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(Received Oc,toher 15, 1980) 

Dielectric permittivities were measured on compounds having different smectic phases in broad 
temperature intervals. Both the parallel and the perpendicular component of permittivity are 
givenand the variationsare interpreted. The intensity of the low frequency dielectricdispersion is 
interpreted by Bordewijk’s formula and dipole-dipole correlation. The temperature dependences 
of the relaxation time in the different liquid crystalline phases are given. A small break was found 
at the N-SmA, SmA-SmC, SmB-SmF phase transitions, an order of magnitude change at the 
SmA-SmBand SmC-SmB phase transition, and a definite stepat the SmF-SmG phase transition. 
The big change at these last three phase transitions is interpreted by the appearance of the collec- 
tive librational modes. 

INTRODUCTION 

The dielectric permittivities of nematic liquid crystals have extensively been 
studied’ and a summary of the results has also been given.* The experimental 
results were interpreted using the Maier and Meier’ formulae or a modified 
form of them.4 These formulae connect thedielectric constant with molecular 
properties, namely the molar polarizability a and the permanent electrical dipole 
moment p,  with the orientational order parameter S ,  BordewlJk’ has extended 
the Kirkwood-Frohlich equation to uniaxial liquid crystals. De Jeu 
et a/.6 have calculated the  dipole-dipole correlations between the molecules for 
nematic and smectic-A phases, Benguigui’ for smectic-C and smectic-B 
phases. Measurements have also been performed on compounds having smec- 
tic phases in a broad temperature interval.8’ The purpose of the present paper 
is to analyze the static permittivity, and the intensity of dielectric loss on the 
basis of the present theory, and to report the dielectric relaxation times for 
different smectic phases and to interpret them. 
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3 08 

THEORY 

I.. BATA a n d  A. B U K A  

In the case of nematic liquid crystals the polarizability is a tensor with princi- 
pal values all and a I  taken in the direction of the uniaxis and normal to it. The 
Maier and Meier equation4 can be written as 

47r.v 
2 ~ +  1 3 k T  

El l  - E;c' = - 3r Fz--<p;> 

def - 36F' 47rN 
E l -  t, - ___- 

2 s +  1 3 k T  

where 

e:;' = 1 + hF4nN(i% f AaS,) (2a) 

E:' 1 + h F 4 ~ N ( a  - f AaSO) (2b) 

with 

a, ,  + 2 a  ti ,  + 2EI - 
3 

a =  I; Aa = all - a,; F = 
3 

and 

h is the Onsager, F t h e  reaction field factor, k is Boltzmann's constant, T the  
absolute temperature. p,l and pI are the respective resultant dipole moment 
components along the long axis of the molecule and perpendicular t o  it. Rll 
and R ,  are  parameters taking into account the rotational hindrance of the 
molecule about its short and long axes respectively. Bordewijk' has extended 
the Kirkwood equation 

E O ( E ~  + 2)' 47r N < c PIP/> .-- En - Em = 
260 + 9 k T  n ,, 

and the Kirkwood-Frohlich equation 

(4) 

t o  uniaxial liquid crystals. The summation in (4) is extended over all n mole- 
cules in a macroscopic sphere. The I: dipole-dipole correlation factor takes 
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DIEI.ECTRIC P E R M I T T I V I  T‘IES 309 

into account the correlations between the neighboring dipole moments only 
and is defined by 

The indices 0 and 00 of E denote t values at zero and infinite frequencies. In anal- 
ogy with (5) we can write Bordewijk‘s equation‘ in the form 

Here we used the notation 

2t0, + Em, 
if R, = 0 ( ‘Oh  

X = 1 1  or I 

R, is a numerical factor’ which depends on the anisotropy of the permittivity 
of the system. <pi> and <p:> are the orientational average values given by 
Eqs. (3a) and (3b) with R,,  = R ,  = 0. Here 

gA has for all particles i the same value. For isotropic liquids 

g = I + R = I + z<cos e,> ( 9 )  

where z is the nearest neighbor’s number, 8, is the orientation between the i-th 
and j-th dipoles. For uniaxial liquid crystals de Jeu et al.‘ obtained the 
equation 

where TI, > 0 and T, < 0. Benguigui7 calculated the dipokdipole correlation fac- 
tor for smectic phases as well and obtained a similar result to Eq. (10) but with a 
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310 L. BATA and A. B U K A  

slightly different equation for Tk than that used by de Jeu et a/. Th remains the 
parameter, which is determined from the measurements of static permittivities and 
dispersion intensity. 

STAT1 C PERM lTTl Vl TI ES 

In Figure I we show the static (w 5 1 kHz) permittivities for three com- 
pounds. The measurements were carried out using a General Radio 1615A 
capacitance bridge. The temperature was changed continuously and the per- 
mittivity was measured simultaneously. The compounds were chosen for 
demonstration in such a way that they had more than one liquid crystalline 
phase over a broad temperature interval. From the figures’one can conclude 
that 

i) t l l  and el vary in a n  opposite way in the nematic (N)  phase, i.e. if t , ,  in- 
creases el decreases and  vice versa. The  dielectric anisotropy en = E , ,  - tl  in- 
creases with decreasing temperature according to the Maier-Meier theory. 
The variation of the permittivities is interpreted mainly by the variation of the 
orientational order parameter. The effect of R,  factor was analyzed by T ~ v e t k o v . ~  

ii) In  smectic-A phase even when pi < pl ,  (Figure la), neither the permit- 
tivities nor the dielectric anisotropy has such a simple connection with the 
order parameter as in the nematic phase but a general tendency can be 
observed. 

t , ,  decreases mostly by steps at  the SmA,  SmB phase transitions, independ- 
ently of the sign of ta - increases for compounds having negative dielectric 
anisotropy and decreases for compound (OCB, NPOOB) having high en > 0 
values. 

This variation continues in the SmB, S m F  phases as well. The opposite 
change in SmG phase that can be seen in Figure lc is due to the loss of macro- 
scopic orientation of the sample. We were unable to maintain the layer normal in 
the same direction in the SmG phase on cooling, i.e., the sample became a poly- 
crystalline type. 

The variation of permittivities can be interpreted by the behavior of g,. 
If the temperature is decreased the dipole correlation in the smectic phases 

increases (mostly by steps) at  the phase transitions. The increasing antiparallel 
setting in of the longitudinal components of the dipole moments decreases the 
values of el,. This can be observed a t  the t quantity as well. gl, < 1 because of 
the antiparallel setting in. The  available analytical expressions for T:’ ’ seem 
to  be unsatisfactory. 

In Figure 1 b the permittivity of DOBHOP i.e., p-n-decyloxybenzoic acid- 
p-n-hexyloxyphenyl ester is shown; in the smectic-C phase of which three 
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DIELECTRIC PERMITTIVITIES 
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Static dielectric permittivity vs. temperature for three compounds having different 
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312 L. BATA and A. B U K A  

permittivity components can be measured; e l  perpendicular to the smectic 
layer, € 2  in the direction of (C) tilting and € 3  perpendicular to both axes.’ One 
can see that € 1  and € 2  increase whereas €3 decreases with decreasing tilting. The 
tilt angle 6 can be calculated by the relation 

The experimental plot of e l ,  € 2  and €3 versus temperature in the smectic-B 
phase depends on the experimental conditions (cooling speed) due to the me- 
tastable character of ss phase of this compound. 

DIELECTRIC DISPERSION 

The dielectric dispersion connects the values E O  and Em. €0 is the dielectric per- 
mittivity below the frequency at which the dispersion starts, em is the value 
after the relaxation process has finished: 

Generally there are only two relaxation processes in the parallel alignment, the 
low ( 1 1  - 1) and the high frequency ( 1 1  - 2) one, in this case E O ( ~ ~ - ~ )  = 
ern( 1 1  - 1).  (If there are more than two relaxation ranges, one does not connect it with 
the motion of the resultant dipole moment.) 

With regard to  the relaxation processes in perpendicular alignment and in 
the high frequency parallel component they are characterized by the distribu- 
tion of the relaxation times. I n  this case the Cole-Cole form of Eq. (13) is used. 

t” has temperature dependence in the low frequency range as shown in Fig- 
ure 2 for d7AB in the nematic and smectic phases; that for DOPHOP is shown 
in Figure 3 for the SmC phase. Figure 3 shows that the low frequency disper- 
sion in the smectic-C phase can be detected in the direction of the layer normal 
( 1 1  or 1) and in the direction of tilting (2) as well. The intensity of dielectric loss 
in the direction of tilting increases with increasing tilting, so it can be taken as 
the component of the low frequency “parallel” dispersion in the direction of 
tilting. 

From the experimental data we can calculate the t o l l  - tmII values. In  spite of 
the variation of the peak value of the dielectric loss the temperature depend- 
ence of the dielectric increment eoI l  - emI, is weak in smectic phases so we can 
take it to be constant; in the nematic phase it has some temperature depend- 
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DIELECTRIC P E R M I  l " l  IVI l ' IES 

4 

313 

5c-2 

FIGURE 2 
and smectic-A (SA) phases of d7AB. 

Frequency dependence of dielectric loss at  different temperatures in nematic ( N )  

::: ; 
I 1 1 

- 

FIGURE 3 
directions. 

Dielectric lossvs. frequency for  low frequency dispersion in smectic-C phase in two 
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314 L.  BATA and A. BUKA 

ence. Taking t o I I  and cmll values determined from the dispersion data we have 
calculated the 

effective dipole moments. This quantity can be handled as a normalized inten- 
sity" being independent of such material parameters as the molar weight, den- 
sity, etc. Whereas EO,, - em,, changes strongly in a homologous series, per1 is 
nearly constant, and is in this way more easily comparable to other molecules 
with different dipole moments. 

From the comparison of Eqs. (6) and (14) we get for the effective dipole 
moment 

P h  , ) I  = fI,(% 4) .gll(c, TI,) - <Pi> (15) 

i.e., the measured perf can be connected with the molecular dipole moment. 
The molecular dipole moment p m  of a compound was determined in dilute 
solution. The per( data determined at temperature T = 0.98 TNI are compara- 
ble with the parallel dipole moment component of the molecules."' Com- 
pounds and the determined parameters are given in Table I .  It is convincing 
that the low frequency absorption intensity is connected with the parallel 
component of the resultant dipole moment of the molecule. The measured ab- 
sorption intensity values perr  are the same for compounds b, c and d, h which 
have the same pm( l l )  apart from the fact that their p m ( l )  are different. 

In Figure 4 perf  data are given as a function of the orientational average of 
the molecular dipole moment. It can be seen that the contribution of p m ( l )  

component in the orientational averaging as given in Eq. (3a) with R,,  = 
R ,  = 0 and S, = 0.5 overestimates the intensity (see circles in Figure 4). 

If we omit the p m ( l )  contribution in the averaging and calculate by 

<Pi> = f-(2S, + UL(I1) (16) 

(see crosses in Figure 4) we have for compounds a,  b, c, d, g, h and j (with So = 0.5) 
values near the straight line pzrr = TI, -<p:,> which is indicated in Figure 4. In 
case iff,,(€, a,,) = 3 in (15), this result suggests the dipole-dipole correlation 
factorg,,(c, TI,) to  have a value around 1. Above mentioned compounds have a 
relatively low pm( 1 1 )  component and a small ratio of pm( I I ) / p m ( l ) .  

Data for compounds e, f and i ,  i.e., for those with a high pm( 1 1  ) do  not lie on 
the line p:rr = T,,<p:,>, indicating g , ,  # 1 and demonstrating that the dipole- 
dipole correlation plays a considerable role in this case. The g,, values can be de- 
termined as a ratio of 
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DIELECTRIC PERMITTIVITIES 315 
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316 L.  BATA and A. BUKA 

4 1 / 
e f  
R X o  

I 1  
x o  

FIGURE 4 
thermal average of the molecular dipole moment. 

Relation between the low frequencydielectricdispersion intensity p.11 ( l l - l )and the 

These data are also given in a column of the Table I .  
gl, can be calculated by using models for the arrangement of the nearest 

neighbor dipoles. If we accept the analytical form o fg l l  as given in Eq. ( 10) and 
for elimination of the uncertainties in the determination of N and <pi> in the cor- 
rection factor, we can determine the coefficient of T,, by using the approximate 
form (n, = I /  3, g = 1) of Eq. (6)  i.e., we used for the dipole-dipole correlation 
factor the relation 

According to this equation the correction factor is more important for com- 
pounds of higher EO - ern values, as it was found from Figure 4 as well. 

The values of the short range order parameter TI, are calculated on the basis 
o fg l l  data written in the Table I. This parameter characterizes the number and 
the arrangement of the nearest neighbor dipoles. The zero and low values of 
T, ,  represent the small effect of the antiparallel setting in of dipoles, the higher 
values of that indicate the appearance of the strong dipole-dipole correlation. 

It is seen that the antiparallel setting in of the nearest neighbor molecules is 
dominant in the cases when the molecules have strong dipole moments only at 
one end. For compounds with symmetrical terminal chains this setting in is 
not so pronounced. This result is in accordance with thedata showing that the 
orientation of the nearest neighbor’s molecules is governed primarily by their 
geometrical form. l 1  
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DIELECTRIC PERMITTIVITIES 317 

According to (16) <pi,> values cannot be used for the calculation of the static 
permittivity, we have to take into account the contribution of the molecular per- 
pendicular dipole moment component as well. If we use a cavity field correction 
for the molecular dipole moment as 

Emll + ( 1  - E m l l ) n p  
PI1 = / 4 I )  

Em11 

and 

Instead of Eq. (3a) we get: 

In this case the 1 + R,, and I + R,factor in (3) correspond t o  the weight fac- 
tors in (20) times gll. 

THE RELAXATION TIMES 

From the dielectric dispersion and loss data one can determine the relaxation 
time characterizing the processes. In Figure 5,we show data for compounds 
havingsmectic phases in a broad temperature region. It is seen that in the Ar- 
rhenius plot there are breaks at N-SmA and SmA-SmC phase transitions. In 
some cases a small discontinuity appears. 

A surprising very pronounced jump appears at SmA-SmB or SmC-SmB 
and SmF-SmC, i.e., at phase transitions where the ordering is changed inside 
the layer. We emphasize that a similar jump in the relaxation time was found 
by us'* in 4-n-hexyloxybenzilidene-4'-n-hexylamine, i.e., 60B5A at the SmA-SmB 
phase transition temperature. These results claim the measurement of the density 
and layer spacing at these phase transitions. (The density has only a 0.8% jump at 
SmA-SmB and 0.5% change at the N-SmA phase transition for 60B5A.) 

Results presented here prove that the two dimensional ordering of the centers of 
gravity inside the smectic layer (SmB phase) hinders the reorientation 
of the long molecular axis much more strongly than does the appearance of 
the layer at the N-SmA phase transition. The new type of ordering inside the 
smectic layer (SmC) hinders the reorientation of the long molecular axis even 
further. 
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318 L. BATA and A. BUKA 

106 4 
high 

FIGURE 5 Temperature dependence of the dielectric relaxation times indifferent smectic phases. In 
parentheses the activation energies are given in kJoule/rnole. The components measured with parallel 
and perpendicular direction are denoted by 1) and 1. 
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DIELECTRIC PERM ITTlVITl ES 319 

The decrease of activation energy occurs at N-SmA, with further decrease 
at SmA-SmC and SmA-SmB phase transitions (the activation energies are 
given in parentheses in Figure 5 )  but this change is not so pronounced as the 
variation in the relaxation times. 

These results prove that it is not the depth of the potential barrier WO (i.e., 
the activation energy) that increases with increasing ordering but the pre-ex- 
ponential factor TO does, T = Toe WO/kT. If we take the pre-exponential factor 
to be inversely proportional to the libration frequency," we get a libration 
frequency decreasing by steps at the phase transition of increasing ordering 
inside the layer. The building up of the two dimensional ordering of the cen- 
ters of gravity enables the system to establish collective modes, to produce 
synchronized librational motion. The libron modes make the individual mo- 
lecular libration more stable, the molecules need more thermal energy to get 
rid of this collective motion, that is why the jumps found at the phase transi- 
tions occur. 

The question arises about the high frequency modes. We wanted to deter- 
mine the high frequency parallel and perpendicular relaxation times as well. 
In particular we intended to  determine a j u m p  in the perpendicular relaxation 
time going to the herring-bone structure. The determined relaxation times are 
given in Figure 5. 

We could determine the high frequency relaxation time in the smectic-G 
phase, but the upper frequency limit (250 MHz) of our capacitance bridge 
(Hewlett-Packard 250 B RX) was not able to  perform the measurements at the 
SmB phase in the frequency range needed. In smectic-G phase even the ma- 
croscopic orientation of the sample is destroyed, so this relaxation time may 
correspond to  a parallel or perpendicular component. The shift of the disper- 
sion curves as a function of temperature provides that a big jump at  the high 
frequency relaxation time at SmF-SmG phase transition does not occur. This 
may be caused by the imperfect herring-bone structure of the smectic-G phase. 
One thing is particularly interesting; that the activation energy is higher than 
that determined for nematics in the same frequency region. 

The other field of dielectric dispersion study is the investigation of mixtures. 
This study is very extended for the nematic phase. The high frequency relaxa- 
tion time in binary mixtures is smaller than for single  compound^,'^-'^ there- 
fore the other possibility of measuring the behavior of the perpendicular re- 
laxation time in smectic phases, especially in SmB and SmE phases, is to study 
binary mixtures. 

CONCLUSION 

We have shown here on the basis of our measurements on smectics and the 
collected data from the literature of nematics that by the modified Bordewijk's 
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320 L.. BATA and  A. BUKA 

formula one can interpret the experimental permittivity and dielectric inten- 
sity data. By this modified formula the interpretation ofthe experimental data 
is reduced to the determination of the dipole-dipole correlation between near- 
est neighbors or that of the short range order parameter, which is very helpful 
in understanding and modelling-molecular interactions. This is a comple- 
mentary information to the X-ray diffraction data giving the region in which 
the antiparallel setting in is performed. The correction parameter proposed 
here can be linked to that used by Tzvetkov4 with R,,g,, - X I  ete. For the cor- 
rection factor and orientational average we have used dielectric permittivity 
data from the measurements. 

The variation of dielectric relaxation time in smectic phases was presented 
and the jump in the pre-exponential factor of relaxation time were interpreted 
as a change in the librational relaxation time due to  the appearance of coilec- 
tive modes as a consequence of the periodic molecular arrangement. 
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