CHAPTER 1V

DIELECTRIC STUDIES OF REENTRANT

NEMATOCENIC SYSTEMS
Part |. Studies on Strongly Polar Reentrant Mesogens

41 INTRODUCTION

For a long time it was presumed that the general sequence
of phase transitions occurring in a polymesomorphic material (on

cooling) should be
Isotropic -+ Nematic » Smectic » Solid

But in 1975, Cladisl reported an exciting departure from this se-
quence. She found that in certain mixtures of n-p-cyanobenzyli-
dene-p'-octyloxyaniline (CBOOA) and p-[(p'-hexyloxybenzylidene)-
aminoJbenzonitrile (HBAB) the nematic-smectic A transition tempera-
ture becomes multivalued, the nematic phase occurring at higher
as well as at lower temperatures relative to the smectic A phase.
The phase diagram for this binary system obtained by Cladisl is
given in Fig.4.1. It is seen that for the mixtures in a certain concen-
tration range, the sequence of phase transition (on cooling) from

the isotropic phase is

Nematic - Smectic A - Nematic » Solid
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The lower temperature phase was later designated as the reentrant
nematic phase. The appearance of a higher symmetry phase at
a lower temperature compared to a less symmetric one is not special
to liquid crystals. There are quite a few examples in other fields
of condensed matter physics. The pressure dependence of the 3He
melting temperature2 is an early example of reentrant behaviour.
Some other systems exhibiting the reentrant phenomena are, super-
conductors doped with magnetic impurities3 and rare earth super-

conducting materials which order magnetically at a temperature

below the superconducting transition.

Cladisl also measured the bend elastic constant (K33) for
the CBOOA/HBAB mixtures. It showed a similar pretransitional
increase on either side of the smectic A phase. It was therefore
concluded that no macroscopic difference exists between the normal,

i.e., high temperature nematic and the reentrant nematic phases.

Subsequenﬂy, Cladis et al.lJL found the reentrant nematic
(Nre) phase in a pure compound at elevated pressures. The pressure-
temperature diagram of 4-n-octyloxy-4'-cyanobiphenyl (8OCB) is

shown in Fig.4.2. It shows the following features:

i) the nematic-smectic A phase boundary curves towards

the pressure axis resembling the arc of an ellipse.

ii) the reentrant nematic phase exists in the pressure range
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16 -18 kbar.

iii) beyond a pressure Pm (about 1.8 kbar) the smectic A phase

ceases to exist and there'is only a nematic phase.

Further high pressure studies”® 0N CBOOA, mixtures of
4-n-octyloxy-4'-cyanobiphenyl/4-n-hexyloxy-4'-cyanobiphenyl (80OCB/
60CB) and mixtures of N-p-cyanobenzylidene-p-nonylaniline/N-p-
cyanobenzylidene-p-heptylaniline (CBNA/CBHA) also revealed the

existence of the Nre phase in these systems.

Until the beginning of 1979, the Nre phase was seen either
iIn mixtures at atmospheric pressure or in single component systems
at high pressures. In early 1979, investigations by the Bordeaux
group7’8 and by Madhusudana et al.9 resulted in the observation
of the reentrant nematic phase in single component systems at
atmospheric pressure. The molecular structures of the compounds
in which Madhusudana et al.9 made this observation are given in
Figure 43. The materials in which Hardouin et al.7 and Tinh and
Gasparoux8 made this observation are &4-n-octyloxy-benzoyloxy-4'-
cyanostilbene (T8) and 4-nonyloxybenzoyloxy-4'-cyanotolane respec-
tively. The molecular formulae and the transition temperatures
of these materials are shown in Fig.4.4. It is interesting to note
that the two systems studied by the Bordeaux group showed not

only the reentrant nematic phase but also a reentrant srnectic A
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Figure 4.3

Chemical structures of (1) 10OMCPC, (1) 11 CAVBB and (3) 12CPMBB
(Ref. 9).



1 C8H17O—@~COO~@—-CH=CH—@—CN

L-n-octyloxybenzoyloxy-4'-cyanostilbene

(Tg)
94.5 96 138 247 283
K*»SA"_:N‘_—:SL\f >N < |

2) C9H190@COO @CEC —@"CN

4 —nonyloxybenzoyloxy- Z.'—cyanotolane

90 (75.7) 141 183 239
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Figure 4.4

The list of structural formulae and transition tenperatures in °C
of (1) U4-n-octyloxy - benzoyloxy-U'-cyanostilbene (Ref. 7) and
(2) 4-nonyl oxy benzoyloxy-4'-cyanotolane (Ref. 8).
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phase.

The observation of the Nre phase in pure compounds at atmos-
pheric pressure initiated a tremendous activity in the synthesis

of reentrant nematogens.lo’11

Presently a large number of three
phenyl ring single component systems are known which exhibit
the reentrant behaviour at atmospheric pressure. A typical molecular
structure of a three phenyl ring compound which is likely to show

reentrance would be

where R is the end chain, X and Y are the bridging groups and
Z is the strongly polar end group. When Z=CN, in order to obtain
Nre phase, the longitudinal component of the dipole moment of
"X" linkage must be in the same sense as that of the CN end group.
The direction of the longitudinal component of the dipole of "Y"
linkage does not appear to have any effect on the occurrence of

reentrant nematic phase. (For the latest review, see Ref. 12.)

For Z:NOZ, the Nre phase is observed less often and only

when the dipole moment of "X" opposes that of the terminal NO2

group. This kind of molecular structure has given rise to the disco-
very of triply reentrant phenomenon observed by the Bordeaux
group13 in 4-nonyloxyphenyl-4'-nitrobenzoyloxy benzoate (DB9ON02)

whose molecular structure is shown in Table 41. When the material
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was initially discovered, the sequence of transition reported to
be shown by it are also given in Table 41. However the more recent

1u

experiments by Shashidhar et al.” " showed the existence of another

~

smectic A phase, viz, A2 phase intervening between smectic C

and smectic C2 phases.

As pointed out in the preceding paragraph, the reentrant
behaviour is generally exhibited by single component systems with
a strongly polar terminal group. (Some exceptions to this, viz,
the occurrence of reentrant nematic phase in terminally non-polar

15,16

materials have been reported by Halle group. This will be

discussed in Part Il of this chapter.) It was pointed out by Madhu-
sudana and Chandrasekhar17 that in such strongly polar systems
the neighbouring molecules favour an antiparallel configuration.
These correlations in turn lead to a bilayer structure. Since it is
well known18 that these antiparallel correlations manifest themselves
in the dielectric properties of the medium, we have undertaken

detailed dielectric investigations on materials exhibiting different

types of reentrant behaviour.

4.2 MATERIALS

The structural formulae and the transition temperatures
of the materials studied are given in Table 42. They are 4-cyano-

biphenyl-4"-n-octyloxybenzoate (8OBCBP), a mixture of 4-(4'-nonyloxy
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TABLE 42

Structural formulae, the sequences and temperatures of transitionsin °C
of the compounds studied

4-Cyanobiphenyl-4"-n-octyloxybenzoate (8 OBCBP)

118.2

0
~

234.4 !

I

2 30 mol % 4-(4'-nonyloxy benzoyloxy)-4'-cyano azo benzene (9OBCAB)
+
444'-octyloxy benzoyloxy)-4'-cyano azo benzene (8OBCAB)

CnHzn+1 0—O)—C00—~O)y—N=N—~O)—CN

Nn=8&9

256 182 159.3 91

3 4-Nonyloxy phenyl-4'-nitro benzoyloxy benzoate (DB9ON02)

CgH190—O)—00c —O)—00c —O)—No,

195 156 138.5 124 121.5 119 _ 100 , 96
N Ad Nre Ad(re) T Nre Al > AZ T CZ
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benzoyloxy)-4'-cyano azo benzene (9OBCAB) and 4-(4'-octyloxybenzoy-

loxy)-4'-cyanoazobenzene (§OBCAB) and finally DBYONO 8OBCBP

e
exhibits the nematic, smectic Ad and reentrant nematic phases.
Pure 90BCAB shows a reentrant nematic phase and in addition
the second smectic A phase, viz, Al phase. The smectic Al phase
in this material is metastable and it was not possible to measure
the dielectric constants in this phase owing to crystallization setting
in. We therefore had to make a mixture of 30 mole % of SOBCAB
in 8OBCAB which gave the same sequence of transition as 9OBCAB,
but gave a stable smectic A1 phase. Finally the material DB9ON02,
as remarked earlier, shows perhaps the richest variety of phases
in any single component system seen so far. Because of the fact
that the nematic phase reenters twice (see the sequence of the

transition given in Table 4.1) and the smectic Ad phase reenters

once, this material is popularly known as a triply reentrant mesogen.

43 RESULTS AND DISCUSSIONS

We shall now describe the results of our dielectric studies

on the materials described in the previous section.

4.3.1. 8OBCBP
a) Static

Fig.4.5 gives the temperature variation of €| and EJ_ along



16
- —12
14 B T .
' o
12
—/ 8
10 AE
— 6
8 L—
—4
6 T
———e . el ......................
. ,,../""’. i A ";I' —2
4 Nred l | ~d \ | 4"
90 110 130 150 170 190 210
T(°C)

Figure 4.5

The temperature variation of static dielectric constants z-:H, el

and of Ae in the nematic, smectic AOI and reentrant nematic phases
of 80BCBP.
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with the dielectric anisotropy Ae in the nematic, smectic Ad and
reentrant nematic phases. It is seen that on cooling from the high
temperature nematic phase, e“ increases continuously while EJ_ more
or less remains constant. The increasing trend of EH continues

through the nematic-smectic Ad (N—Ad) transition there being no
discontinuity. At the smectic Ad—reentrant nematic (Ad'Nre) transi-
tion, z-:” shows an increase while E:_Lshows a small decrease and con-
sequently AEeshows a pronounced increase at the Ad-Nretransition.
These results would indicate that the dipolar changes accompanying
the A

d'Nre transition are more pronounced than those accompanying

the N-Ad transition. The increase in e“ at the A -Nre transition

d
indicates a decrease in antiparallel correlations on going from the
Ad to Nre phase. A similar result has been observed for other re-

entrant systems as well. 19,20

b) Dispersion

Fig.4.6 gives typical loss curves (eii vs. f)in the nematic,
smectic Ad and reentrant nematic phases. It is clear that on the
whole the maxima of loss curves show an increase with decrease
in temperature which reflects the general trend of the variation
of e“ with temperature. Typical Cole-Cole plots obtained in N,
Ad and Nre phases are shown in Figs4.7 and 48. In all the three
phases, well defined semicircles are seen with their centres lying

on the horizontal axis signifying the single relaxation process in
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Figure 4.7

Representative Cole-Cole plots for the (a) nematic ( 4 206.2°C,

O 200.15°C) and (b) smectic Ad phase ( @ 179.5°C, + 167.7°C, % 157.25°C,

O 137.3°C, x 126.9°C and A 120.15°C) of 80OBCBP.
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Figure 4.8

The representative Cole-Cole plots in the reentrant nematic phase
(A 113.95°C, x 106.35°C,0 100°C) of 8OBCBP.
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all the three phases. The values of relaxation frequencies (fR) obtai-
ned from loss curves and Cole-Cole plots at various temperatures
are listed in Table 43 fR values could not be obtained from the
loss curves at the higher temperatures in the normal nematic phase
due to the high values of the frequencies involved. In such cases
fR values are obtained from Cole-Cole plots only. A plot of fR
versus 1/T is shown in Fig. 49. The following features are seen

from this figure.

1) The activation energy W in the reentrant nematic phase
is higher than in the normal nematic phase. It may be recalled
that the first observation of such a difference in W between the
two nematic phases was by Ratna et aI.21 Since then a similar
behaviour has been seen in most of the reentrant systems studied

o] far.zo

The difference in W in the two nematic phases can be
ascribed to a difference in the molecular associations in these phases.
It is interesting that although Xray studies do not show any diffe-
rence between the two nematics on a structural level, the dielectric

dispersion studies do indicate pronouncedly different molecular

associations in the two nematic phases.

2) The Arrhenius plot in the srnectic Ad phase is not linear
at all. In fact it has a pronounced curvature which changes conti-
nuously as the Nre phase is approached. As a consequence, it is

not possible to ascribe any meaningful value of W in the Ad phase.



TABLE 4.3

Frequency of relaxation (fR) as a function of temperature in the

nematic, smectic A

d and reentrant nematic phases of 8OBCBP

Temperature Frequency of relaxation (in MHZz)
3-No. (°C) From loss curve From Cole-Cole  Mean fp
N Phase
l 219.37 - 16.75 16.75
2 214.85 - 14.8 14.8
3 210 - 13.16 13.16
4 206.2 - 11.818 11.818
5 202.45 - 11.18 11.18
6 200.15 10 10.268 10.134
7 197.35 9.6 9.618 9.609
A d Phase
8 196.25 9.4 9.439 9.420
9 194.1 8.95 8.98 8.965
10 191.8 8.6 8.606 8.603
11 188.3 7.9 7.87 7.885
12 182.0 7.1 6.98 7.04
13 [79.5 6.4 6.32 6.36
14 171.85 5.4 5.3 5.35
15 167.7 4.75 4.69 4.72
16 162.7 4.05 4.06 4.055
17 157.25 3.42 3.39 3.405
18 152.7 2.95 2.94 2.945
19 148.3 2.525 2.51 2.518
20 143.25 2.075 2.064 2.07
21 137.3 1.6 1.62 1.61
22 132.4 1.26 1.29 1.275
23 126.9 0.983 0.985 0.984
24 123.25 0.800 0.800 0.8
25 121.85 0.735 0.742 0.739
26 120.15 0.655 0.647 0.651
N Phase
r e
27 118.2 0.568 0.570 0.569
28 117.35 0.550 0.547 0.549
29 115.3 0.485 0.483 0.484
30 114.0 0.430 0.431 0.431
31 111.5 0.378 0.375 0.377
32 109.85 0.347 0.349 0.348
33 106.35 0.280 0.279 0.280
34 105.2 0.260 0.258 0.259
35 103.55 0.229 0.227 0.228
36 102.4 0.225 0.221 0.223
37 100.0 0.185 0.184 0.185
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Although such a change of curvature can be expected close to ano-
ther approaching phase (i.e., as a 'precursor effect') such a departure
from linearity in the entire Ad range of temperature, which in
fact is very large (~80°C), is extremely surprising. Perhaps, a detailed

structural study of the Ad phase in this material would help us

to understand the reason for this unusual behaviour.

432. 30 Mole % d 90OBCAB in 8OBCAB

Now we present our dielectric measurements on the binary

mixture of 30 mole % 9OBCAB/8OBCAB.

a) Static

Figure 4.10 shows the temperature variation of the dielectric
constants e & EJ_ and also of Aeand the average dielectric constant
€. A continuous increase of 8” with decrease in temperature

was found throughout the nematic, smectic Ad and Nre phases.

However near the reentrant nematic-smectic A1 (N —Al) transition

re
a pronounced decrease in e” was observed. This is interpreted
as due to the strong increase in the antiparallel correlation in the
smectic A1 phase. These results are in general agreement with
those of Legrand et al.20 on another doubly reentrant single compo-

nent system: viz.,, 4-cyanobenzoyloxy-4'-octylbenzoyloxy-p-phenylene

(8CBBP).
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Figure 4.10

The temperature variation of static dielectric constants
z—:“,eland of € and AEe |nN,Ad, NFe and A
90BCAB/80BCAB mixture.

1 phases of 30 mol %



b) Dispersion

The typical loss curves at a few temperatures in the nematic,

smectic Ad, reentrant nematic and A1 phases are shown in the

Fig. 4.11. The variation of the maxima of the loss curves in all

the phases reflects the behaviour of €;. The slight decrease in

the maxima near Nre—A transition is also clearly seen. The repre-

1
sentative Cole-Cole plots in all phases are shown in the Figs.4.12

and 4.13. The frequencies of relaxation (fR) obtained from loss
curves and Cole-Cole plots are listed in the Table 44. The plot

of fR versus 1/T is shown in Fig.4.14. This plot is linear in the

N and in the Ay phases (WN~ WAd:o.ua eV). However, in the N_.
phase, the plot is non-linear and changes slope continuously on

going towards AI' In the A1 phase, the Arrhenius plot is a straight
line. We shall now compare the dispersion results on the 9OBCAB/

8OBCAB mixture (Fig. 41 4) with those on 8OBCBP (Fig. 4.9).

1) On the whole W. appears to increase from A, to N _to

d re
AI' This trend is in accordance with earlier measurements on another

doubly reentrant material, viz., 8CBBP.20

2) The plot of fR versus 1/T is linear in the Ad phase only
when the temperature range of the phase is small (Fig.4.14). When
this range is somewhat large as in the case of 8OBCBP (Fig.4.9),

the plot changes slope continuously, the slope increasing with decrea-
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Figure 4.12

The representative Cole-Cole plots in the (a) nematic ( ® 197.25°C,
x 193.25°C, © 189.8°C) and (b) smectic Ay ( 0 178.9°C, x 173°C,
O 162.75°C) phases of 30 mol % 9OBCAB/B0OBCAB mixture.
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Figure 4.13

The representative Cole-Cole plots in the (a) N ( o 156.6°C,

A 138.4°C, g 111.5°C) and (b) smectic A, ( ® 88.5°C, x 77.85°C)
phases of 30 nol % 90BCAB/8OBCAB mixture.



TABLE 44

Frequency of relaxation (fR) as a function of temperature for the
the binary mixture of 30mol% 9OBCAB/SOBCAB in the nematic.
smectic Ad‘ reentrant nematic and smectic A1 phases.

Temperature Frequency of relaxation (in MHz)

S.No. (°C) From loss curve From Cole-Cole Mzan fR
Nematic Phase

1 198.95 5.2 5.22 5.21

2 196.5 4.8 4,79 4,795

3 192.40 4.4 4.37 4,39

4 189.8 3.85 3,83 3.84

5 187.4 3.70 3.69 3.695

6 186.75 3.5 3.5 3.5

7 184.1 3.42 3.43 3.425

Smect ic A d

8 180.70 3.17 3.14 3.16

9 178.9 2.83 2.23 2.83
10 176.85 2.75 2.73 2.74
11 176.6 2.60 2.57 2.5
12 172.95 2.30 2.31 2.305
13 169.3 2.15 2.16 2.155
14 165.75 1.65 1.68 1.67
15 162.75 1.55 1.55 1.55
16 160 1.45 [.46 1.455

Reentrant Nemati c

17 156.6 1.25 1.24 [.245
18 146 0.750 0.747 0.749
19 138.4 0.525 0.523 0.524
20 131.2 0.391 0.386 G.389
21 123.8 0.255 0.251 0.253
22 118.65 0.202 0.199 G.201
23 111.5 0.115 0.114 0.115
24 100.2 0.065 0.064 G.0645
25 o94.75 0.0455 0.0u4 N0.0448

Smect i1c A 1

26 88.50 0.0255 0.023 0.0243
27 86.1 0.021 0.020 5.0205
28 84.3 0.020 0.0187 6.0194
29 81.15 0.014 0.0134 0137

0
30 77.85 0.011 0.0101 $.0106
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sing temperature. Exactly similar behaviour is seen in the Nre phase

R
is small (Fig.4.9) and a continuous change of slope when it is large

also = a straight line plot of f_ vs. 1/T when the range of Nre

(Fig.4.14). If the change of slope can be regarded as a pre-transi-
tional effect, then such an effect should have been less conspicuous
for a larger range while the opposite seems to be the case observed
experimentally. A possible explanation could be associated with the
fact 'that the reentrant nematic phase, in general, is known to have
two types of competing smectic fluctuations = viz, Al—like and
Ad-like, the latter being more prominent at high temperatures
while the former is strong at low temperatures. It is conceivable
that dielectric dispersion is perhaps strongly influenced by these
competing short range order effects leading to a non-linear behaviour
of the fR vs. 1/T plot.

4.3.3. DB9ONO2

Now we present the results of our dielectric investigations
on the single component system DB9ONOZ, a triply reentrant meso-

gen.

a) Static

The temperature variation of the static dielectric constants

E1| and EL as well as of the dielectric anisotropy A€is shown in
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Fig. 4.15. It is seen that except at the highest temperature N—Ad
transition, both €” and el and hence Ae exhibit a smooth variation
through all the other Ad—N transitions. It therefore appears that
the dielectric permittivity is not at all affected by the numerous
Ad-N transitions occurring in the material. On approaching the
Al phase €| decreases while e_Lincreases causing thereby a pronoun-
ced decrease in Ae. Owing to difficulties in obtaining homogeneous
orientation in the C phases we have not made any measurements

of Aebeyond the A, phase.*

b) Dispersion

The typical loss curves at a few temperatures in all the
phases exhibited by this compound are shown in Figs. 4.16-4.18.
Since it was possible to get homeotropic alignment in the C phases,
dispersion measurements were carried out in all the lower tempera-
ture phases. The representative Cole-Cole plots at a few tempera-
tures in all the phases are shown in the Figs. &.19-4.21. It is clearly
evident from the loss curves and as well as from Cole-Cole plots
that there is possibly a second dispersion close to the dispersion
discussed here, but at frequencies higher than the maximum fre-
quency (13 MHz) capability of our instrument. The representative

Cole-Cole plots clearly show that the second dispersion separates

.

After completign of these studies on DBYONO,, it was learnt that
Legrand et al.““ have also studied the dielectric behaviour of the
same material. Their results are in good agreement with ours.
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Figure 4.15

The temperature variation of static dielectric constants € and €
and the dielectric anisotropy (Ae) in the different phases of DBYON 5
The arrows indicate transition temperatures.
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Figure 4.19

Representative Cole-Cole plots in the (a) nematic ( o 202.15°C,

+ 197.7°0),

0 140.1°C) phases of DBYONO

(b) smectic Ad ( © 180.2°C, + 160°C) and N ( X 151.2°C,

5
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Figure 4.20

Representative Cole-Cole plots in (a) Ad(‘re) ( O 134.4°C, X 125°C),

(b) Nre ( © 124°C, x 121.5°C) and A1 ( A 120.1°C) phases of DB90N02.
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Figure 4.21

Representative Cole-Cole plots in(a) C (0 117.4°C, X 110°C, O 101.5°C),

(b) A, (0 99.2°C, ® 37.5°C) and c, (O 95°c, x 91.7°C, A 88.7°C)

2
phases of DBJONO,, .



out more at lower temperatures and as a consequence becomes
more pronounced. Our determination of fR at higher temperatures
may have been conceivably affected by the overlapping of the two
dispersion regimes at these temperatures. The reason for the second

dispersion in all the phases is not clear to us.

The fR values obtained at various temperatures from the
loss curves and as well as Cole-Cole plots (corresponding to the
lower frequency dispersion) are listed in Table 4.5. fR versus 1/T
plot is shown in Fig.4.22. The activation energies (W) obtained
in all the mesophases are listed in the Table 46. It is seen that
the W value for the lowest temperature Nre phase is significantly
higher than the W value of the first (or higher temperature) Nre
phase which in turn is higher than that for the normal nematic
phase. Similarly W of the reentrant Ad phase is more than that
of the normal Ad phase. Amongst the four A phases that exist
for this compound, A

has the highest W while the normal A, has

1 d

the lowest value.

Thus on the whole, the dielectric anisotropy increases smoo-
thly with decrease of temperature as one goes from N to AOI to
Nre. This happens regardless of the number of times the nematic
phase reenters. (The dielectric anisotropy decreases only in the

Al phase.) This result would indicate that the dipolar changes accom-

panying the Ad—N or Ay-N_o transitions should be very subtle.



Frequency of Relaxation (fR) as a function of temperature for DBOONO

TABLE 45

2
S.No Temperature Frequency of relaxation (in MHz) Mean §
s (°C) From loss curve From Cole-Cole R
Nematic Phase
1 205.45 - 12.4 12.4
2 204.85 - 12.28 12.28
3 202.15 - 11.84 11.84
4 201 - 11.32 11.32
5 199.50 - 10.94 10.94
6 197.7 - 10.24 10.24
Smectic A d
7 189.15 7.391 7.391
8 185.15 6.695 6.695
9 180.15 5.837 5.837
10 174.1 - 4.754 4.754
11 168.4 4.05 3.856 3.953
12 164.05 3.5 3.58 3.54
13 160 2.95 2.819 2.885
14 157.15 2.55 2.495 2.523
Reentrant Nematic

15 154.1 2.25 2.23 2.24
16 151.2 1.975 1.975 1.975
17 148.1 17 1.71 1.705
18 145.15 1.46 1.47 1.465
19 142 1.25 1.247 1.249
20 140.1 1.15 1.155 1.153

continued



Frequency of relaxation (in MHz)

3-No. Tem[()‘?(r??mre From loss curve  From Cole-Cole Mean fp
Smectic Ad(re)
21 137.55 0.990 1 0.995
22 134.4 0.840 0.843 0.842
23 133.15 0.780 0.779 0.780
24 130 0.660 0.647 0.654
25 127.95 0.573 0.579 0.576
26 127.15 0.545 0.547 0.546
27 126 0.500 0.509 0.505
28 125.5 0.490 0.489 0.490
29 124.5 0.453 0.454 0.454

Reentrant Nematic

30 124 0.438 0.438 0.438
31 122.6 0.355 0.353 0.354
32 121.5 0.305 0301 0.303

Smectic A

33 121.0 0.290 0.293 0.292
34 120.05 0.260 0.262 0.261
35 119 0.240 0.239 0.240

Smectic C

36 117.4 0.210 0.214 0.212
37 114 0.161 0.162 0.162
38 109.95 0.120 0.121 0.121
39 107 0.095 0.097 0.096
40 104 0.075 0.077 0.076
41 101.45 0.062 0.064 0.063

continued



Frequency of relaxation (in MHz)

S.No Temperature Mean fR
U (°C) From loss curve From Cole-Cole
Smect ic A 2
42 99.15 0.054 0.055 0.055
43 97.4 0.047 0.0468 0.0469
Smect 1¢ C 2
4y 95 0.04 ‘ 0.0409 0.0405
45 93.45 0.036 0.0371 0.0366
46 91.65 0.031 0.0319 0.0315
47 83.65 0.0246 0.0246 0.0246
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Figure 4.22
Plot of frequency of relaxation fR vs. 1/T in the different
phases of DBgONOz. The arrows indicate transition temperatures.



TABLE 4.6

Activation energy (W) corresponding to the low frequency dispersion

ofe” in the different phases of DB‘)ONO2

Phase N Ad Nre Ad(re) Nre l 2

0.54 0.63 0.74 0.87 1.88 1.23  0.97 0.86
(inev)

0.86




As regards the activation energy W, WN is always higher than
re
WN while W, < Wy, the activation energy being definable only

d
when the temperature range of the phase is small. When this range
is large, the plot of fR versus 1/T changes slope continuously and
no single value of W can be attributed. The precise reason for

this behaviour is not yet clear to us.

There have been several theoretical at'[empts‘7'3'26

to explain
the occurrence of the reentrant nematic phase. Although qualita-
tively successful, none of these theories have been able to explain
all the experimental features exhibited by reentrant mesogens.
In the next section we shall briefly discuss the theoretical approach

of Longa and de Jeu,26

and compare the prediction of the theory
with experiments with regard to the dielectric properties of re-

entrant systems.

44 SOME COMMENTS ON THEORETICAL WORK CONCERNING
THE REENTRANT NEMATIC PHASE
We discussed so far the dielectric permittivities of strongly
polar reentrant nematogenic systems. The feature that emerges
from the results, regardless of whether the material exhibits one

or two reentrant nematic phases, is that Ae always increases conti-

nuously from the high temperature nematic to the lower temperature

nematic phase. As mentioned earlier, there have been some theore-



tical attempts to explain the origin of reentrant nematic behaviour.
They are phenomenological and as well as molecular approaches.
The phenomenological model23 of Pershan and Prost which is also
referred to as optimum density model makes the hypothesis that
reentrant nematic phase occurs because smectic A phase can exist
only near ‘optimum density. This optimum density model makes

two important predictions.

1 There should be doubling of critical exponent associated
with correlation length along a line tangential to the parabolic

(or elliptical) A-N boundary.

2 The constant density lines in P-T plane should be parallel

to the parabolic axis of the P-T boundary.

Although the first prediction has been confirmed by Xray

scattering results of Kortan et al., 27,28

29

the P-V-T studies by Shashi-

dhar et al.”” on 80CB yielded results which are in substantial dis-

agreement with the second prediction of the optimum density model.23

From the molecular point of view, only an approximate,
qualitative explanation of reentrant behaviour has been possible.
The basic idea underlying the molecular model is that because of
the antiparallel correlations the molecules form dimers, which are
assumed to be somewhat bulgy in the middle (Fig.4.23a). Once

the smectic phase is formed the bulgy parts are lined up in a plane,



D o

(a) (b)

Figure 4.23

Schematic representation of (a) a dimer unit consisting
of two antiparallel nolecules, (b) the nechanism of
destabilisation of the smectic A phase (Ref. 30).
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but the alkyl chains cannot fill the rest of the space. With increasing
dimer formation (i.e., with decreasing temperature) and also possibly
with the stiffening of the end chains, the packing becomes so un-
favourable that the Ad phase is destabilized and the nematic reenters
(Fig.4.23b). The elements of the model were proposed by Cladisé’Bo’31
but a more complete theoretical discussion involving attractive
forces and hard core repulsions has been presented by Longa and

26

de Jeu™" who showed that there can indeed be a lower temperature

nematic phase. Qualitatively this is very satisfactory. However,
antiferroelectric short range order is a statistical effect, and to
look upon the system as a sum of two extreme situations, the per-
fectly paired dimer with the dipoles compensated and the completely
unpaired monomer with the full value of the dipole moment is
a rather gross approximation. As emphasized by these authors them-
selves26 the quantitative aspects of the model should be treated
with caution. This point has been discussed in detail by Chandra-
sekhar.32 In the calculations of Longa and de Jeu, the variation
of the dimer concentration with decreasing temperature is taken
to be of form given in curve 1 of Fig.4.24a, the dimer concentration
increasing from about 40%-70% in the A phase. If this were so,
the dielectric anisotropy should decrease with decrease of tempera-
ture. This point has been illustrated in the case of 80CB/60CB

mixture.32 The calculated Aedrops rapidly with decreasing tempera-

ture in the A phase in contrast to what is observed experimentally
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Figure 4.24
Curve 1 : The wvariation of the dinmer concentration

t hrough N, 2A6 and N o phases assumed in the nodel of Longa
and de Jeu.

Qurve 2 Variation of the diner concentration derived
from the experinental dielectric data for 80CB: 60CB
mi xture?l,

Expected formof the dielectric anisotropy (Ae) of the
80(B : 60(B mi xture calculated from curve 1 of (a). The
cal cul ated Ae decreases rapidly with decreasing tenperature
in the A phase, in contrast to what is found experinentally

(Ref. 32).
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by Ratna et 3121 (Fig.4.24b). In fact, the experimental dielectric
data require only a very small variation of the dimer concentration
with temperature, shown in curve '2' of Fig.4.24a. Another equally
serious difficulty has been encountered. It has been shown experi-
mentally that the layer spacing in the Ad phase remains practically

33,34

constant. In order to account for this, the assumption has

to be made in the theory that although there is an enormous varia-
tion in the dimer/monomer ratio, the monomers just float around
in the smecic A layers without affecting the layer spacing. However

this is contrary to what is seen experimentally31’35’36

as illustrated
in the smectic A layer spacing versus concentration diagram of
a binary mixture of CBOOA (which forms a bilayer smectic) and
4-n-pentylphenyl-4'-n-octyloxybenzoate (8.0.5) (which forms a mono-
layer smectic)35 (see Fig.4.25). There is in fact a striking variation
of the layer spacing with concentration. It can therefore be conclu-
ded that the occurrence of the reentrant phase involves much more
subtle structural changes than expected from the current molecular

26,37

treatments of this phenomenon. Essentially the same conclusions

have been drawn by the MIT group28 from high resolution Xray

studies.

Thus it is clear that to look upon the system as a sum of
two extreme situations, viz., consisting of interacting dimers and

monomers, is too simplistic an assumption. It is perhaps correct
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Figure 4.25

The smectic A layer spacing vs. concentration in a binary
mixture of CBOOA and 8.0.5 (Ref. 35).



to say that no theory of reentrant nematic phenomenon has been

able to explain all the experimentally observed features of reentrant

mesogens.

Part II. Studies on Non-Polar Reentrant Mesogens

4.5 INTRODUCTION

In the previous part, we discussed dielectric results on re-
entrant nematogenic compounds whose constituent molecules possess
a strongly polar end group (cyano or nitro). For some years it appea-
red that reentrant phenomenon is a special feature of compounds
with terminal polar groups. The reentrant nematic phase was also
observed in mixtures when one of the components of the mixture

had a terminal polar group_31’35733,39

In principle, reentrant phases
can occur in non-polar systems as well. Flonnie Dowellqo has discu-
ssed this possibility in some detail by treating the molecules as
hard rigid cores with semiflexible tails and interacting via segmental
hard repulsions. In the A phase the molecules are segregated into
layers. Dowell showed theoretically that as the tails become more
rigid at lower temperatures, layering may become disadvantageous

and the A phase can be destabilized. Pelzl et al.15

observed for
the first time the reentrant nematic phase in a mixture of two
terminal non-polar compounds. The temperature-concentration dia-

gram (T-X) has been reproduced in the Fig.4.26. In this system
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the Nre phase was found in the supercooled state and crystallized

after formation. Diele et a1.16

have found another binary system
of terminal-nonpolar compounds in which a stable Nre phase exists
in a limited concentration region. Very recently Pelz! et aI.41 repor-
ted the phase diagrams of nine binary systems whose components
are of the terminal-nonpolar type. In all binary systems studied,

the first component was a nematogenic compound while the second

material exhibited one or more smectic phases.

It is of interest to carry out dielectric studies on reentrant
systems of terminal-nonpolar compounds in order to compare and
contrast their dielectric properties with those of strongly polar

reentrant nematogens.

In this section we present the results of our dielectric studies

on a binary reentrant nernatogenic mixture of 4-n-heptyloxyphenyl-4-
42

[4-ethyl-cyclohexanoyloxylbenzoate (7OPECB) and n-dodecyl-4-

[4-ethoxybenzylidene aminol- & -methyl cinnamate™®’

(12EBAMC),
both these materials being terminally non-polar. In addition, we
have investigated the dielectric properties of one of the constituents

of the mixture, viz., 12EBAMC. These results are also presented

here.

4.6 MATERIALS AND PHASE DIAGRAM

The binary phase diagram of 12EBAMC in 7OPECB is shown
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in Fig. 427. The chemical structures of the materials are also given
in the same figure. It is seen that the Nre phase is exhibited over
a very narrow region of concentration, viz.,~43-46 mole % 12EBAMC/
7O0PECB. We have selected for our study a 44 mol % mixture of
I2EBAMC in 70PECB which exhibits a stable Nre phase. The transi-

tion temperatures of this mixture are

o o [+] OC
K50C Nre 42CA 68CN130 0

We have also studied the compound 12EBAMC whose transition

temperatures are given below.

Kk _69°C A g1°C

I

4.7 EXPERIMENTAL

The dielectric set up used in this study has already been
described in chapter II. In the case of the reentrant nematogenic
mixture a magnetic field of 24 T was used to obtain the alignments
required for the measurement of eu and eJ_. However, in the case
of 12EBAMC which does not have a nematic phase, it was necessary
to use suitable surface treatments — octadecyl triethoxy silane
was used for homeotropic alignment while polymide resin (ZLI-2650)

was used for planar alignment.
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48 RESULTS ON 44 MOLE % MIXTURE OF 12EBAMC IN 7OPECB

481 X-ray

It is of interest to know the type of smectic A phase in
reentrant nematic mixture of non-polar materials under discussion.
For this purpose, an Xray study was carried out in this laboratory
by V.N.Rajal‘[’L on the binary mixture. These studies, conducted
using the photographic technique described earlier (chapter Ill),
showed that the d/2 ratio at the highest temperature in Ad phase
was 1.03. This ratio was found to decrease with decrease in tempera-

ture reaching about 1.02 close to A -Nre transition. (% value in

d
this case is taken by measuring the length of individual components
and then calculating the mole fraction of concentrated mixture.)
Thus it appears that the A phase of this non-polar reentrant binary
mixture has a very small interdigitation. However considering the
errors in calculating the molecular length &, it is very difficult
to ascertain whether it is a truly partially bilayer or monolayer

phase. (We have also investigated A phase of 12EBAMC, one of

the constituents of the mixture to investigate the nature of the A
phase of this material. These results are presented later.)

482. Dielectric

We shall now discuss dielectric results on the mixture.

Fig. 428 shows temperature variation of e:” and el in N, A and
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Nre phases while Ae variation is shown in Fig.4.29. Several features
are clear from these figures. The mixture exhibits a small positive
Aein the nematic phase close to the N-I transition but with decrease
in temperature, both e” and €_|_ increase, the rate of increase
of €_|_ Is very much steeper than that of s:”. This leads therefore
to a change of sign of Ae at about mid-range of N phase. At the
N-A trasition, e" shows a slight decrease but on further reduction
of temperature, e” increases now at a rate faster than the rate
of increase exhibited in N phase. In fact, the rate of increase of
€ I with decrease of temperature in Nre phase is really the same
as that of E_L so much so that Ae remains saturated at a constant
value of ~ —05 throughout Nre phase. This interesting behaviour
of Ae is completely different from what is generally seen in strongly
polar reentrant systems (see e.g., part |). In the case of latter,
it is usually observed that A€ shows a continuous increase from
N-A—Nre phases. To this extent, dielectric permittivity of non-polar

reentrant systems behaves differently.

The reversal of sign of A€ with decrease in temperature
has been observed earlier in a few compounds,w’l‘L6 Ae changing
from a relatively weak positive value near nematic-isotropic transi-
tion temperature to a weak negative value at lower temperatures.
It turns out that this reversal is accompanied by the occurrence

of a smactic A phase at lower temperatures. It has therefore been
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45,46

argued, that the smectic layer structure gives rise to a parallel

correlation of u_, the transverse component of the dipole moment,

t’
in addition to the antiparallel correlation of the longitudinal compo-
nent W, thus resulting in a cross-over of A<.Another possible explana-

&7 who demonstrated

tion was given by Chandrasekhar and Ratna
experimentally that there can be a sign reversal of Ae with decrease
in temperature in nematics. They showed that these results are

explainable in terms of Maier and Meierl’L8

mean field theory and
therefore the occurrence of the smectic A phase and the consequent
dipolar correlations within the smectic layers is not a necessary
condition for the sign reversal of Ae.The reason for the sign reversal
of Ae in reentrant non-polar system is also probably explained on
the basis of this Maier-Meier theory only. However an exact theore-
tical calculation is not possible since various parameters necessary

to make this calculation are not available for the constituent compo-

nents of this non-polar reentrant mixture.

49 EXPERIMENTAL STUDY ON COMPOUND B (12EBAMC)

As remarked earlier, although Xray studies on reentrant
nematic mixture (discussed above) indicate a d/& value slightly
greater than 1 in the A phase, it was not possible to say definitely
if the A phase of, non-polar reentrant mixture is really of the Ad

or Al type because of uncertainty in exact determination of the

molecular length () in the mixture. Since from T-X diagram (see



Fig.4.27) it is clear that the A phase of compound B appears to
be th= same as that of the reentrant mixture, it is of interest
to investigate the nature of the A phase of the B compound, i.e.,
12ZEBAMC. The results of these investigations are presented in

this section.

410 RESULTS AND DISCUSSIONS
4101 X-ray

Xray studies conducted by V.N.RajaM showed that the
A phase of 12EBAMC is definitely of Ag4 type. He found that d/2
value is about 1.13 at the highest temperature which decreased
to 111 at the lowest temperature. This appears to be the first

instance of observation of Ad phase in aterminally non-polar material.

4102 Dielectric

We shall now present the results of dielectric studies
on this material. Fig.4.30 gives the plot of dielectric constants
€ I and elin the A phase and €is in the isotropic phase of 12ZEBAMC.
The temperature variation of Ae is also shown in the figure. It is
seen that €is increases with decrease of temperature right up to
the A-l transition. In the smectic A phase, e” decreases steeply
with decreasing temperature showing the existence of pronounced

dipole-dipole correlations in the A phase. On the other hand,EL,
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shows only a small increase with decrease of temperature through
most of the A phase. Perhaps the most striking feature of the
dielectric results is the reversal in the sign of the Ae (see Fig. 4.30)
which occurs at = 73°C, i.e., almost in the middle of the range of
the A phase. As far as we are aware, this appears to be the first
instance of such a reversal in Ae being seen in a purely smectogenic
material, i.e., showing a sequence of transitions K-A-l. There has
been an earlier observationl’l9 of the reversal of sign of Ae well
within the Ad phase, but this occurred close to the ACI—A2 transition
so much so the reversal can almost certainly be associated with
the large expansion of the layer spacing which accompanies the
AGI-A2 transition. It is remarkable that in the case of 12EBAMC
a reversal is seen within the Ad phase although the layer spacing
hardly varies with temperature throughout the A phase. The reason

for this is still not clear to us.

Thus the dielectric properties of the terminally non-polar
reentrant substances appear to be different from that of strongly
polar reentrant mesogens. Further studies on other non-polar re-
entrant systems would be of considerable interest and would perhaps
help to understand the basic mechanism responsible for the reentrant

nematic phenomenon.
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