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Heat capacities of the antiferroelectric liquid crystals 4-(1-methylheptyloxycarbonyl )phenyl-
4 ¾ -octyloxybiphenyl-4-carboxylate (MHPOBC) and 4-(1-methylheptyloxycarbonyl )phenyl-
4 ¾ -octylcarboxybiphenyl-4-carboxylate (MHPOCBC), have been measured with an adiabatic
calorimeter between 350 and 460 K. MHPOBC showed three smectic subphases (ferrielectric
C*

c , ferroelectric C* and a fancy phase C*
a ) between antiferroelectric smectic C*

A and paraelectric
smectic A, while MHPOCBC exhibited only one subphase (smectic C*

a ). These phases are
clearly discriminated by the existence of phase transitions. The enthalpies and entropies
gained at the respective phase transitions were very small. A much larger phase transition
from smectic A to isotropic liquid was also observed in both compounds.

1. Introduction electric smectic C*
A phase (SmC*

A) under application of
Since the discovery of antiferroelectric liquid an electric ® eld. Even in the absence of an electric ® eld,

crystals, various studies have been performed from MHPOBC also exhibits the ferro- and antiferroelectric
the standpoints of not only fundamental interest in liquid crystalline states as the polymorph of SmC* when
aggregated states of molecules but also of potential the specimen temperature is varied. To clarify the charac-
applicabilities to electro-optical devices. In particular, 4- teristic properties of MHPOBC, dielectric measurements
(1-methylheptyloxycarbonyl )phenyl-4 ¾ -octyloxybiphenyl- [1 ± 3], electro-optic measurements [1], conoscopic
4-carboxylate (MHPOBC) has drawn marked attention observation [1, 4], circular dichroism measurements [5],
owing to its interesting physical features. This mesogen texture observation [6, 7], X-ray di� raction analysis
shows tristable switching characteristics between the [1, 8, 9], infrared spectroscopy [10, 11] and Raman
ferroelectric smectic C* phase (SmC*) and the antiferro- scattering measurements [9] have so far been carried

out.
For the calorimetric studies of MHPOBC, di� erential² Contribution No. 121 from the Microcalorimetry Research

scanning calorimetry (DSC), alternating current (a.c.)Center.
*Author for correspondence. calorimetry, and measurements of relaxation have

0267± 8292/97 $12´00 Ñ 1997 Taylor & Francis Ltd.
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340 S. Asahina et al.

already been performed [1, 4, 7, 9, 12± 15]. The DSC meter and a heater. The temperature of the calorimeter
cell was measured with a platinum resistance thermo-study indicated that MHPOBC with high optical purity

exhibits the smectic C*
c (SmC*

c ) phase between the meter (Minco Co., Ltd.), whose temperature scale was
calibrated on the basis of the IPTS-68. In order to getantiferroelectric SmC*

A and ferroelectric SmC* phases,
and the smectic C*

a (SmC*
a ) phase between the ferro- as much sample into the cell as possible, the calorimeter

cell was loaded with a repeated load± melt± freeze cycleelectric SmC* and paraelectric smectic A (SmA) phases,
while its racemate brings about neither the SmC*

a nor of sample addition under a helium gas atmosphere. The
cell was ® lled to ~60 per cent of its total volume. TheSmC*

c phase. a.c. calorimetric measurements sensed only
the heat capacity anomaly arising from the second order amount of sample used was 0 0́11091 mol MHPOBC

(equivalent to 6 1́974 g after a buoyancy correction usingphase transition between the SmC*
a and SmA phases.

This fact suggests that the phase transitions occurring the sample density of 1 1́0 g cm Õ 3 ) and 0 0́088916 mol
MHPOCBC (equivalent to 5 2́173 g). A small amountbetween the smectic C* subphases in MHPOBC would

be ® rst order and this is con® rmed by relaxation of helium gas (300 Torr) was sealed in the cell to aid the
heat transfer.calorimetry [12].

The purpose of the present study is to measure
the heat capacities of this interesting antiferroelectric 3. Results and discussion

Calorimetry was carried out in ® ve series forliquid crystal MHPOBC with an adiabatic calori-
meter and to elucidate its thermodynamic properties. MHPOBC and six series for MHPOCBC. The results

were evaluated in terms of molar heat capacities atTogether with MHPOBC, we also measured the heat
capacities of another antiferroelectric liquid crystal, constant pressure, Cp . Strictly speaking, in both cases,

correction for the vaporization of the sample into the4-(1-methylheptyloxycarbonyl )phenyl-4 ¾ -octylcarboxy-
biphenyl-4-carboxylate (MHPOCBC). As shown in free space of the calorimeter cell should be made for

the heat capacities of the liquid state. However, since® gure 1, MHPOCBC has the same molecular structure
as MHPOBC except for the carboxyl group located the vapour pressure seems to be very small and the free

space of the cell is also small, we neglected thisbetween the octyl and the biphenyl groups [16]. Although
the molecular structures bear close resemblance to each correction.

For both compounds, the heat capacities wereother, their phase sequences are di� erent [12, 17]. On
the basis of the calorimetric measurements we shall measured only in their liquid crystalline and isotropic

liquid phases for the following reasons: First, the pre-discuss this problem.
liminary DSC experiment suggested that it takes a very
long time to realize the most stable crystalline phase2. Experimental

The compounds of interest, MHPOBC and MHPOCBC existing just below their melting points by annealing the
specimen once melted. Secondly, there was the fear ofwith high purity, were prepared by Terashima and

Furukawa and by Suzuki and Kawamura, respectively. decomposition of the compounds during such a long
annealing period at high temperatures.Prior to the adiabatic heat capacity measurements, pre-

liminary thermal investigations were made by using a
di� erential scanning calorimeter (Perkin± Elmer, DSC-7) 3.1. MHPOBC

The molar heat capacities of MHPOBC werefor both samples.
Heat capacities were measured with an adiabatic measured in the range of 350 to 460 K. The results are

listed in table 1 and plotted in ® gure 2. The meltingcalorimeter in the range 350 to 460 K [18]. The calori-
meter cell consisted of a sample container (~10 cm3 in temperature of crystalline MHPOBC observed by our

preliminary DSC measurement after annealing for 19 hvolume) made of gold-plated beryllium copper, a thermo-
at 355 4́ K was 356 5́ K. This is comparable to the value
(356 9́ K) obtained by the relaxation calorimetry [12].
The lowest-temperature mesophase that MHPOBC
shows just above the melting point is the antiferro-
electric SmC*

A phase. In a narrow temperature region
from 392 to 397 K, three ® rst order and one second
order phase transitions successively occur between the
antiferroelectric SmC*

A and paraelectric SmA phases.
This feature is shown in ® gure 3 in enlarged scale. Three
subphases are clearly discriminated by these phase
transitions. They are the SmC*

c , SmC* and SmC*
a phasesFigure 1. Molecular structures of MHPOBC and MHPOCBC.

An asterisk indicates the chiral centre. in order of increasing temperature. According to the
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341Transition properties of MHPOBC and MHPOCBC

Table 1. Molar heat capacities of MHPOBC.

T /K Cp /J K Õ 1 mol Õ 1 T /K Cp /J K Õ 1 mol Õ 1 T /K Cp/J K Õ 1 mol Õ 1

Series 1

361 4́14 1121 6́ 371 5́81 1142 4́ 382 2́47 1171 1́
362 3́44 1123 9́ 373 1́13 1145 8́ 383 7́59 1175 7́
363 8́89 1126 3́ 374 6́43 1148 8́ 385 2́67 1181 5́
365 4́32 1129 4́ 376 1́69 1154 0́ 386 7́71 1186 8́
366 9́73 1132 7́ 377 6́94 1157 3́ 388 2́72 1193 2́
368 5́10 1136 0́ 379 2́15 1160 9́ 389 7́66 1200 7́
370 0́47 1138 4́ 380 7́32 1166 9́

Series 2

353 8́19 1114 9́ 360 0́26 1121 6́ 366 2́06 1132 0́
355 3́72 1116 6́ 361 5́74 1124 3́ 367 7́46 1135 1́
356 9́25 1118 2́ 363 1́20 1125 8́ 369 2́83 1137 7́
358 4́77 1119 3́ 364 6́64 1128 8́ 370 8́18 1141 4́

Series 3

385 4́45 1179 6́ 392 4́94 1217 8́ 395 6́20 1263 2́
385 7́52 1182 3́ 392 7́44 1240 3́ 395 8́67 1265 5́
386 2́15 1184 1́ 392 9́43 1244 5́ 396 1́87 1283 6́
386 8́31 1186 4́ 393 1́43 1236 0́ 396 5́31 1288 8́
387 4́47 1188 9́ 393 3́41 1240 4́ 396 8́79 1227 3́
388 0́62 1191 1́ 393 5́41 1235 5́ 397 2́31 1221 2́
388 6́76 1195 8́ 393 7́38 1289 6́ 397 6́08 1221 9́
389 2́90 1197 1́ 393 9́34 1257 7́ 398 0́12 1219 4́
389 9́03 1201 9́ 394 1́33 1233 9́ 398 4́17 1219 7́
390 5́15 1205 3́ 394 3́83 1237 4́ 398 9́23 1219 2́
391 1́26 1208 6́ 394 6́83 1242 8́ 399 5́30 1219 9́
391 5́83 1209 6́ 394 9́82 1251 2́ 400 1́38 1219 6́
391 8́87 1213 2́ 395 2́29 1289 3́ 400 7́46 1221 0́
392 1́90 1215 9́ 395 4́24 1288 4́

Series 4

390 1́97 1203 3́ 393 6́41 1280 1́ 396 1́23 1276 1́
390 8́11 1205 7́ 393 8́38 1265 3́ 396 3́19 1296 1́
391 3́46 1208 5́ 394 0́37 1236 9́ 396 5́14 1305 0́
391 7́28 1211 1́ 394 2́38 1234 1́ 396 7́63 1231 7́
392 0́33 1213 9́ 394 4́38 1236 9́ 397 1́41 1223 7́
392 3́37 1216 0́ 394 6́88 1242 3́ 397 6́73 1218 9́
392 6́15 1229 5́ 394 9́88 1249 9́ 398 2́82 1218 9́
392 8́40 1250 6́ 395 2́85 1299 3́ 398 8́91 1218 5́
393 0́40 1237 7́ 395 5́31 1258 0́ 399 4́99 1219 4́
393 2́41 1235 0́ 395 7́28 1263 9́ 400 1́07 1219 7́
393 4́42 1229 0́ 395 9́36 1267 9́ 400 7́15 1221 9́

Series 5

398 9́85 1219 9́ 421 7́19 75271 438 8́14 1284 5́
400 4́71 1221 7́ 421 7́33 78638 440 2́52 1283 4́
401 9́55 1222 8́ 421 7́48 71357 441 6́91 1283 1́
403 4́37 1226 4́ 421 7́67 46178 443 1́32 1280 4́
404 9́16 1229 9́ 421 8́87 3833 7́ 444 5́75 1279 4́
406 3́92 1233 8́ 422 2́03 1383 0́ 446 0́16 1278 6́
407 8́66 1238 4́ 423 1́17 1348 7́ 447 4́58 1277 5́
409 3́37 1242 2́ 424 5́27 1335 8́ 448 9́00 1276 8́
410 8́05 1247 7́ 425 9́41 1324 4́ 450 3́41 1277 6́
412 2́70 1251 1́ 427 3́60 1317 9́ 451 7́82 1276 7́
413 7́30 1257 7́ 428 7́83 1310 2́ 453 2́24 1275 8́
415 1́87 1265 2́ 430 2́10 1305 5́ 454 6́66 1276 3́
416 6́38 1274 3́ 431 6́32 1299 8́ 456 1́06 1277 3́
418 0́85 1282 4́ 433 0́65 1296 2́ 457 5́46 1277 2́
419 5́26 1295 0́ 434 5́00 1292 4́ 458 9́86 1275 0́
420 9́55 1323 7́ 435 9́37 1289 3́ 460 4́24 1276 3́
421 6́88 21409 437 3́74 1287 6́
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342 S. Asahina et al.

Figure 2. Molar heat capacity of MHPOBC in the range from 350 to 460 K. Broken lines indicate the normal heat capacities.

Figure 3. Molar heat capacity of MHPOBC in the phase transition region from the SmC*
A phase to the SmA phase. The broken

line denotes the normal heat capacity, while the dotted curves indicate the borderlines to separate the ® rst order components
inherent in the phase transitions occurring between the SmC* subphases.

circular dichroism (CD) measurements, the SmC*
c phase where the period concerning the arrangement of the

molecular dipole moments, with respect to the smecticis ferrielectric and is composed of ferroelectric and
antiferroelectric structures in the ratio of 1 : 2 [5]. The layers, would be in® nitely changeable. Above the second

order transition, MHPOBC exhibits the paraelectricSmC* phase has an ordinary ferroelectric structure in
which the electric dipole moments of the molecules are SmA phase, which is transformed to the isotropic liquid

at 421 7́3 K.orientated in the same direction. The SmC*
a phase is a

fancy phase where the intra- and inter-layer correlations In order to determine the excess heat capacities due
to the phase transitions, we estimated the so-calledof molecular tilting are greatly reduced [1] and the

helical pitch also becomes smaller than that in the SmC* ǹormal heat-capacity’ curves for the SmC* subphases,
SmA and isotropic liquid. In the case of the SmC*phase [19]. Hiraoka et al. [20], have proposed t̀he

Devil’s staircase’ structure [21, 22] for the SmC*
a phase, subphases, the normal heat-capacity curve was approxi-
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343Transition properties of MHPOBC and MHPOCBC

mated by a straight line determination by the least mined. For the transition from the SmC*
A to SmA phase,

the normal heat capacity curve was approximated by asquare ® tting to ® ve Cp points in the 373± 380 K range
in the SmC*

A phase and four Cp data in the 404± 410 K third order polynomial of temperature and an additional
term (T Õ TC ) Õ 2, where TC (=344 6́ K) is the transitionrange in the SmA phase (see ® gure 3).

Moreover, to separate the ® rst order components temperature from the SmI*
A to the SmC*

A phase deter-
mined by our DSC measurements. The Cp data used forinherent in the phase transitions occurring between the

SmC* subphases, a borderline which might correspond the least square ® tting were nine Cp data in the
356± 369 K range in the SmC*

A phase and eight Cp datato the low temperature tail of the second order phase
transition between the SmC*

A and SmA phases was in the 383± 395 K range in the SmA phase.
To separate the ® rst order component inherent in theassumed. To this end, a ® fth order polynomial of tem-

perature was applied to seven Cp points in the SmC*
A phase transition between the SmC*

A and SmC*
a phase, a

low temperature tail of the second order transitionphase, two Cp data in the SmC* phase and two Cp data
in the SmC*

a phase. The borderline thus obtained is between the SmC*
a and SmA phases was assumed. A

third order polynomial of temperature was adopted forshown in ® gure 3 as the dotted curve.
For the SmA phase and isotropic liquid, the normal two Cp data in the SmC*

A phase and three Cp data in
the SmC*

a phase. The resultant curve is shown in ® gure 5heat capacity was approximated by two straight lines
determinations by the least square ® tting method for the by the dotted line.

For the normal heat capacities concerning theheat capacity data in the vicinity of the clearing point.
The straight line for the SmA phase was determined by transition from the SmA phase to the isotropic liquid,

two straight lines were assumed. The straight line forthe use of four Cp data in the 404± 410 K range, while
the baseline in the isotropic liquid was determined by the the SmA phase was determined by use of nine Cp points

in the 395± 409 K range, while the line in isotropic liquiduse of six Cp data in the 453± 461 K range. As shown in
® gure 2 by dashed lines, these two straight lines were was estimated by the use of four Cp data in the range

from 443 to 450 K. As shown in ® gure 4 by the dashedconnected vertically at the clearing temperature.
lines, these two straight lines are vertically connected at
the clearing point.3.2. MHPOCBC

The molar heat capacities of MHPOCBC were For both MHPOBC and MHPOCBC, the di� erence
between the observed and the normal heat capacitiesmeasured between 350 and 450 K. The results are listed

in table 2 and plotted in ® gure 4. The lowest tem- corresponds to the excess heat capacity DCp due to the
phase transitions. The enthalpies (DtrsH ) and entropiesperature phase seen in this ® gure is the antiferroelectric

SmC*
A phase. The melting temperature of crystalline (DtrsS ) gained at the intersmectic and the smectic-to-

isotropic transitions were determined by integration ofMHPOCBC observed by our preliminary DSC measure-
ment was 350 8́ K. This value is lower than the melting DCp with respect to T and ln T , respectively. The D trsH

and D trsS values thus obtained are listed in table 3. Itpoint, 353 4́ K, obtained by the relaxation calorimetry
[12]. However, this fact does not imply that the purity should be remarked here that the SmC*

a ± SmA transition
enthalpies and entropies of both compounds couldof the present specimen is low. The temperature recorded

here is thought to be the melting temperature of a possibly be underestimated. In other words, the normal
heat capacities of the SmC*

a ± SmA transition would bemetastable crystalline MHPOCBC because annealing
just below the melting temperature was not carried out overestimated because a straight line has simply been

assumed for MHPOBC while the contribution from thebefore our DSC measurement. The specimen once melted
is easily supercooled below the melting point and brings high temperature tail of the SmI*

A ± SmC*
A transition of

MHPOCBC has not been su� ciently estimated.about a transition to the metastable smectic I*
A phase.

The increasing heat capacities with decreasing tem-
perature below 350 K just correspond to the high tem- 3.3. Phase transitions

As described above, the present adiabatic calorimetryperature tail of the phase transition between the SmC*
A

and metastable SmI*
A phases. A small but ® rst order for MHPOBC revealed ® ve phase transitions at

392 8́4, 393 7́4, 395 2́9, 396 5́1 and 421 7́3 K. Thesephase transition from the SmC*
A to SmC*

a phase was
detected at 373 1́8 K, followed by a second order phase phase transitions just coincide with the phase se-

quence elucidated by dielectric measurements [1± 3],transition to the paraelectric SmA phase at 378 4́2 K.
These two phase transitions are shown enlarged in i.e. SmC*

A(antiferroelectric) ± SmC*
c (ferrielectric)± SmC*

( ferroelectric) ± SmC*
a ± SmA(paraelectric) ± I ( isotropic® gure 5. As shown in ® gure 4, the SmA phase is trans-

formed to the isotropic liquid at 420 4́9 K. liquid). Although the ® rst three phase transitions are
very small, they can be regarded as being ® rst order forAs in the case of MHPOBC, the normal heat capacity

curves for the respective phase transitions were deter- the following three reasons: (1) the alternating current
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344 S. Asahina et al.

Table 2. Molar heat capacities of MHPOCBC.

T /K Cp /J K Õ 1 mol Õ 1 T /K Cp /J K Õ 1 mol Õ 1 T /K Cp/J K Õ 1 mol Õ 1

Series 1

357 4́32 1189 8́ 362 3́41 1187 9́ 367 2́46 1192 0́
359 0́68 1187 8́ 363 9́77 1188 0́ 368 8́79 1193 2́
360 7́04 1188 2́ 365 6́12 1190 7́ 370 5́10 1196 5́

Series 2

369 5́93 1193 9́ 372 7́81 1201 7́ 376 9́80 1213 7́
370 1́88 1197 0́ 373 1́03 1228 0́ 377 9́46 1222 0́
370 8́73 1195 8́ 373 4́23 1207 4́ 378 9́11 1214 4́
371 4́05 1196 9́ 374 0́71 1204 0́ 379 8́80 1209 3́
371 8́91 1198 3́ 375 0́42 1207 1́ 380 8́47 1210 0́
372 3́77 1201 1́ 376 0́12 1211 1́ 381 8́15 1210 2́

Series 3

370 5́09 1196 3́ 373 7́39 1204 7́ 380 3́57 1209 0́
371 1́14 1197 9́ 374 5́48 1205 9́ 381 3́26 1209 7́
371 6́38 1197 9́ 375 5́18 1207 8́ 382 2́94 1211 8́
372 1́23 1199 3́ 376 4́88 1213 3́ 383 2́62 1213 0́
372 5́70 1200 8́ 377 4́55 1218 0́ 348 2́30 1214 6́
372 9́36 1207 0́ 378 4́21 1223 2́
373 2́56 1228 0́ 379 3́88 1209 9́

Series 4

350 0́49 1231 2́ 354 9́19 1193 9́ 359 8́22 1187 2́
351 6́64 1211 8́ 356 5́52 1190 3́
353 2́89 1200 7́ 358 1́86 1188 3́

Series 5

384 6́66 1213 7́ 402 3́13 1250 9́ 419 6́04 1687 9́
386 2́79 1216 5́ 403 9́07 1256 0́ 420 3́63 8288 5́
387 8́92 1218 8́ 405 5́02 1259 7́ 420 4́87 25256
389 5́02 1223 4́ 407 0́96 1263 2́ 420 7́24 6131 5́
391 1́10 1225 0́ 408 6́88 1266 2́ 421 4́00 1361 1́
392 7́16 1228 9́ 410 2́77 1273 1́ 422 6́56 1335 4́
394 3́21 1232 0́ 411 8́57 1278 9́ 424 1́95 1325 5́
395 9́23 1236 1́ 413 4́34 1285 5́ 425 7́41 1318 5́
397 5́23 1239 4́ 415 0́08 1291 9́ 427 2́89 1313 3́
399 1́22 1242 9́ 416 5́76 1302 0́
400 7́18 1247 8́ 418 1́38 1310 4́

Series 6

424 6́75 1324 2́ 435 0́33 1297 6́ 445 4́33 1296 2́
426 7́38 1314 5́ 437 1́12 1296 6́ 447 5́12 1294 4́
428 8́06 1308 2́ 439 1́92 1295 6́ 449 5́91 1295 2́
430 8́79 1303 7́ 441 2́73 1295 1́
432 9́55 1301 2́ 443 3́53 1294 3́

(a.c.) calorimetry [7, 12] showed only a l-type anomaly transitions might be ® rst order because a.c. calorimetry
cannot sense the latent heat during a ® rst order phaseat 396 K, characteristic of a second or higher order

phase transition, and failed to detect the three phase transition. (2) The relaxation calorimetry [12] exhibited
three Cp anomalies caused by absorption of the latenttransitions which would occur between the subphases of

the smectic C* phase. This fact supports that these heat at 392 4́, 393 0́ and 394 6́ K, as well as the Cp peak
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345Transition properties of MHPOBC and MHPOCBC

Figure 4. Molar heat capacity of MHPOCBC in the range from 350 to 450 K. Broken lines indicate the normal heat capacities.

Figure 5. Molar heat capacity of MHPOCBC in the phase transition region from the SmC*
A phase to the SmA phase. The broken

line indicates the normal heat capacity, while the dotted line shows the borderline to separate the ® rst order component of
the phase transition between the SmC*

A and SmC*
a phases.

at 395 9́ K on heating measurements that is the same associated with the three ® rst order phase transitions:
one is the normal heat capacity which separates theanomaly as sensed by the a.c. calorimetry. It should be

remarked here that these temperatures at which the excess heat capacities due to all the phase transitions
from the observed values, while the other is the border-relaxation calorimetry showed Cp anomalies agree well

with the phase transition temperatures determined by line which separates the ® rst and the second order phase
transitions. As the result, the three ® rst order phasethe present adiabatic calorimetry. (3) For these three

anomalies, the relaxation calorimetry revealed the exist- transitions seem as if they happened additively in the
course of the second order SmC*

A ± SmA phase transition.ence of a thermal hysteresis characteristic of a ® rst order
phase transition. Although the existence of two baselines at a given

temperature seems to be unusual, we dared to adoptAs shown in ® gure 3, we assumed two kinds of normal
heat capacities in order to evaluate the excess quantities this treatment to estimate separately the contributions

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



346 S. Asahina et al.

Table 3. Thermodynamic quantities associated with the phase transitions in MHPOBC and MHPOCBC. The enthalpy and
entropy gained at the transitions (SmC*

A � SmC*
c , SmC*

c � SmC* and SmC* � SmC*
a for MHPOBC and SmC*

A � SmC*
a for

MHPOCBC) correspond to their ® rst order components.

Ttrs/K DtrsH/J mol Õ 1 DtrsS/J K Õ 1 mol Õ 1

MHPOBC

SmC*
A � SmC*

c 392 8́4 16 4́ 0 0́42
SmC*

c � SmC* 393 7́4 18 8́ 0 0́48
SmC* � SmC*

a 395 2́9 14 6́ 0 0́37
SmC*

a � SmA 396 5́1 288 0 7́33
SmA � Isotropic liquid 421 7́3 6420 15 2́

MHPOCBC

SmC*
A � SmC*

a 373 1́8 11 6́ 0 0́31
SmC*

a � SmA 378 4́2 70 3́ 0 1́87
SmA � Isotropic liquid 420 4́9 6280 14 9́

from the ® rst and the second order components for the lies within the range characteristic of typical SmC± SmA
transitions [26].following reasons. Firstly, the a.c. calorimetry detected

a single Cp anomaly arising from the second order The transition entropies D trsS for the correspond-
ing phase transitions are 0 0́42, 0 0́48, 0 0́37 andSmC*

A ± SmA transition, whose shape bears a close
resemblance to the hypothetical Cp anomaly formed by 0 7́33 J K Õ 1 mol Õ 1, respectively. At any rate, the phase

transitions occurring in the SmC* subphases aretruncating the three ® rst order Cp peaks observed in the
relaxation and the adiabatic calorimetries. Secondly, a extremely small from energetic and entropic viewpoints.

According to the dielectric and electro-optic measure-second order character inherent in the phase transitions
from SmC to SmA has been reported for both ments of MHPOBC [1], molecular arrangements in the

SmC* subphases are discriminated only by an interlayerachiral smectogens [23, 24] and chiral smectogen [25].
Consequently, the Cp anomalies characteristic of the relationship since the orientational ordering of molecules

within each smectic layer remains essentially unchanged.second order transition observed in MHPOBC and
MHPOCBC can be regarded as arising from the change This characteristic feature inherent in the SmC* sub-

phases might be responsible for the reason why thein the molecular tilt angle to the layer normal. On the
other hand, the change in relative molecular alignments successive phase transitions are characterized by a small

transition entropy, and also why we need the borderlinesbetween smectic layers might give rise to a ® rst order
component in the phase transition, bringing about a to separate the excess heat capacity into the ® rst and

second order components.small but sharp Cp peak. In what follows, therefore, we
shall de® ne the enthalpy and entropy of the SmC*

A ± On the other hand, MHPOCBC exhibited only three
phase transitions at 373 1́8 K (SmC*

A ± SmC*
a ), 378 4́2 KSmC*

c , SmC*
c ± SmC*, and SmC*± SmC*

a transitions as
the excess quantities due to the ® rst order nature, while (SmC*

a ± SmA) and 420 4́9 K (SmA± I). As in the case of
MHPOBC, we assumed two normal heat capacity curvesthose of the SmC*

a ± SmA transition are attributed to the
contribution from the second order component. for the SmC*

A ± SmC*
a transition. The transition enthalpies

DtrsH for the SmC*
A ± SmC*

a and SmC*
a ± SmA transitionsThe transition enthalpies DtrsH thus determined for

these transitions are listed in table 3. Although the are 11 6́ and 70 3́ J mol Õ 1, while the entropy gains DtrsS

are 0 0́31 and 0 1́87 J K Õ 1 mol Õ 1, respectively. Therelaxation calorimetry and DSC studies are semi-
quantitative experimental methods compared with the present DtrsH for the two phase transitions are com-

parable with 12 and 60 J mol Õ 1 obtained from DSCadiabatic calorimetry, Ema et al. [12], have reported
comparable DtrsH values with those determined by measurements [10] and 65 J mol Õ 1 for the SmC*

a ± SmA
transition obtained by a.c. calorimetry [12]. As in thethe present adiabatic calorimetry for the SmC*

A ± SmC*
c ,

SmC*
c ± SmC*, SmC*± SmC*

a and SmC*
a ± SmA transition case of MHPOBC, the enthalpy gained at the second

order SmC*
a ± SmA transition of MHPOCBC is also inas follows: (adiabatic=16 4́ J mol Õ 1 ; relaxation=

9 J mol Õ 1 ; DSC=4 J mol Õ 1 ), (18 8́; 16; 20), (14 6́; 12; 9) the range of typical SmC± SmA transitions [26].
Although MHPOCBC has essentially the sameand (288; 370; 165), respectively. The transition enthalpy

observed for the second order SmC*
a ± SmA transition molecular structure as MHPOBC (see ® gure 1), the
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antiferroelectric SmC*
A phase is directly transformed to by the pairing energy of the dipole moments and the

molecular packing entropy. Many orientational struc-the fancy SmC*
a by skipping the ferrielectric SmC*

c and
ferroelectric SmC* phases. This fact is con® rmed by the tures of the dipole moments are possible between

qT=0 and 1. This feature is characteristic of the one-present adiabatic calorimetry. Moreover, the cumulative
transition entropy, 0 2́18 J K Õ 1 mol Õ 1, from the antiferro- dimensional Ising model and called the `Devil’s staircase’.

Among the staircases, the spontaneous polarization andelectric SmC*
A to the paraelectric SmA phase is much

smaller than 0 8́60 J K Õ 1 mol Õ 1 found for MHPOBC. the apparent tilt angle take maximum values when
qT=1/3. The qT value, derived from the model, agreesInterestingly, however, the D trsS values of the SmA± I

transition for MHPOBC and MHPOCBC are 15 2́ with the experimental value observed for the ferrielectric
SmC*

c phase of MHPOBC. The ferrielectric structureand 14 9́ J K Õ 1 mol Õ 1, essentially the same values. The
enthalpy values of the SmA± I transition for MHPOBC seems to be energetically stabilized at qT=1/3 as

exempli® ed by the SmC*
c phase of MHPOBC.and MHPOCBC are 6 4́8 and 6 2́8 kJ mol Õ 1, respect-

ively, and are in the range of an ordinary SmA± I The one-dimensional Ising model also alludes to the
existence of stable ferrielectric phases other than thetransition [26].
SmC*

c phase. Especially, Bak and Bruinsma [21] derived
theoretically that the ferrielectric phase with qT=1/2 or3.4. Phase behaviour and Devil’s staircase

The present antiferroelectric liquid crystals exhibit 1/4 is likewise stable as that with qT=1/3. In fact the
ferrielectric phase with qT=1/2 has been observed byone or more subphases between SmC*

A and SmA, i.e.
SmC*

c , SmC* and SmC*
a for MHPOBC, and SmC*

a for miscibility tests of two antiferroelectric liquid crystals
[27]. However, neither MHPOBC nor MHPOCBCMHPOCBC. In these subphases, the molecules are

thought to lie on layers and tilt to the layer normal. exhibits any ferrielectric phases other than qT=1/3. The
polymorph of the ferrielectric SmC phase is attributedThis type of layer structure is typical for the SmC phase

and is also encountered in the antiferroelectric SmC*
A to the balance between the strength of the antiferro-

electricity and the strength of the ferroelectricity ofphase. However, the long range orientational structure
of the molecular dipole moments is di� erent among the mesogen [1]. The number of the ferrielectric phase

is thought to increase when these two strengthsthese phases. Except for a slight precession of a few
degrees per layer caused by chirality, the dipole moments become comparable. In this sense, both MHPOBC and

MHPOCBC studied here are far from the balance betweenin adjacent layers are parallel in the ferroelectric SmC*
phase, while antiparallel in the antiferroelectric SmC*

A these two factors, which prevents the appearance of
plural ferrielectric phases.phase. In the ferrielectric SmC*

c phase the relative
orientation of the dipole moments between adjacent The SmC*

a phase has a complicated structure of layers
and molecular dipole moments in comparison to thelayers (parallel or antiparallel ) changes regularly along

the layer normal. other smectic C phases. An important feature of the
SmC*

a phase is the considerably reduced ability in form-Fukuda et al. [1] adopted the one-dimensional Ising
model to explain the change in the direction of the ing the structures of ferro- and antiferroelectric smectic

C phases. This leads to the thermally excited C-directordipole moments along the smectic layers with tem-
perature. The ratio qT=n/m , eventually re¯ ecting a disclinations, and the correlation length of the molecular

ordering is greatly shortened in the SmC*
a phase com-fraction of ferroelectric ordering, was introduced to

systematically classify ferro-, ferri- and antiferroelectric pared to the SmC*
A phase. In spite of this feature, electro-

optic measurements clari® ed that the SmC*
a phasesmectic phases, where m denotes the number of layer

boundaries involved in one cycle of the orientational possesses the antiferroelectric structure in the high tem-
perature region, and the ferrielectric structure in theperiod of the dipole moments and n stands for the

number of the boundaries across which two adjacent low temperature region [28]. This means that the ori-
entational structure of the dipole moments changesdipole moments are parallel (i.e. ferroelectric) in the m

layer boundaries. Consequently, qT=1 corresponds to successively with temperature. As a result, the SmC*
a

phase exhibits another Devil’s staircase which is di� erentthe ferroelectric SmC* phase, and qT=0 for the anti-
ferroelectric SmC*

A phase. As described in § 3.1, the from the Devil’s staircase encountered in the change
from the SmC*

A to the SmC* phase. As the phaseferrielectric SmC*
c phase of MHPOBC is composed of

ferroelectric and antiferroelectric structures in the ratio sequence is ferroelectric SmC*± ferrielectric SmC*
c ±

antiferroelectric SmC*
A on cooling, it seems somewhatof 1 : 2. Therefore, qT for the SmC*

c phase corresponds
to 1/3. This feature in the SmC*

c phase can be described curious that the ferroelectricity increases with decreasing
temperature within the SmC*

a phase. The change in theby the one-dimensional Ising model. This model can
predict the spontaneous polarization and the apparent molecular tilt angle is thought to be responsible for this

behaviour [1]. An increase in the tilt angle wouldtilt angle as a function of qT . The qT value is governed
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