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Heat capacity measurements have been made on a 18 g sample of C6HI ,0-CsH4-CH= 
N-Cd-14-C,H, with an adiabatic-type calorimeter between I 1  and 393 K. Purity of the 
specimen was estimated to be 99.93 mole % by a fractional fusion method. The transition 
temperature and the enthalpy and entropy of transition for crystal -+ S,, S, -+ Se, Se + S,, 
S, + N and N -+ isotropic liquid were determined to be Tc = 306.60 K/AH = 23.29 kJ 
m o l - ' / A S  = 7 5 . 9 8  J K - '  m o l - ' ,  3 3 1 . 5 6 / 0 . 8 4 / 2 . 5 3 ,  3 3 2 . 8 6 / 3 . 3 7 / 1 0 . 1 4 ,  
343.24/3.20/9.37 and 350.92/1.89/5.37, respectively. A glassy S, state was realized by 
rapid cooling. The heat capacity of the glassy state gave rise to two stepped anomalies due 
to the enthalpy relaxation around 200 K: a quite unusual phenomenon which has never been 
observed for other glassy liquid crystals, glassy liquids and glassy crystals. The molar 
enthalpy of the glassy S, state at 0 K was by (9.27 f 0.16) kJ mol-' higher than that of the 
crystalline state and the residual entropy of the glassy state was determined to be (7.5 I 2 0.63) 
J K-I mol-I. 

1. INTRODUCTION 

It has been known that, when a cooling rate is rapid enough, the lowest- 
temperature mesophase of many liquid crystals can be undercooled without 

' Contribution No. 43 from Chemical Thermodynamics Laboratory. ' Present address: Industrial Research Institute of Hyogo Prefecture, Yukihiracho, Sumaku, 
Kobe 654, Japan. 
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12 H. YOSHIOKA, M .  SORAl AND H. SUGA 

crystallization and finally transformed into a thermodynamically non- 
equilibrium glassy state via a glass transition region. 

Of the glassy cholesteric,' nematic24 and smectic4 liquid crystals, the 
smectic glasses were found to exhibit a quite unusual glass transition 
phenomenon; it occurred over an extremely wide temperature interval of 
30-60 K in contrast to a narrow range of 10-15 K encountered in the 
nematic and cholesteric glasses or ordinary isotropic liquid glasses. This 
fact seemed to suggest that in the glassy smectic state the relaxation time 
characterizing a rate at which the molecular modes frozen-in at the glass 
transition approach their equilibrium states cannot be described by a 
single value.4 

In order to elucidate this problem we intended to measure the heat 
capacity of N-p-n-hex yloxybenzylidene-p'-n-butylaniline (abbreviated con- 
ventionally as 60  * 4; a typical compound among the glassy ~mectogens).~ 
This compound exhibits three smectic (SG, SB, and S,) and one nematic (N) 
mesomorphic polymorphi~rn.~*~ The present paper deals with heat capacity 
measurements from 11 to 393 K for all the stable phases as well as the 
glassy SG phase. Since the analysis of the enthalpy relaxation has already 
been made in our previous report6 so the present paper will be concerned 
mainly with the thermodynamic relation of the glassy SG state to the crystal 
and the polymorphic transitions. 

2. EXPERIMENTAL 

The methods of sample preparation and purification have been described 
previously.6 Purity of the specimen was determined to be 99.93 mole ?6 
based on a fractional fusion method. 

The heat capacities were measured with an adiabatic-type calorimeter.' 
The specimen of 18.0110 g( B 0.0533653 mol) was loaded in a calorimeter 
cell made of gold and platinum." A small amount of helium gas was used 
to aid the heat transfer inside the cell. 

To estimate the contribution of intramolecular vibrations to the heat 
capacity, the infrared spectra in the range 4000-30 cm-l were recorded for 
Nujol mulls with an Infrared Spectrophotometer Model DS-402G (Japan 
Spectroscopic Co., Ltd.) and a Far Infrared Spectrophotometer Model 
FIS-3 (Hitachi, Ltd.). 

Optical textures of the crystal and mesophases were observed by a 
Polarizing Microscope Model BHA-75 1 -P(Olympus) equipped with a heat- 
ing stage (Union Optical Co., Ltd., Model CMS-2). 
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HEAT CAPACITY OF HBBA 

3. RESULTS 

13 

The results of the calorimetric measurements were evaluated in terms of C,, 
the molar heat capacity at constant pressure, and are plotted in Figure 1 .  A 
listing of the experimental data is given in Table I. Consecutive runs during 
which the temperature increased monotonically are grouped into series. 
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FIGURE I Molar heat capacity of 6 0  * 4. 0: The stable phases; the phase sequence being 
crystal, S G ,  SB, S,, N and isotropic liquid. 0: The glassy and the undercooled So phases. 
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14 H. YOSHIOKA, M. SORAI AND H. SUGA 

TABLE 1 
Molar heat capacity of N-p-n-hexyloxybenzylidene-p'-n-butylaniline 

T/K Cp/JK-' mol-' T/K CJJK-' mol-' T/K Cp/JK-' mol-' 

AH measurement 
329.86 K + 338.63 K 
AH measurement 
338.63 K + 357.74 K 
Once cooled to 78 K; 
annealed at 303 K for 2 days; 
cooled slowly to 70 K 

Series I"' 
73.437 
76.678 
79.348 
8 1.939 
82.427 
84.670 
84.753 
87.030 
89.261 
91.448 
93.540 
96.122 
99.704 

103.893 
107.966 
1 1  1.938 
116.11 I 
119.971 
123.755 
127.807 
131.628 
135.715 
140.061 
144.333 
148.534 
I5 2.669 
156.743 
160.759 
165.028 
169.171 
173.258 
177.292 
181.278 
185.325 
189.433 
193.493 
197.507 
201.675 
205.609 
209.829 
214.327 

159.36 
164.93 
169.52 
173.89 
174.83 
177.95 
178.54 
182.25 
185.86 
189.16 
192.92 
196.44 
201.88 
207.99 
214.02 
219.70 
225.56 
231.01 
236.40 
241.97 
247.63 
253.38 
259.49 
265.61 
271 S O  
277.47 
283.35 
289.23 
295.44 
301.75 
307.72 
313.67 
319.12 
325.62 
331.94 
337.75 
344.25 
350. I 1  
356.08 
362.63 
369.44 

217.155 
219.952 
224.339 
228.676 
232.967 
237.214 
24 I ,870 
246.022 
250.136 
254.211 
258.247 
262.245 
266.204 
270.125 
274 .O 10 
278.089 
282.093 
286.058 
289.982 
293.864 
297.714 
301.454 

373.78 
378.15 
385.02 
391.62 
398.90 
405.34 
412.40 
419.47 
426.07 
432.54 
439.44 
446.09 
452.99 
459.79 
466.57 
473.38 
481.19 
488.35 
495.71 
504.49 
510.98 
519.91 

Cooled slowly to 
11.4 K 

Series 2'b' 
11.729 11.407 
12.340 12.033 
13.005 13.778 
13.712 15.735 
14.598 18.057 
15.630 20.927 
16.529 23.190 
17.453 25.645 
18.402 28.129 
19.300 30.797 
20.289 33.534 
21.607 37.460 
23.166 41.939 
24.636 46.180 
25.950 49.817 
27.419 54.147 
29.023 58.717 
30.342 62.456 
31.870 66.638 
33.619 71.406 
35.476 76.475 
37.330 81.237 
39.303 86.318 
41.334 91.070 

43.344 95.994 
45.348 100.40 
47.524 105.21 
49.868 111.00 
52.181 116.75 

Cooled again to 
41.3 K 

Series 3Ib' 
42.346 94.618 
44.410 98.346 
46.527 103.13 
48.674 107.58 
50.784 113.11 
53.172 118.88 
55.677 124.67 
58.271 130.40 
60.956 135.82 
63.666 141.10 
66. I05 145.75 
68.450 150.29 
71.036 155.10 
74.655 161.57 

Annealed at 303 K 
for 2.5 days; cooled 
slowly to 41.5 K 

Series 4'b' 
42.595 94. I94 
44.646 98.798 
46.746 103.64 
49.030 108.40 

Annealed at 47.8 K 
for 14 h 

Series Sb' 
44.71 1 98.993 
46.428 102.34 
48.053 106.67 
48.976 109.48 

304.541 571.38 
306.157 3984.9 
306.500 54395. 
306.538 122890. 
306.557 176510. 
306.571 234160. 
306.581 317770. 
306.590 315330. 
306.601 218370. 
307.264 1688.9 

Series 6"' 
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HEAT CAPACITY OF HBBA 

TABLE I (Continued) 

15 

T/K C,/JK-' mol-' T/K C,/JK-' mol-' T/K C,/JK-' mol-' 

309.109 
3 1 1.480 
3 13.962 
3 16.554 
319.130 
32 1.697 
323.163 
324.243 
325.191 
327.204 
329.199 
330.518 
331.145 
331.561 
33 1.939 
332.452 
332.745 
332.802 
332.834 
332.859 
333. I16 
333.655 
334.538 
335.872 
337.354 
338.844 
340.328 
341.530 
342.129 
342.387 
342.636 
342.871 
343.080 
343.208 
343.244 
343.273 
343.399 
343.614 
343.972 
344.869 
346.2 18 
347.341 
348.157 
348.964 
349.752 
350.322 
350.619 
350.826 
350.920 
350.927 

61 1.09 
615.89 
621.46 
626.79 
632.74 
640.87 
645.09 
648.97 
651.85 
660.59 
672.08 
683.17 
792.54 

981.37 
2716.9 

1013.5 
9213.9 

19994. 
27070. 
31955. 

1064.6 
815.29 
806.40 
801.92 
807.72 
822.90 
854.37 
910.59 
966.46 

101 1.4 
1073.7 
1195.9 
1476.0 
5481.9 

7230.2 
1358.4 
1171.7 
1062.8 
969.67 
926.07 
918.08 
927.51 
949.24 
996.70 

1075.4 
1160.2 
1580.0 

40526. 

103 130. 
35414. 

35 1.058 1022.8 

35 1.479 804.63 
352.075 783.57 
352.678 770.82 
353.286 763.26 
354.050 757.81 
355.277 752.89 
356.855 747.41 
359.177 742.99 
362.282 739.87 
365.392 737.85 
368.963 738.25 
372.987 737.98 
377.250 738.45 
381.753 739.76 
386.244 742.69 
390.634 745.29 

Undercooled SG phase 
down to 270.5 K 

Series 7"' 
272.842 550.85 
277.4 15 559.34 
282.030 566.30 
286.690 573.53 
291.304 581.04 
295.878 588.18 
300.417 595.85 
304.918 603.89 
309.379 612.13 

Once cooled to 78 K; 

28.971 58.454 
30.311 62.320 
31.587 65.743 
32.573 68.481 
33.902 72.088 
35.626 76.746 
37.578 81.840 
39.474 86.585 
41.373 91.082 
43.306 95.832 
45.288 100.27 
47.302 104.86 
48.793 108.51 
49.588 111.10 
50.025 11  1.72 
50.270 112.58 
50.515 112.71 
50.908 113.59 
52.101 116.45 
54.073 120.83 
56.200 125.74 
58.355 130.26 
60.744 135.45 
63.355 140.55 
66.127 145.79 
69.057 151.47 
71.862 156.60 

AH measurement 
301.48 K + 313.23 K 

annealed at 303 K for 2 days; Undercooled SG Phase 
cooled to 23 K; annealed at 
47.9 K for 24 h; cooled 
to 12 K. 264.47 1 539.45 

268.249 545.78 

down to 262.6 K 
Series 9'" 

Series 8"' 
12.415 12,252 Cooled rapidly from 
13.251 14,414 342 K to 10.9 K 
14.101 16.735 
14.965 19.038 Series 
15.843 21.475 11.188 10.636 
16.749 23.757 1 1.933 12.589 
17.681 26.313 12.856 14.822 
18.622 28.837 13.841 17.583 
19.574 3 1.454 14.832 20. I92 
20.536 34.191 15.845 22.887 
21.505 37.187 16.869 25.434 
22.579 40.181 17.999 28.265 
23.737 43.520 19.190 3 1.495 
24.950 46.934 20.360 34.639 
26.214 50.642 21.566 37.974 
27.563 54.453 22.851 41.628 
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16 H. YOSHIOKA. M. SORAI AND H. SUGA 

TABLE I (Continued) 

T/K Cp/JK-' mol-' T/K CJJK-' mol-' T/K Cp/JK-' mol-' 
24.210 45.365 179.485 376.42 
25.606 
27.033 
28.501 
30.007 
3 1.799 
33.758 
35.536 
37.237 
38.958 
40.726 
42.575 
44.522 
46.506 
48.451 
50.225 
51.752 
53.770 
56.396 
59.421 
62.623 
65.919 
69.339 
72.806 
76.197 
79.528 
82.826 
86.123 
89.458 
93.048 
96.948 

100.959 
105.184 
109.262 
113.358 
117.476 
121.629 
125.802 
129.986 
134.171 
138.386 
142.644 
146.982 
151.412 
155.918 
160.504 
165.163 
169.89 1 
174.669 

49.109 
53.120 
57.214 
61.429 
66.249 
71.541 
76.288 
80.741 
85.175 
89.415 
94.042 
98.645 

103.19 
108.03 
112.15 
115.61 
120.22 
126.45 
133.34 
140.17 
147.15 
154.39 
161.43 
168.15 
174.73 
181.00 
186.92 
193.06 
199.47 
206.36 
213.41 
221.31 
228.65 
235.64 
242.75 
250.19 
258.46 
267.25 
275.02 
282.83 
291.36 
299.94 
308.59 
317.96 
327.68 
338.34 
349.01 
361.35 

184.332 395.49 
189.176 421.33 
194.007 439.98 
198.894 451.13 
203.922 459.57 
209.095 470.44 
214.225 488.02 
219.322 495.78 

Measurement of the enthalpy 
of crystallization 
Cooled rapidly from 342 K to 
90K 

Series Il(*' 
176.459 367.10 
181.281 381.68 
186.155 401.84 
191.019 428.95 
195.879 443.69 
200.788 454.44 
205.849 462.34 
211.101 480.72 
216.398 490.02 
221.821 494.96 

(a) stable phases; (b) not completely annealed crystalline phase; (c) undercooled So phase; 
(d) glassy So phase. 
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HEAT CAPACITY OF HBBA 17 

Prior to heat capacity measurements of the crystalline phase the speci- 
men was once cooled to 78 K and annealed for 2 days at 303 K, a tem- 
perature just below the melting point. This procedure promoted nucleation 
and its growth of the stable crystal. After cooling the specimen slowly to 
70 K the measurements of series 1 were made up to 303 K. The calorimeter 
was then cooled slowly to 11.4 K and series 2 was started. However, since 
slight spontaneous warming was observed in the region between 45 and 
50 K ,  the measurements were terminated at 54 K. Even after further an- 
nealing under various conditions, spontaneous warming still occurred in 
series 3-5 as it had during series 2. This phenomenon, however, did not 
appear in the measurements of series 8 subject to the eventual heat treat- 
ments cited in Table I. A possible origin responsible for the spontaneous 
warming may be a kind of relaxation phenomenon of molecular conforma- 
tion or configuration in a crystalline state.'.'' In any event this effect is 
negligibly small in the present system because we cannot distinguish the 
heat capacities of the well-annealed specimen from those of the quenched 
one within the present experimental errors. 

Series 6 covers the temperature region including all the mesomorphic 
transitions as well as the fusion of crystal. Purity of the specimen was 
determined to be 99.93 mol % by a fractional fusion method. The melting 
point of the present sample was 306.60 K while the triple point of pure 
material was estimated to be 306.62 K. The SG phase was transformed into 
SB at 331.56 K, immediately followed by a transition to SA at 332.86 K; 
the temperature interval of the SB phase being as narrow as 1.30 K. The 
transition from SA to the nematic state took place at 343.24 K and finally 
the nematic phase was transformed into the isotropic liquid at 350.92 K 
(the clearing point). 

The heat capacities of the glassy SG state were measured in series 10 and 
11 for the specimen cooled from 342 K to 10.9 and 90 K at an average rate 
of 7.2 and 6.7 K min-l, respectively. Although, at the starting temperature 
of cooling, the specimen was in the SA state we confirmed that the obtained 
glassy state was undoubtedly SG for the reasons described previously.6 As 
shown in Figure 1 by solid circles, the heat capacity of the glassy So state 
progressively deviated from that of the crystal above 60 K and its mag- 
nitude became larger with increasing temperature. It finally gave rise to two 
stepped anomalies around 200 K and then the glassy state was transformed 
into the undercooled SG state. 

When temperature of the specimen reached about 225 K, a large evo- 
lution of heat was observed due to an irreversible transition from the 
undercooled SG to the crystalline phase. On account of this disturbance, 
heat capacity measurements of the undercooled SG state could not be con- 
tinued in these series of experiments. However, the temperature rise due to 
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18 H. YOSHIOKA, M. SORAI AND H .  SUGA 

the crystallization could be followed while keeping adiabatic conditions in 
the calorimeter. From this experiment, the heat of crystallization was accu- 
rately determined and thus the molar enthalpy of the glassy state could be 
related with the crystal enthalpy. 

On the other hand, the C, in a high-temperature region of the under- 
cooled SG state could be measured in series 7 and 9 for the specimen cooled 
from the stable SG state down to 270.5 and 262.6 K, respectively. Since 
further cooling brought about spontaneous crystallization, the C, mea- 
surements below 260 K were impossible. Therefore, the heat capacities of 
the undercooled So state in the range from 225 to 260 K were estimated in 
reference to the enthalpy diagram so that the area under the assumed C, 
curve in this temperature interval may coincide with the enthalpy difference 
between these two temperatures. The heat capacities thus estimated are 
given by the following equation, 

C,(undercooled SG)/J K-' mol-l = 3.086 X 10-'T2 
-0.4617' + 447.3 (225 5 T/K S 260), (1) 

and are illustrated in Figure 1 by a broken line. 
The thermodynamic functions of 60 * 4 were calculated from the heat 

capacity data and the calorimetric enthalpy measurements across the re- 
spective phase transitions. In order to estimate the heat capacities of the 
crystalline and the glassy SG states below 11 K, an effective frequency 
spectrum method'' was adopted. To this end, infrared absorption data of 32 
modes (102 degrees of freedom) between 3040 and 545 cm-' were used. 
The 'best' frequency spectrum reproduced 58 C, data for the crystal in the 
range 12.4-108.0 K within k0.23 J K-' mol-l while for the glassy So state 
50 C, data between 11.2 and 125.8 K were fitted within 20.47 J 
K-l mol-I. Table I1 contains a listing of values for the heat capacity, Cg, 
the entropy, s", the enthalpy function, (H" - H:)/T and the Gibbs energy 
function, -(Go - H:) /T,  at selected temperatures. Corresponding values 
for the glassy and undercooled SG states are listed in Table 111, in which a 
standard state of the enthalpy at 0 K has been taken as that of the crystal, 
Hg(crystal1ine). 

The mesophases were distinguishable from one another under a polar- 
izing microscope equipped with a heating stage. Figures 2(a)-(d) show 
optical textures of the four mesophases photographed on cooling; (a) N: 
schlieren texture with surface inversion lines, (b) SA: bitonnets, (c) SB: 
fan-shaped texture and (d) SG: paramorphic fan-shaped texture with con- 
centric arcs. Figure 2(e) corresponds to a texture of the crystalline state 
formed by cooling with cold N2 gas. On heating, the texture of the SA phase 
changed from biitonnets (Figure 2(b)) to fan-shaped texture with additional 
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HEAT CAPACITY OF HBBA 19 

TABLE I1 

Standard thermodynamic functions for the stable phases of N-p-n-hexyloxybenzylidene- 
p'-n-butylaniline in JK-' mol-' (relative molecular mass 337.504) 

5 ( I  .09) (0.373) (0.279) (0.094) 
10 (7.28) (2.669) (1.968) (0.701) 
20 32.67 15.051 10.653 4.397 
30 61.42 33.765 22.819 10.946 
40 87.83 55.136 35.854 19.283 
50 111.69 77.275 48.600 28.675 
60 133.84 99.619 61.004 38.615 
70 153.20 121.73 72.81 I 48.916 
80 170.62 143.33 83.960 59.371 
90 186.97 164.47 94.581 69.885 

100 202.31 184.97 104.63 80.338 
I20 231.05 224.42 123.32 101.10 
I40 259.40 262.17 140.74 121.42 
160 288.12 298.67 157.35 141.31 
180 317.37 334.31 173.52 160.79 
200 347.66 369.33 189.43 179.90 
220 379.06 403.89 205.20 198.68 
240 409.56 438.14 220.91 217.23 
260 442.36 472.21 236.68 235.53 
280 477.11 506.51 252.86 253.66 
298.15 512.02 537.57 267.58 269.98 
300 516.44 540.75 269.10 271.65 
3 10 612.89 634.85 353.39 281.46 
320 635.50 654.64 361.83 292.81 
340 847.42 709.29 393.73 315.56 
360 742.16 765.20 426.07 339.13 
380 739.25 805.14 442.52 362.62 
390 744.92 824.41 450.20 374.21 

discontinuities (Figure 2(f)). Here, the assignment of textures has been 
made according to a literature.'* 

4. ENTHALPY AND ENTROPY OF PHASE TRANSITION 

As the mesomorphic transition takes place successively before the heat 
capacity anomaly of the preceding transition has not terminated, estimation 
of the enthalpy and entropy of the respective phase transitions involves 
more or less ambiguity. We determined base lines of heat capacity, C, 
(normal), which separate the excess part due to the phase transitions, ACp, 
from the observed values, on the following assumptions; 

(i) C,,(normal) for all the phases be approximated by straight lines, 
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20 H. YOSHIOKA, M. SORAI AND H .  SUGA 

TABLE I11 
Thermodynamic functions for the glassy and undercooled Sa phases of 

N-p-n-hexyloxybenzylidene-p'-n-butylaniline in JK-I mol-l: % means the 
enthalpy of the stable crystalline phase at 0 K 

TIK c,o s" (H" - S ) / T  -(Go - S ) / T  

G = (7.51 t 0.63) JK-' mol-l 
I% (glassy So) - % (crystalline) = (9.27 t 0.16) kJ mol-I 

10 (8.47) ( 1 I .2 14) (929.15) ( -9 17.94) 
20 33.67 24.513 474.79 - 450.27 
30 61.41 43.398 332.38 -288.98 
40 87.67 64.722 267.96 - 203.24 
50 111.62 86.876 234.32 - 147.44 
60 134.58 109.26 215.82 - 106.56 
70 155.73 131.60 205.74 -74.14 
80 175.62 153.71 200.74 -47.03 
90 194.02 175.47 198.98 -23.51 

100 21 1.72 196.83 199.38 -2.55 
120 247.27 238.61 204.42 34.19 
140 286.06 279.39 213.08 66.31 
160 326.61 319.92 224.45 95.47 
180 378.44 360.77 238.10 122.67 
200 452.85 404.67 256.02 148.65 
220 493.30 449.41 275.47 173.94 
240"' 511.96 493.17 294.41 198.77 
260'" 534.80 535.02 311.99 223.03 
280 563.23 575.61 328.85 246.77 
300 595.14 615.04 345.05 269.99 
310 612.89 634.85 353.39 281.46 

(a) The values at these temperatures are estimated based on the interpolation curve 
(Eq. (1)). 

C,, (normal) = AT + B .  

(ii) ACp be described by 

In AC,, = C - D In E ( E  = (T - Tcl/Tc>, (3) 
as if each phase transition could be treated as the so-called critical 
phenomenon. 

(iii) The slopes of C,,(normal) for SA and N phases be determined on 
reference to those for SG and isotropic liquid phases, respectively. 

(iv) AC,, does not exert its effect beyond the adjacent transition points. 
(v) As the temperature interval of SB phase is as narrow as 1.30 K, C,, 

(normal) of this phase be approximated by that of SG. The CJnormal) thus 
estimated are given by the following equations in the unit of J K-' mol-', 
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HEAT CAPACITY OF HBBA 21 

FIGURE 2 Optical textures of the mesomorphic and crystalline states of 6 0  * 4; (a) N, 
(b) S,, (c) Se, (d) SG on cooling, ( e )  crystal and (0 S, on heating. Magnification is lOOx for 
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22 H. YOSHIOKA, M. SORAl AND H. SUGA 

0 
FIGURE 2 (continued) 
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HEAT CAPACITY OF HBBA 

(A) C, (norma1,K) = 1.99293 - 80.86, 

(B) C,(normal, SG and S,) 
(C) C,(normal, SA) 
(D) C,(normal, N) 
(E) C,(normal, IL) 

= 1.72653 + 77.60, 
= 1.72653 + 107.60, 

= 0.524813 + 640.04, 

= 0.524813 + 540.04, 

120( 

1 lot 

1 OO( 
- 
I - 
ig 9oc 
x 
7 

\ 

80C 

70C 

600 

500 

1 

K 

1 

SA 

- 
I L  

23 

(4) 

280 300 3 20 340 360 3 80 
T / K  

FIGURE 3 Separation of the excess heat capacities due to phase transitions from the 
experimental values. Broken lines labeled (A), (B), (C), (D) and (E) are given by Eq. (4). 
Excess heat capacities of the respective phase transitions are shown by dot-dash lines. The 
hatched areas correspond to the enthalpies of respective phase transitions. K ,  S, N and IL are 
abbreviations of crystal, smectic, nematic and isotropic liquid phases, respectively. 
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24 H. YOSHIOKA, M. SORAI AND H. SUGA 

and illustrated in Figure 3 by broken lines. Values of the constants C and 
D used in Eq. (3) are listed in Table IV and the AC,, of each phase transition 
are shown in Figure 3 by dot-dash lines. 

The enthalpy and entropy of transition were determined by integrating 
the excess heat capacity with respect to T and In T, respectively. For these 
calculations, the results of the calorimetric enthalpy measurements across 
the respective phase transitions were also taken into account. Table V 
contains a listing of thermodynamic values concerning the phase transi- 
tions. The temperature dependence of the entropy acquisition due to the 
phase transitions is represented in Figure 4. The individual transition 
entropy can be compared with available data for $-substituted p-n- 
hexyloxybenzylideneanilines. The AS(N ---* IL) of 5.37 J K-I mol-I is 
slightly high compared with 3.2(HBAB)," 3.5tHBAF)" and 3.9 J 
K-I mol-'(HBT).14 This may be accounted for in terms of additional 
degrees of freedom in the present molecule. In contrast to this, the 
AS(SA + N) of 9.37 J K-I mol-I is nearly identical with 10.2 J 
K-' mol-'(HBAF),I3 and the AS& + SA) of 10.14 J K-I mol-I is com- 
patible with 9.2(HBAF)I3 and 9.3 J K-' ~ O ~ - ~ ( H B A C ) . ' '  Although there 
exist no available calorimetric data for AS& + S,)  to be compared, the 

TABLE IV 
Values of the constants C and D used in Eq. (3): 

In(AC,/JK-' mol-') = C - D In E ( E  = IT - TcI/Tc) 

Applied phase TcIK C D 

So and S, 332.86 -0.52853 0.77486 
S A  332.86 -2.3986 1.1068 
S A  343.24 2.4318 0.55241 
N 343.24 -0.19610 0.91399 
N 350.92 0.92439 0.69049 
IL 350.92 0.42436 0.64107 

TABLE V 
Enthalpy and entropy of phase transitions in 

N-p-n-hex y lox ybenzy lidene-p ' +but y laniline 

Transition TcIK Aff/kJ mo1-l AS/JK-~ mo1-l 

crystal + smectic-G 306.60 23.29 75.98 
smectic-G + smectic-B 331.56 0.84 2.53 
smectic-B + smectic-A 332.86 3.37 10.14 
smectic-A + nematic 343.24 3.20 9.37 
nematic + isotropic liquid 350.92 1.89 5.37 

total 103.4 
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HEAT CAPACITY OF HBBA 25 

1 I I I I I I I I I 
120 

1 

2ol 

K 

I 1 I 1 I I I I I I I 
300 3 20 340 3 60 380 4 00 

FIGURE 4 Temperature dependence of the entropy acquisition due to the melting and 
mesomorphic transitions for 6 0  * 4. 

T /  K 

small value of the present result (2.53 J K-' mol-I) affords a clear evidence 
that the structures of SG and SB phases resemble each other from a thermo- 
dynamic viewpoint. 

On the other hand, if we compare the cumulative transition entropy with 
that of HBT (alternatively abbreviated as 6 0  - 1; a compound bearing the 
closest resemblance to the present 6 0  * 4 among those quoted above), we 
perceive an interesting fact that, despite of three excess methylene groups 
in the present molecule, the cumulative entropy of 103.4 J K-' mol-' 
is only by 9.6 J K-l mol-' larger than 93.79 J K-l mol-I for HBT.14 As 
the entropy increment per methylene groupI6 is about (10.31 ? 0.53) 
J K-' mol-I, an expected value of the cumulative entropy for the present 
compound amounts to CQ . 125 J K-' mol-l as far as it is estimated on the 
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26 H .  YOSHIOKA, M .  SORAl AND H. SUGA 

basis of HBT. However, if we compare the heat capacities of the two 
substances in the crystalline states, this puzzle can be easily solved. Let’s 
compare the values at 200 K as an example. Since the values of 60  * 4 and 
6 0  * lI4 are 347.66 and 286.31 J K-l mol-I, respectively, so the heat 
capacity difference at 200 K is 61.35 J K-’ mol-I. This value considerably 
exceeds 44.1 J K-’ mol-I; the value” expected for the heat capacity incre- 
ment per three methylene groups in crystalline state. In other words, these 
facts suggest that a great extent of the conformational melting of the 
butyl-constituent in the present compound has already proceeded in the 
crystalline state. 

T / K  
FIGURE 5 The enthalpy diagram correlating various phases of 6 0  * 4. 
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FIGURE 6 The entropy diagram correlating various phases of 6 0  * 4. 

5. GLASSY SMECTIC STATE 

Calorimetry provides decisive evidences to identify a glassy state; they 
involve (i) the residual entropy at 0 K, (ii) existence of glass transition 
‘point’, T,, or region and (iii) enthalpy relaxation phenomenon around Tg. 

As mentioned in Section 3, the molar enthalpy of the glassy SG state 
could be correlated with that of the crystalline state by measuring the 
enthalpy of crystallization around 225 K while keeping an adiabatic condi- 
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+ 2nd series 

100 150 200 
T / K  

FIGURE 7 Temperature dependence of the rate of enthalpy relaxation, dH/dr, in the glass 
transition region. First and second series of experiments correspond to the measurements of 
series 10 and 11 in Table I, respectively. Broken lines drawn above 220 K indicate spontaneous 
warming due to crystallization. 

tion in the calorimeter. The enthalpy diagram relating various phases is 
shown in Figure 5. The enthalpy difference between the glassy SG and 
crystalline states at 0 K was determined to be (9.27 k 0.16) kJ mol-I. 
Similar diagram concerning the entropy is given in Figure 6. By assuming 
that the crystalline state obeys the third law of thermodynamics the residual 
entropy of the glassy So state at 0 K was estimated to be (7.51 k 0.63) 
JK-' mol-I. This value is much smaller than 12.69 JK-Imol-' for the 
glassy nematic state of OHMBBA.' This fact reflects the situation that 
molecular order is much higher in a smectic-G state than in a nematic one. 

The most remarkable feature inherent in the present smectic glass mani- 
fests itself in the glass transition phenomenon. As shown in Figure 7, the 
enthalpy relaxation was detected from as low as 120 K, and furthermore of 
much interest is the fact that the temperature dependence of the enthalpy 
relaxation rate, W/dt,  evidently shows a pair of glass transitions. These 
facts just correspond to the widely spread excess heat capacity and the 
existence of two stepped heat capacity anomalies of the glassy SG state, 
respectively (see Figure 8). The multi-glass-transition reflects the fact that 
there exist multi-relaxation processes in the present smectic glass. 

Since this kind of double glass transition phenomenon has never been 
observed for nematic and cholesteric glasses, ordinary isotropic liquid 
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-o- 2nd series 

20 

0 

8 
4 

-200 1 300 
50 100 150 200 250 

T /  K 
FIGURE 8 Excess heat capacities of the glassy and undercooled So states beyond the 
crystalline state. First and second series of experiments correspond to the measurements of 
series 10 and 11 in Table I, respectively. The temperatures at which the relaxation times 
become 1 ks are indicated by TaI and Ta2. 

glasses and glassy c r y ~ t a l s , ~ ~ l ~  we thought that this phenomenon might be 
caused by the intrinsic nature of a smectic state. The most characteristic 
feature of smectic phases differentiated from other liquid crystalline phases 
is that molecules are arranged in layer structures. Therefore, at least one of 
the double glass transitions should have its origin in a freezing of molecular 
modes characteristic of a layer structure. Plausible molecular modes proper 
to a layer structure are the undulation mode of a or anisotropic 
translational self-diffusions parallel and perpendicular to a smectic layer." 
As we have fully discussed these possibilities previously,6 we shall con- 
clude this paper by remarking that it is urgent to examine whether a similar 
double glass transition phenomenon will be observed for other smectic 
states such as SA, SB, S c ,  etc. and even for SG states of other compounds. 
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