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A full thermal study of the antiferroelectric liquid crystal (R)-1-methylheptyl 4'-(4"-decyloxybenzoyloxy)-
biphenyl-4-carboxylate (MHDOBBC) has been carried out by high resolution ac calorimetry, DSC and the
analysis of the implemented and denoted “thermistor method”. The melting and the freezing transitions of
Sck have been studied using the latter method, with regard to pre-transitional effects, conversion rates,
metastability and latent heat ratio. A new monotropic phase has been detected following investigations by ac
calorimetry, X-rays, dielectric measurements and optical observation and its possible identity is discussed.
The S,-Sc* transition is well described by the extended Landau model and a comparative analysis is
performed with the related compounds MHPOBC and MHPOCBC. No clear evidence of phase restructur-
ing appearsin ac calorimetry and DSC measurements, except for an anomaly close to the Sc*y-Scy transition.

Keywords: Antiferroelectric, liquid crystal, AC calorimetry

1. INTRODUCTION

The study of antiferroelectricity in liquid crystals is one of the most fascinating current
research topics in this subject due to the variety of new smectic subphases present in the
temperature region throughout S,/Scx phases, e.g. S&,, Sc*, S¢J. These intermediate
ferrielectric and antiferroelectric configurations, which constitute a Devil’s staircase,
are a consequence of the competition between the pairing energy of the transverse
dipole moments in neighboring layers stabilizing the S.% phase, and the packing energy
in the S phase. On the other hand, technical applications of the antiferroelectric
smectic phases, like flat panel displays using tristable switching for multiplex driving,
make them very attractive. References to all these scientific and technical features
appear in a recent review by Fukuda et al.

Thermal studies, which have been carried out in order to clarify the successive
subphases, determine their transition character and study the metastability and the
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freezing process of the antiferroelectric phases. Several measurements using different
thermal techniques have focused on the antiferroelectric liquid crystal 4-(1-methyl-
heptyloxycarbonyl)-phenyl4’-octyloxy-biphenyl-4-carboxylate( MHPOBC). DSC
measurements allowed all the transitions to be distinguished without determining
the extremely small enthalpy changes?. Modulated calorimetry was used by Chandani
with success only the S,-S&, transition?. The restructuring transitions were
observed through a relaxation method by Ema et al®. Adiabatic calorimetry
measurements also show all these transitions*. Finally, Kim has correlated the
thermodynamic properties observed by DSC with the conformation changes in the
compound detected by Raman scattering and X-ray diffraction®. In other related
compounds, we can mention the complete analysis of the kinetic freezing of the
S&, phase in the MHPOCBC (the octyloxy tail group of MHPOBC is replaced by an
octanoyl group) using ac calorimetry?, and the Neundorf study on the polymorphism
of the R-1-methylheptyl-4-(4'-n-octyloxybiphenyl-4-yl-oxymethylene) benzoate
(MHOBMB) compound by means of DSC, thermal expansion coefficient and X-ray
measurements®,

However, few studies have been performed on the antiferroelectric liquid crystal
(R)-(S)-1-methylalkyl 4'(4"-alkoxybenzoyloxy)biphenyl-4-carboxylate family’ ~ 8, syn-
thesized by Goodby?, and where the biphenyl group is close to the chiral group. From
this family, we have chosen the compound (R)-1-methylheptyl 4-(4"-decyloxyben-
zoyloxy) biphenyl-4-carboxylate (hereafter abbreviated as MHDOBBC), since it be-
longs to the two series in

*
(O oo

MHDOBBC CH,

STRUCTURE 1

which the antiferroelectric properties are studied as a function of peripheral alkyl chain
length. On the other hand, the MHDOBBC compound presents the lowest values of
the SE,-S} and recrystalization transition temperatures, within the alkoxy chain series.
On cooling, the phase transition sequence is: 1-397.6 K-S,-378.0 K-S-*-350.7 K-S¢¥-
345.2 K-S.*-320.6 K-S,;*-289 K-Crystal®.

The aim of this work is to perform a complete thermal study of MHDOBBC,
which involves the region of phase restructuring the S,-S¥ transition and the
complex freezing behaviour of the S.% phase. For the latter study we have used
a new thermal method denoted as “thermistor method”, which will be briefly
explained in this paper.
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2. EXPERIMENTAL

2.1. Techniques

Specific heat measurements on the antiferroelectric (R)-1-methylheptyl 4'-(4”-n-de-
cyloxybenzoyloxy) biphenyl-4-carboxylate have been performed using a high-resol-
ution (+ 0.1%) and automatically controlled ac calorimeter, which has been described
elsewhere!®. Here we will review its essential features.

The source of the modulated input power is a strain gauge which operates as
a resistive heater and as the sample support. A microbead thermistor, supplied by
a high stabilized home-built dc current supply, allows the detection of the temperature
oscillations of the sample. A lock-in amplifier (EG&G PAR 5302) acts as an oscillator
for the heater and also measures the ac voltage and phase shift generated in the
thermistor. The dc temperature of the sample is determined from the sampling of the
thermistor voltage in some periods with a HP3457A digital voltmeter. For our
compound, MHDOBBC, the sample holder was a commercial aluminium capsule used
in DSC measurements, with a volume of 10 pl and containing 23 mg of sample. The
sample holder is surrounded by two concentric copper blocks and immersed into
a thermostatic bath (Lauda KP20D model). The temperature controller of the bath
allows the temperature to be scanned with different rates from 0.2 to 5 Kh ™. The block
temperature is measured with a Fluke 8840A multimeter, using a calibrated platinum
thermometer as sensor.

A frequency sweep between 8 mHz to 100 mHz at room temperature has been carried
out in order to select the operating frequency, 15 mHz, where a linearity between the
inverse of the ac signal and the specific heat was obtained. The sample temperature
oscillations at room temperature, in the region outside the transitions, were around
30 mK and the input power was 2.6 mW. The helium pressure in the internal chamber
was 8 kPa.

X-ray diffraction studies were carried out with a Guinier-type focusing camera
equipped with a bent quartz monochromator (1K, = 1.54056 A) and using an IN-
STED hot-stage (£ 0.01°C) as a sample holder. Powder patterns (samples in 1 mm
diameter Lindemann capillaries) were recorded with an INEL curved, position-sensi-
tive detector (exposure time: 30 min) controlled by a multichannel analyzer. Experi-
ments were conducted by a stepwise cooling of the sample (temperature steps of 0.2 °C)
from the S§, to the S} phase.

The cell for the dielectric studies was made of two ITO-coated glass plates separated
by 60pum spacers. They were treated with nylons to.achieve planar alignment.
Temperature and dielectric measurements were fully computer controlled. Measure-
ments have been performed on heating and on cooling at a rate of 0.5°C min~!. The
dielectric permittivity has been measured with the HP4192A impedance analyzer.

2.2. Thermistor method

We have developed an alternative method to study the character of the transition
compared with the usual phase shift detection in the ac calorimetric technique. The
procedure is the following. When a linear temperature heating or cooling ramp is
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programmed for the bath, the thermistor temperature should follows this linear scan
over the whole temperature range. However, when the sample passes through a first-
order transition, the latent heat absorbed or released by the sample induces a thermal
variation in the temperature thermistor.

The evaluation of this thermal deviation from its practically expected linear behaviour is
the basis of the method. We calculate the expected thermistor temperature in the transition
region, interpolating the polynomial fit of the thermistor temperature in two temperature
ranges away from the transition (below and above). The difference between the measured
sample temperature (T) and the interpolated temperature value (T}), taken at the same
time, is denoted by AT= T, — T}, which is plotted against the expected sample temperature
(AT vs T,). This type of representation excludes the bath temperature oscillations
(1 0.005 K at 343 K in the best case), which are higher than the thermistor ones, due to the
loss damping obtained with the vacuum surrounding the inner copper block.

A value of AT#0 means that some latent heat exists in the transition and that
afirst-order character can be assigned. In a second-order transition, no other effect has
been detected due to the absence of latent heat. The high sensitivity of the thermistor
and its good thermal contact with the sample holder allows the detection of small latent
heats. From a rough analysis, AT'is also related to the conversion rate of the sample at
the transition. When the conversion rates are similar in different transitions, a qualitat-
ive comparison between the latent heats can be performed. More details of this method
have been described elsewhere!?.

2.3. Synthesis

The MHDOBBC was synthesized using commercially available (S)-(+)-2-octanol
(Aldrich) which served as enantiomerically enriched starting material. The esterifica-
tion reaction was carried out following the procedure described by Mitsunobu!®. The
final and intermediate products were purified by flash-chromatography over silica gel
using a mixture of hexane/dichloromethane as elunt in different proportions. Purities
of the target materials were checked by thin layer chromatography. The chemical
structure of all materials were analysed by 1H-NMR spectroscopy (Varian Unity-300
Bruker ARX-300) and elemental analysis {microanalysis Perkin-Elmer 2400). For the
final product a mass spectral analysis (spectometer VG AutoSpec) was carried out. All
the results are described in Ref. [20].

3. RESULTS AND DISCUSSION

The total heat capacity, Cp, (sample plus addenda) from 315K to 400K has been
plotted in Figure 1. This heating run was performed at a scan rate of 1 Kh™! up to
390K and faster through the clearing transition. Three anomalies can be clearly
observed, which correspond to the melting point, T, =338.75K, the Sg&-S,,
Tea =376.50K and the S,-I, T,,=396.27K transitions, in accordance with those
reported based on DSC measurements®. On cooling the sample from the isotropic
phase at the same scan rate, the only noteworthy changes appear below the melting
temperature, T, as we show in Figure 3. A monotropic crystalline phase, denoted as
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FIGURE 1 Heat capacity (sample plus addenda) measured in the ac mode at 15 mHz and with a heating
rate of 1 Kh™'.

S§ in Ref. [9] appearsat 319.82 K, due to the SE, phase freezing. A further conversion to
a crystal phase occurs around 315.8 K, which will be called the K phase in this paper.
An analysis of the latter results and the data obtained using other thermal scan rates
will allow us to study in depth some features of the thermal behavior of this compound.

3.1. Melting and freezing transitions

In this section we will show that the “thermistor method” is an interesting tool to
complete the analysis of Cp data in these first-order transitions, relative to the
pre-transitional effects, conversion rates, metastability and latent heat ratio.

The melting transition, K-S%,, shows an abrupt and extended Cp spike at 338.75 K.
Since the method is sensitive to the latent heat, it will allow the definition of the limits
between the regions where two phases coexist and where pre-transitional effects occur.
We have obtained AT in this transition fitting in the temperature regions 312-324
K and 340.5-341 K and interpoling for calculating the expected background linear
rate. A plot of ATvs T is shown in Figure 3. The vertical arrows point out the
temperature range (~ 2 K) where the K phase and the S§, phases coexist. Therefore, the
rest of the region where an excess of heat capacity is observed corresponds to the
pre-transitional or fluctuation region. This behaviour is similar to the one observed in
the melting transition of MHPOCBC.

On cooling, a monotropic phase, S} appears at 319.82 K due to freezing of the
S¢&. phase. The former phase extends over a small temperature range, where the heat
capacity is almost constant (Figure 3). A further stepwise behaviour corresponding to
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FIGURE 2 (o) Enlarged view of the peak at the melting transition obtained at 1 Kh~!.(+) Plot ATversus
T calculated with the thermistor method at this transition. The delimited region represents the two-phase
coexistence region, in which the thermistor undergoes cooling.

the recrystallization transition is observed to start at 315.8 K, and to finishat 312 K. An
almost negligible exothermic peak at ~ 310 K appears in our DSC curves obtained at
5 K min~!. These transition temperatures are very far from the one refered to by
Goodby, 289 K,? in spite of the fact that a strong thermal hysteresis is associated with
this transition.

In Figure 3 we have also plotted ATvs T for this cooling process. At lower
temperatures, we can observe a peak related to the S§-K transition, which expands
approximately in a range of six degrees. At higher temperatures, a double peak can be
seen. The lowest temperature peak appears in an interval of two degrees and corre-
sponds to the region where the S, converts to S§. Therefore, the two crystallization
transitions are also reflected in AT. Since the cooling rate used through the transitions
was the same, 1Kh ™!, we can deduce that the rate of the crystallization process for the
S} phase is slower than the freezing of S, and therefore, that it is difficult obtain the
K phase without passing through the S} phase.

Concerning the highest temperature peak, we can realize that it appears in a region
prior to the begining of recrystallization of the S&, phase, where the Cp is almost
constant. The only explanation for this peak should be that freezing occurs during the
S, phase cooling process, as happens in MHPOCBC, although here the supercooling
range, 18.7 K, is larger than for MHPOCBC. In order to confirm the last feature, some
quench-and-hold experiments have also been carried out. The sample was cooled
rapidly from a temperature higher than the melting point and then held at approxi-
mately constant temperature, 320.6 K, for a long time. After 18 h, the heat capacity
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undergoes a drop to reach the values corresponding to the K phase, evidencing that the
S¥, phase is a long-term metastable phase with respect to freezing. Therefore the
“thermistor method” also allows the direct detection of the partial conversion of the
S¢, into the K phase, not noticeable in Cp without the quench-and-hold process.
Finally, we have checked the method quantitatively. We have chosen the freezing of
S¢, and the melting process for comparing latent heats, since both present a similar
conversion rate. The temperature range in which AT+ 0 is the same, having been
obtained with the same scan rates. The maximum values of AT are quite different,
AT .. =0017K and AT, =0.12K, respectively, with a value ratio of 0.14. The
enthalpy values determined by DSC for these transitions are AH =4.2kJ mol ™! and
31.7kJ mol ™ !, respectively®. The AH ratio is 0.13, practically equal to the AT, ratio.
Therefore, the method can also give information about latent heat, (not in an absolute
way) whenever the transitions have been scanned over with the same rates and the

conversion rates of the phases are similar, like the transitions analyzed here.

3.2. The New Metastable phase

The detailed view of the heat capacity peak around 320 K in the freezing S§, process
shows a shape with an internal structure similar at two overlapped peaks. In order to
verify the reproducibility of these results, additional cooling runs were made at
constant scan rates of 0.5 and 2 Kh ™ !. Both rates verify the double structure found, and
the shape of the peaks practically remain unchanged (see Fig. 4). We could therefore

0,02
23 b #
& 10,01
, t‘ff ? *
-~ F' M}w i .‘ai g,;' ¥ :
q g4 W« - '.,',f':';zt % y 1o 2
S . : v
v o
N s
° < ‘ 1 -0,01
l : SmC*
SmJ* R 4 -0,02
L.—K—/
17 L. L 0,03
307 312 317 322 327
T (K)

FIGURE 3 (o) Heat capacity measured at the cooling rate of —1 Kh™!. (+) Difference, AT, between the
thermistor temperature and the extrapolated linear expected behaviour obtained following the method
explained in the text (thermistor method).
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FIGURE4 Heat capacity measured at three different cooling scan rates from Sg " phase. (x) —0.5Kh™!,
(8)—1Kh™ ', (0)~2Kh™ L.

consider the presence of a new phase in a narrow temperature range between the
S¢. and the Sf.

The comparison with the thermal behaviour of other antiferroelectric compounds,
like MHPOBC or MHPOCBC, can perhaps help in understanding this complex
behaviour. So, in both compounds, freezing of the S¥, phase to a crystalline phase in
MHPOCBC or to one of the two crystal phases (called crystal I and crystal III) in
MHPOBC, occurs passing through an S}, phase®. The character of the S} -crystal
transition is catalogued as a first order and the S¥,-Sf, as a second order, or a very weak
first order character.

About these subjects, the results depicted in Figure 4 indicate that a weak thermal
hysteresis appears in the lowest temperature peak, since the maximum value of the peak
for the 0.5,1 and 2Kh™! scan rates occurs at 320.06K,319.85K and 319.78 K,
respectively. As concerns the smaller peak, thermal hysteresis provides a shift in the
maxima of heat capacity, less than 0.1 K, and therefore a weak first-order character can
be associated with these transitions.

From the above reasons, it is possible to assign the smallest peak to the S¥,-Sf
transition and the other one to the Sf},-S¥ transition. Since these results are not enough
in order to prove the existence of the Sf phase in our compound, X-ray measurements
have been carried out.

The X-ray patterns in the low angle region, (Fig. 5), gives for the S, phase the usual
diffraction signals corresponding to this type of phase, i.e. sharp Bragg reflection in the
small angle region. This feature indicates a lamellar stacking and the wide diffuse halo
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FIGURE S Low angle X-ray diffraction patterns at small angle region, taken as a function of decreasing
temperature. At the temperature 321 K corresponds to the S%, phase; at 320.6 K, there is coexistence between
two lamellar phases (S: .\ and S;' phases); at 320.4 K, there 1s coexistence between the Sl“ and S;“ phases.

present in the wide angle region corresponds to the liquid-like arrangement of the
molecules within the layers. The layer spacing determined close to the transition
towards the S} phase is 35.8 A.

Half a degree lower in temperature, we observed another lamellar system where the
layer spacing is 41.0 A, together with a rather narrow (but not sharp) diffraction signal
in the wide angle region, similar to the patterns already seen for a S¥ phase!#!5.
Moreover, the increase in the layer spacing observed at the transition is in agreement
and in the same order of magnitude (a few Angstroms) with that observed for the same
transition (S¢ to S)) reported for TBDA'® and for the SE-S reported for the related
MHPOCBC!"?. In the first compound, the increase corresponds to a change in the tilt
angle, however, in the MHPOCBC compound the jump in the layer spacing has been
attributed to molecular conformation changes, since the tilt angle hardly changes at the
SEA-Sf transition. In our compound, both effects could contribute toward explaining
the discontinuity in the layer thickness, but the difficulties in orienting the material
during cooling have precluded its measurement. The values obtained for S¥, by
electroopticexperiments during a heating process are in agreement to those reported in
the literature®.
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Finally, a third lamellar stacking appeared a few tenths of a degree below, corre-
sponding to a lamellar spacing of 38.0 A, together with the appearance in the wide angle
region of several diffraction signals, as usually observed for a crystalline S} phase.
These observations, not inconsistent with the other experimental results presented
above, indicate that the S, to S} phase transition passes through another phase which
could be S}. Besides, it has to be pointed out that the transition S¥,-Sf,-SF are first
order, since inside the narrow temperature range where they take place, the lamellar
stackings of two of these phases (S%,-S{, on one side, S}, and S} on the other) are
simultaneously observed. This is in agreement with the fact that both transitions
undergo a weak hysteresis, as observed in Cp measurements.

In Figure 6 we have represented ¢’ at 125 Hz in the range of interest. At 320.6 K the
permittivity shows a decrease that should correspond to the transition to the mono-
tropic S¥ phase according to Goodby®. Nevertheless, at least near the S¥, phase,
dechiralization lines can be observed under the polarizing microscope. In spite of
textural changes not being clear, these lines disappear after a maximum of three
degrees. In Figure 6, an additional change around 317.6 K can be seen that corresponds
to the transition from the monotropic phase to S}.

However, while the data we have obtained are not inconsistent with the presence of
a monotropic S, phase, the data are insufficient for unequivocal identification.

3.3. S,-S.* Transition and Restructuring C* Phases

The S%-S¢ transition is shown in Figure 7. The data have been obtained on heating the
sample at a rate of 1 Kh™!. The transition appears at 376.50 K, in agreement with the

12 Y T ¥ L] v 1

SmJ*  |Sml} SmC*,

£'[125 Hz)

[ A Il e 1

4 'y
300 310 320 330

TK]

FIGURE 6 Dielectric permittivity constant, £, versus temperature, measured at a frequency of 125 Hzand
with a cooling rate of 1 K/min.
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transition temperature of the tiny peak detected by DSC at a temperature rate 10°-10°
times faster than our scan rates. Its analysis was carried out using the extended Landau
model, due to the lack of appreciable excess heat capacity about T. In that model, the
free energy of the S¥ phase relative to that of the S, phase is expanded as a function of
the tilt angle order parameter, , by the expression

G=att? +b0*+c6° (1

where t = (T— T))/T, is the reduced temperature. The signs of the a and c coefficients are
positive, while b > 0 if the transition is second order and b < Ofor a first order character.

In this approach, the anomalous heat capacity for temperatures T< T, can be written
as

C,=AT(T,—T)"*/T(T,— T)'* )

where T, = T, (1 + b*/3ac) is the metastability limit and A is the value of the discontinu-
ity in C, at T,. When we are approaching a tricritical point, though in the second order
line transition, the b coefficient tends towards 0 and subsequently T, - T..

In order to obtain the experimental C,, to the S,-S¥ transition, we substract a linear
background from the total specific heat (sample plus addenda). This baseline is deduced
by linearly fitting the C, data in the temperature range 378 K <T <381 K and

0.24
~~
¥
=
S’

Q
&

0.238

0.236 b———— — -

365 370 375 380
T (K)

FIGURE 7 Heat capacity at the transition S,-S¥ obtained with a cooling rate of 1 Kh ™', Solid lines are fits
to the theoretical predictions of the Landau model. Dashed lines represent the estimated Cp background for
obtaining the anomalous heat capacity in this transition.
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extrapolated to the lower temperatures, but still around T.. This fitted region is such
that we avoid the possible non-Landau C, tail existing just above T,, which could be
associated with pre-transitional fluctuations or inhomogeneities due to impurities.
Figure 7 shows the calculated baseline and the best theoretical Landau fit.

The Landau fitting parameters are given in Table L. The value of T, corresponds to
the temperature where C, gets the midvalue of the total jump. The quantity éH is
defined 6H = [§° C,dT where C, is the excess heat capacity given by equation (2).
A difference appears between the calculated H = 1.37 Jg~ ' and the 0.74 Jg~! value
obtained by our DSC measurements. This is due, in part, to the more extended,
anomalous C, region for the theoretical calculations and the difficulties in distinguish-
ing the C, excess contributions from the baseline in the DSC thermogramms. Table
I also shows the values of some Landau fits for the S,-S& transition in the MHPOBC
and MHPOCBC related compound.

Asfar as the quantity ¢, = 3(T, — T.)/T, is concerned, which determines the full width
at half height of the C, peak maximum, our compound presents a larger value than that
for related chiral compounds. However, this value lies in the middle of the range from
6.5x 1072 to 0.8 x 1073 reported for the S,-S¢ transition in other non-polar and
non-chiral compounds'”. In order to compare the jump of C, at the transition with
other compounds, we use the quantity A = AM/R, where M is the molecular weight
(M = 586.824 g mol ~ !). Our compound presents a higher peak than the MHPOCBC,
but smaller than MHPOCBC compound. Both quantities, t, and A, allow us to
consider that the behavior of MHDOBBC is as the non-chiral 8S5 compound, where
Ag =5 and t,=6.5 x 107318, Therefore, it means that the correlation between the
Landau fit parameters and the chiral character of the molecules cannot be established.
Since the transition temperature in MHDOBBC is practically uninfluenced by the
enantiomeric purity (378.5 K for the S compound and 378.0 for the R)°, we could
consider that the transition is driven by structural features more than by dipolar
interactions.

As fas as restructuring phases is concerned, recent work on this compound using
dielectric spectroscopy’’ has given a different phase sequence, since a new phase
appears during a temperature range of one degree between the S, and S% phase: the
S&, phase. Therefore, what we have mentioned above as S,-S¢ should be S,-S%,. On
cooling from the isotropic phase at —2 Kh ™!, and below the S,-Sg, transition, our C,
data show an absence of defined peaks. It is in agreement with the idea that these kinds
of phase transitions are not detected by ac calorimetry, as we have previously
mentioned in the introduction about MHPOBC. This is due to the transitions between

TABLEI

Landau parameters for fitting the S,-S¥ transition with equation (2). The
enthalpy value corresponds to the integrated theoretical heat capacity. Data of
MHPOBC and MHPOCBC compounds are listed to compare [3].

System T.(K) T, (K) Ag 103, dH(Jg™ ") Ref
This Compound  376.50  376.88 6.3 3.03 1.39 Our work
MHPOBC 39592 396.17 163 1.92 3.10 3]

MHPOCBC 378.50  378.74 30 1.65 0.48 3
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the restructuring phases having a first-order character, with very small latent heats,
associated with the physical rearrangement between layers, while the ordering within
each layer remains unchanged.

However, our results present two very small rounded anomalies, centred around
352K and 343K, with a size close to the resolution limit, but without any explanation
from an external experimental reason. The highest temperature shoulder coincides
with the ferro-ferri temperature transition. The other shoulder appears at temperatures
around the S% -S¢, transition according to the transitions given by Goodby.? Our DSC
measurements at 20 K min ™! also clearly show a small peak at 347 K with a width of
3K, which is the region of the S¢ -Sg, transition.

4. CONCLUSIONS

The different phases of the antiferroelectric MHDOBBC compound have been studied
with high resolution ac calorimetry. The implemented “thermistor method”, as an
alternative to the shift phase method, has allowed the detection of strong pre-
transitional effects in the melting transition and the observation that the Sg, phase is
a long, metastable phase. Two monotropic phases appear in the freezing process of the
S&, which were studied by X-rays, dielectric and optical measurements. The lower of
the two phases is S¥, but the upper phase resisted unequivocal characterization. The
Ss-S&, has been clearly detected and it was well described by the usual extended
Landau model. A comparison with other related compounds has been performed in
order to obtain a correlation between the Landau fit parameters and the corresponding
molecular behaviour. The restructuring phases between S, and S%, are not detected by
ac calorimetry and DSC, although an anomalous thermal behaviour appears close to
the S -Sg , transition.
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