restricted compared with the situation in the smectic A* phase. 

In the crystal phase, the permittivity values ( E ~  = 2.6 and ell = 2.9) are slightly larger 
than the square of the refractive index a. Though we did not measure the value of n 
for this system, it is known from the literature that most liquid crystal materials have 
values of n2 which are less than 2.9 and 2.6. This difference may be attributed to an 
intramolecular rotation which is still active in the crystal phase. 

It is worth pointing out that in the smectic A* phase, besides the high frequency 
molecular contribution to the permittivity, E~ has a contribution from the soft mode 
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Figure 4 Frequency dependence of the dielectric absorption measured in the isotropic phase. 
The solid line represents the fitting of the experimental data to equation (2) .  

(tilt fluctuation). The soft mode contribution to el increases linearly with decreasing 
temperature, from 5.0 at 98°C to 5.5 at 60°C, and does not show any divergence at the 
smectic A*-B* transition Tc, a point which has been discussed, for this system in detail 
elsewhere [24]. 

3.2. The dynamic dielectric permittivity 
In the isotropic phase, the dielectric spectrum exhibits two absorption peaks as 

shown in figure 4. In order to characterize these two relaxations, the experimental points 
have been fitted to the Cole-Cole equation [21] for the case of superposition of two 
absorptions 

where gl and g2 are weighting factors connected by gl + g2 = 1, and ctl and C I ~  are the 
distribution parameters of the first and second absorption peaks. In the case of a single 
relaxation time mechanism (Debye relaxation) CI = 0. From the fitting, we found 
the dielectric strength As, ( E S  - em) = 2-20, gl = 0.39, a1 = 0.13, and a2 = 0-27. The 
relaxation frequencies of the low and high frequency mechanisms are 15.7 MHz and 
986.3MHz, respectively. From these values, we conclude that the low and high 
frequency absorptions are connected with the molecular rotations around the short and 
long axes of molecule. In the vicinity of the N*-A* transition, these two absorptions 
could still be traced. However, at the onset of the A* phase, while the amplitude of high 
frequency absorption was found to increase with decreasing temperature, the amplitude 
of the low frequency absorption strongly decreased and, at one degree below the N*-A* 
transition, the peak disappeared completely and only the high frequency absorption 
could be observed in the spectrum. This indicates that, within the accuracy of our 
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measurements, the measurement geometry obtained in the high frequency cell is a 
planar orientation. At this point, it is worth noting that the dielectric spectrum of chiral 
smectics contains an additional absorption peak due to the collective tilt fluctuations 
(the soft mode) [15-191. The characteristic frequency of the soft mode exhibits a strong 
temperature dependence, usually observed in the kHz region of the dielectric spectrum. 
However, in our case, this peak could not be observed, probably because the dipole 
moment connected with this process is very weak. This has been confirmed from the 
electrically induced tilt angle [24] due to the electroclinic effect, which was found to 
be of the order of 0.1", a value which is less than that measured for most compounds 
by one or two orders of magnitude. 

The experimental values of E;  versus frequency have been fitted to the 
Havriliak-Negami relation [25] 

where B is the asymmetric distribution parameter. From the fitting, the distribution 
parameters are cc = 0.17 and B = 0.79, and the relaxation frequency is found to be 

~ R I  = 330MHz (at 80.15"C). The molecular aspect of this relaxation corresponds to 
rotation around the long axis of the molecules. The relaxation frequency decreases 
slightly with decreasing temperature. In the smectic B*-crystal phase, this molecular 
motion is active, but slower than that found in the smectic A* phase. From the fitting 
results of the data shown in figure 5 (a), the relaxation f R I  in the smectic B*-crystal 
phase (at 55.18"C) equals 95.0MHz. Figure 5 (b)  shows the frequency dependence of 
E: in the different phases. While the absorption maximum, E ;  (max), in the smectic A* 
phase increases with decreasing temperature (from right side to left side in figure 5 (b)), 
it decreases in the smectic B*-crystal phase. This may give an indication that the 
three-dimensional order in the smectic B*-crystal phase influences the molecular 
rotation in such a way that it becomes strongly hindered, as compared with that in the 
smectic A* phase, where one may think of an overall continuous reorientation through 
multiple collisions with the surroundings. However, in the presence of such high order, 
we may have a symmetric potential, but with multiple minima. At the onset of 
crystallization, &;(max) decreases sharply, and on further cooling, disappears 
completely from the spectrum, thus indicating that the overall rotation of the molecules 
as a whole around the long axes is frozen. 

The dielectric absorption measurements in the parallel orientation ~ \ i  have been 
made in the range 10' to 107Hz. No significant results were found below 103Hz; 
therefore, the results are mainly presented for the frequency regime lo3 to 106Hz. 
Figure 6 (a)  shows the frequency dependence of E;; in the smectic A phase at 86.52"C. 
The data have been fitted to equation (1). The distribution parameter cc equals 0.02; thus 
the relaxation mechanism in this measuring geometry, which corresponds to molecular 
rotation around the short axis, is described by a single relaxation (Debye relaxation). 
The relaxation frequency at this temperature equals 94.3 kHz. Over the whole range of 
the smectic A phase, the relaxation frequency decreases from 1 MHz at 96.00"C to 
30 kHz at 60°C. At the first order smectic A* to smectic B*-crystal phase transition 
temperature Tc, the absorption maximum shows a pronounced decrease. In order to 
avoid supercooling, the temperature was very slowly decreased ( = 0.01"C min- ') at 
Tc and below. Within a temperature range of 4"C, the absorption maximum (indicated 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
8
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



314 F. Gouda et al. 

I ,  

,, 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 

T =  

T =  

1 o6 1 o7 1 OR 1 o9 
Frequency/ Hz 

(a) 

1.2 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 
1 

Frequency/ Hz 
(b) 

Figure 5.  (a) Frequency dependence of the perpendicular component of the dielectric 
absorption measured in the smectic A* phase (at 8O.lS"C) and in the smectic B*-crystal 
phase (at 55.1 8°C). The solid lines represent the fitting of the experimental data to equation 
(3). (b) Frequency dependence of the dielectric absorption measured in the isotropic phase, 
at different temperatures in the isotropic (circles), smectic A* (thin solid lines), and 
B*-crystal (thick solid lines) phases and in the crystal phase (dashed lines). 
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Figure 6. (a) Frequency dependence of the parallel component of the dielectric absorption 
measured in the smectic A* phase (at 86.52OC). The solid line represents the fitting of the 
experimental data to equation (1). (b )  Frequency dependence of the dielectric absorption 
measured in the isotropic phase and at different temperatures in the smectic A* phase 
(thin lines) and B*-crystal phase (thick lines). ( c )  Frequency dependence of the parallel 
component of the dielectric absorption measured in the smectic B*-crystal phase (at 
43.29"C). 

~"(max) 

20 30 40 50 60 70 80 90 100 

Temperature /"C 

Figure 7. Temperature dependence of the dielectric absorption maximum in the smectic A* 
and B*-crystal phases. Notice how the molecular rotation around the short axis (E ; : )  frewes 
out at the transition smectic A*-smectic B*-crystal and how the rotation around the long 
axis (c : )  does the same at the transition smectic B*-crystal-crystal. 
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Figure 8. Arrhenius plot of relaxation frequency for the molecular rotation around the long and 
short axes. 

by thick lines in figure 6 ( b )  is centred around 30kHz and its amplitude strongly 
decreases with temperature, until it disappears completely from the spectrum. Figure 
6 (c)  shows, on an enlarged scale, the spectrum of EY at a lower temperature (43.29”C). 
This figure does not reveal any absorption-like behaviour; it contains, as explained in 
detail in the experimental section, the background at low and high frequencies. In order 
to sort out the possibility that this peak is shifted to much lower frequencies, similar 
dielectric absorption measurements have been made using a lock-in amplifier to get 
more accurate values. These measurements were made in the frequency range 1 Hz to 
20 kHz and did not give any indication of any absorption peak in the smectic B*-crystal 
phase. We think that the absorption peaks observed within 4°C below TC (see figure 
6 ( b ) )  are just a result of the coexistence of the smectic A* and B* phases. This 
temperature interval represents a two-phase region in which the remaining part of the 
smectic A* phase is responsible for the absorption peaks in the smectic B*-crystal 
phase. From these measurements made in the homeotropic orientation in the smectic 
B*-crystal phase, it is confirmed that the molecular rotation around the short molecular 
axis in the crystal smectic B* phase is frozen. In contrast with earlier [ 10-121 and recent 
[ 131 reports concerning this molecular mechanism, we think that this example shows 
that this molecular rotation is locked in the smectic B*-crystal phase. In this context, 
it is interesting to point out that the disappearance of the dielectric absorption peak 
which corresponds to the molecular rotation around the short axis of molecule in the 
smectic B*-crystal phase is similar to that for molecular rotation around the long 
molecular axis in the crystal phase. Figure 7 shows the temperature dependence of 
e”(max) in the planar and homeotropic orientations in the smectic A*, B* and crystal 
phases. The interesting point in this figure is the similarity between the sharp drops in 
c\;(max) and E[l(max) at the smectic A*-B* transition and the smectic B*-crystal-crystal 
transition, respectively. 

The relaxation frequency calculated for the molecular rotation around the long axis 
in the smectic A* and B* phases, and the molecular rotation around the short axis in 
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the smectic A* phase have been plotted against 1/Tas shown in figure 8 (Arrhenius plot). 
The activation energy Eacli, for the molecular rotation around the short axis, as one would 
expect, is larger than for the rotation around the long axis. In our case, 

Eaa)(A* phase) i= 3Ea(L)(A*, B* phases). 

As can be seen from figure 8, values ofLl in the smectic A* and B* phases lie on the 
same line, showing no jump at Tc. The disappearance of the dielectric absorption E\; in 
the smectic B*-crystal, which is interpreted as a freezing of the molecular motion, thus 
implies an inhibitive value of the activation energy. 

4. Conclusions 
We have presented broad band (10 Hz to 1 GHz) dielectric relaxation spectroscopy 

measurements of the two principal axes of complex dielectric permittivity in the smectic 
A*, smectic B*-crystal, isotropic and crystal phases of a binary mixture. While in the 
isotropic phase, the molecular rotations around the long and short axes are active, these 
main molecular rotations in the crystal phase, as seen from the finite difference between 
the permittivity and the square of the refractive index. The molecular dynamics of the 
liquid crystalline state manifests the molecular motion of the isotropic liquid and 
the crystal state. While the molecular rotation around the long axis in the smectic A* 
and smectic B*-crystal phase is active, with an activation energy of about 35 k J m o l ~  I ,  

the molecular rotation around the short axis in the smectic B*-crystal phase is 
completely frozen. In the smectic A* phase, this rotation is active with an activation 
energy equal to 104 kJ mol ~ '. From the analysis of the dielectric absorption curves in 
the isotropic, smectic A* and smectic B*-crystal phases, we find a relatively large value 
of the symmetric distribution parameter connected with the dipolar rotation around the 
long axis. We may conclude from this result that different processes are involved: 
for instance [26] ,  the rotation of the molecule as a whole, independent reorientation of 
the alkyl group around the single bond to the neighbouring benzene ring and small angle 
reorientation of the permanent dipole moment around the director. The result 
concerning the molecular dynamics in the chiral smectic B*-crystal phase, adds a new 
category of liquid crystal phase which has a frozen molecular rotation around the short 
axis, but activated rotation around the long axis. 

The authors are grateful to Dr S. Diele (Halle, Germany) for carrying out the X-ray 
studies. 
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