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Thermodynamic studies have been made on the title compound in order to elucidate the successive phase transi-
tions between low-temperature (L), intermediate-temperature (M), and high-temperature (H) crystalline phases, which
were previously found by X-ray diffraction studies. Using homemade adiabatic calorimeters in the temperature range of
13–360K, the transition temperatures of the L–M and M–H phase transitions were determined as 173.5 and 174.2K,
respectively, and the total entropy change due to the two phase transitions was 7 to 11 JK�1 mol�1, depending on
the assumed baseline. Melting from H phase to the isotropic liquid phase was at 341.18K with an entropy change of
103 JK�1 mol�1, while that from the super-cooled Sm A phase to the isotropic liquid phase was at 325.3K with an
entropy change of 11.5 JK�1 mol�1. Thermodynamic functions HðTÞ–Hð0Þ, SðTÞ–Sð0Þ, and ðGðTÞ{Gð0ÞÞ=T were ob-
tained for the first time for a perfluoroalkyl chain compound, except for unsubstituted perfluoroalkanes, and they are
122.4 kJmol�1, 851.0 JK�1 mol�1, and 440.5 J K�1 mol�1, respectively, at 295.15K. The nature of the phase transitions
is discussed in terms of an order–disorder type of mechanism.

Various kinds of fluorinated compounds have been synthe-
sized in order to obtain highly functional and/or new types
of liquid crystal materials.1–3 In order to evaluate the effect
of fluorination, we have carried out a crystallographic and
computational studies on a series of simple compounds, alkyl
4-[2-(perfluorooctyl)ethoxy]benzoates (abbr. F8-n),4 which
have a Smectic A (Sm A) phase, although monotropic, for
shorter alkyl chain lengths (n � 5) and longer ones (n � 11)
but not for middle ones.5,6 A systematic change in crystal
structures was found according to the chain length, as schemat-
ically shown in Fig. 1. The compounds with n ¼ 2 and 11 have
a separate type of molecular packing, in which the perfluoro-
alkyl (Rf) and alkyl (Rh) chains aggregate away from each oth-
er, while compounds with n ¼ 6 and 7 have alternate type of
packing, in which Rf and Rh chains aggregate in an alternating
fashion. These features were closely related to the appearance
of the mesophase.

The butyl homologue (n ¼ 4, abbr. F8-4) has an intermedi-
ate type of packing, in which the butyl chain extends towards
the Rf chain of a neighboring molecule, leading to the partial
overlap of molecules. Different cell parameters were found at
100K (low-temperature phase, L) and at 200K (high-temper-
ature phase, H). The repeating period along the core stacking
in the L phase is three times as long as in the H phase. A tem-
perature-variable X-ray diffraction study using synchrotron
radiation in the SPring-8 revealed that a third phase existed
between the H and L phases, which was designated as inter-
mediate (M) phase.7 The unit cell is four times larger than that
of the H phase. Adiabatic calorimetry also confirmed the exis-
tence of the phase transitions.7 The present paper gives a full
description of the calorimetric studies carried out in the tem-
perature range of 13–360K in order to confirm and evaluate

the thermodynamic properties of the compound for the first
time as a thorough adiabatic calorimetry for a compound with
a Rf chain, except for unsubstituted perfluoroalkanes.8

Experimental

Adiabatic Calorimetry. Compound F8-4 was synthesized by
previously described method,5 and the sample was purified by re-
peated crystallization from methanol. Three runs of heat capacity
measurements were carried out using different calorimeters ac-
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Fig. 1. Schematic diagram of packings of F8-2, F8-4, F8-6,
F8-7, and F8-11. Ellipsoids, lines, and squares denote Rf

chains, Rh chains, and core moieties, respectively. Cited
from Ref. 4.
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cording to the temperature range. First, the heat capacity (Cp) in
the temperature range of 108–360K was measured using a
homemade adiabatic calorimeter9 using 0.91551 g of as-synthe-
sized sample. The purity and the triple point of the virtually pure
sample were estimated to be 99.95mol% and 341.20K, respec-
tively, from the fractional melting plots. In succession, the Cp

around the crystalline phase transition region and at higher tem-
peratures was measured. The Cp in the temperature range of 40–
130K was measured using a different adiabatic calorimeter;10

1.3297 g of another sample solidified from the melt was used.
The working thermometers mounted on these two calorimeter ves-
sels were platinum resistance thermometers (model S1059PJ5X6;
Minco Products, Inc.) calibrated on the basis of the international
temperature scale of 1990 (ITS-90). Finally, the Cp in the temper-
ature range of 13–50K was measured using a third adiabatic cal-
orimeter;11 for this measurements, 1.1096 g of the same sample
from the previous run was used. In this calorimeter, the thermom-
eter was an iron–rhodium resistance thermometer (model 5187U;
Tinsley and Co., Ltd., UK) calibrated on the basis of ITS-90. The
data of each run were consistent except for the Cp around the crys-
talline phase transition region.

DSC Measurements. Preliminary measurements and detailed
analysis of the phase transitions including thermal hysteresis study
were made by differential scanning calorimetry (DSC). For the
low-temperature region, a power-compensated DSC (Perkin-El-
mer Pyris 1) was used in the temperature range from 98 to
303K. The amount of the sample used for the measurements
was 7–9mg. The temperature scanning rate was 10Kmin�1. For
the higher temperature measurements between 298 and 358K, a
heat-flux scanning DSC (Seiko DSC-22C) was used. The amount
of the sample was 3–5mg, and the heating and cooling rate was 2
and �5Kmin�1, respectively.

Results and Discussion

Crystalline Phase Transitions. The results of the Cp mea-
surements of F8-4 in the whole temperature range are shown
in terms of the molar heat capacity in Fig. 2, where the crys-
talline phase transition at about 174K (a in Fig. 2), the melting

of H phase (b), and the melting of the supercooled Sm A (c)
are clearly seen. The smoothed values of the Cp at rounded
temperatures and some thermodynamic functions calculated
from the present data are given in Table 1; the Cp below the
lowest temperature measured (13K) was estimated by smooth
extrapolation from the high temperatures down to 0K. No
phase transition was found below the crystalline phase transi-
tion at about 174K. On the other hand, the previous X-ray
study4 made at 100 and 200K showed that two of the three
crystallographically independent molecules have highly disor-
dered Rf-chains even in the L phase (at 100K). Thus, it is con-
sidered that the disordered structure in the L phase might be
quenched at low temperatures or the ordering proceeds grad-
ually with decreasing temperature below 100K. However, no
anomaly nor glass-transition phenomenon was observed in
the Cp measurements.

From the Cp measurements on perfluoroalkanes, the contri-
butions of CF2 and CF3 groups to Cp were presented as func-
tions of temperature.8 By using the data, the ratio of contribu-
tions of C8F17-moiety to the total Cp was estimated as shown
in Fig. 3. The ratio is almost constant in the temperature range
of 40–130K and decreases in the temperature range of 140–
210K because of the total Cp increase due to the phase transi-
tions. The ratio has a maximum value in 220–270K and then
again decreases due to the increase of Cp below the melting.
However, the difference between the constant value in the tem-
perature range (0.575) and the maximum value in the higher
temperature range (0.560) is not significant; the change in
the degree of disorder is not very different between the Rf

chains and the other moiety both in the lower and higher tem-
perature range. Thus, we speculate that the disorder in the L
phase is quenched at low temperatures.

Figure 4 shows the Cp anomaly due to the phase transitions
on an extended scale, where double peaks are clearly seen. Al-
though the shape of the anomaly varies with the sample treat-
ment, there are two peaks. Thus, the two phase transitions are
at 173.5 and 174.2K. The sample obtained from the melt
shows a broad and truncated anomaly, but the asymmetric pro-
file indicates that the peak comprises two portions. As it is dif-
ficult to separate the two anomalies, the enthalpy and entropy
of transition were estimated in total. For the estimation of ex-
cess heat capacity two baselines were assumed as shown in
Fig. 1. From the smooth baseline (1 in Fig. 2), the entropy
change (�trS) was calculated to be 11 JK�1 mol�1, while
7 JK�1 mol�1 was obtained from a different baseline (2 in
Fig. 2). The results of the calculation are given in Table 2,
where the values of the phase transitions for the samples be-
fore and after melting are in good agreement. The entropy
change is attributable to a change of 1/3 of molecules from
having ordered Rf chains in L to disordered Rf chains in H.
The number of disordered configurations (W) is estimated to
be 12 (�24) and 53 (�26) from 1=3R lnW ¼ �trS.

Melting Behavior. Cp of F8-4 around the melting point is
shown in Fig. 5, in which the melting of H phase and that of
the super-cooled Sm A phase are clearly seen. The properties
of melting, i.e., the temperature, enthalpy change, and entropy
change, are summarized in Table 2.

The entropy of fusion of the H phase (103 JK�1 mol�1) is
attributed to the positional, rotational, and conformational dis-
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Fig. 2. Molar heat capacities of F8-4 in the whole temper-
ature region. (a) Crystalline phase transition, (b) melting
of H to the isotropic liquid, and (c) melting of Sm A to
the isotropic liquid. Two assumed baselines without a
step (1) and with a step (2) are shown in red and blue,
respectively.
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ordering of the molecules. The contributions of the positional
and rotational disorders for a rigid, non-spherical molecule
were estimated to be 30–60 JK�1 mol�1.12 Similar values (55–
65 JK�1 mol�1) were obtained for the melting of a core moiety
of a mesogen.13 On the other hand, the contribution of a single
bond for the chain melting was estimated to be 9.5 JK�1 mol�1

for macromolecules.12 More precisely, the values were as-
signed to be 10.85 and 9.78 J K�1 mol�1 for even and odd

chains, respectively.14 From these values, we roughly estimat-
ed the number of single bonds responsible for the disordering
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Fig. 3. Heat capacity ratio of Rf (C8F17-) to F8-4.
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Fig. 4. Molar heat capacities of F8-4 in the temperature
region of the crystalline phase transition. Closed circles
are for an as-prepared sample and open circles are for
samples obtained from the melt. Two assumed baselines
without a step (1) and with a step (2) are shown in red
and blue, respectively. Adapted from Ref. 7.

Table 1. Thermodynamic Functions of F8-4

T/K CpðTÞ/JK�1 mol�1 SðTÞ–Sð0Þ/JK�1 mol�1 ðHðTÞ{Hð0ÞÞT�1/JK�1 mol�1 ðGðTÞ{Gð0ÞÞT�1/JK�1 mol�1

15 38.5 29.8 16.0 13.9
20 59.8 43.8 24.3 19.6
30 100.7 76.0 43.0 32.9
40 136.9 110.0 62.1 47.9
50 168.9 144.0 80.3 63.7
60 198.1 177.5 97.5 79.9
70 225.8 210.1 113.9 96.2
80 254.2 242.1 129.6 112.4
90 281.1 273.6 145.0 128.6
100 306.6 304.5 159.9 144.6
110 331.6 334.9 174.4 160.6
120 357.1 364.9 188.5 176.3
130 383.3 394.5 202.5 192.0
140 411.1 423.9 216.4 207.5
150 439.9 453.2 230.3 222.9
160 472.0 482.6 244.4 238.2

phase transition
190 532.3 573.3 289.2 284.1
200 548.5 601.0 301.8 299.2
210 564.7 628.2 313.9 314.2
220 580.6 654.8 325.7 329.1
230 596.5 681.0 337.1 343.9
240 612.8 706.7 348.2 358.4
250 629.9 732.0 359.2 372.9
260 648.1 757.1 369.9 387.2
270 667.0 781.9 380.6 401.3
280 687.5 806.5 391.2 415.4
290 709.5 831.0 401.8 429.3
298.15 728.8 851.0 410.4 440.5
300 733.4 855.5 412.4 443.1
310 759.7 880.0 423.2 456.8
320 788.7 904.5 434.1 470.4
330 820.6 929.3 445.4 483.9
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during fusion to be 4–7, which is comparable to the number of
single bonds in a butyl and an ethoxy groups of the molecule.
Thus, it is interpreted that the highly disordered Rf chains in
the H phase does not contribute to the entropy of fusion.

The transition entropy of Sm A-isotropic liquid, 11.5
JK�1 mol�1, is quite normal for this type transition.15 The
slope of Cp is slightly negative in the super-cooled liquid,
while a sharp increase in Cp is observed just below the Sm
A-isotropic liquid-phase transition. Samples obtained from
the melt showed the same melting behavior as that of the as-
synthesized sample.

The Nature of the Successive Phase Transitions in the
Crystalline State. It is generally known that the crystalline
phase transitions are highly sensitive to the sample purity.
DSC measurements were performed on the powder sample
used for the Cp study (designated as 1), and on single crystals
used for the X-ray study (designated as 2). The former gave a
sharp double peak at 172–173K, while the latter gave a broad
peak around 165K, both on cooling and heating, as shown in
Fig. 6. The melting temperature of the latter was lower by 1K,
indicating a slightly lower purity than that of the former. Crys-
talline phase transition temperatures were measured for the
specimens, which were obtained by crystallization from a
methanol solution of mixtures of the specimens 1 and 2 with
ratios of 2:1 (3) and 1:2 (4). As shown in Fig. 6, they showed
intermediate behavior. The peak profile broadened, and the
peak interval widened as the purity decreased. From the peak
profiles, it was confirmed that the anomaly comprises two suc-
cessive phase transitions for all of the samples studied. The
transition temperatures are roughly estimated as the apices of

a trapezoid. The lowering of the melting temperature of 1K
corresponded to the lowering of the transition temperatures
of 5K (upper) and 8K (lower) between the two extreme cases
(1 and 2). It is concluded that the transitions are affected by
impurities more seriously than fusion. Furthermore, the lower-
ing of the lower-temperature transition is larger than the high-
er-temperature one, being interpreted that the more ordered
L phase is affected more seriously by impurities than the less
ordered M phase.

On the other hand, single crystals that crystallized from a
solution of 1 (designated as 5) gave a sharper double peak than
the original powder sample at almost the same peak tempera-
tures. Samples obtained from a melt show broader profiles than
the original sample, while the transition temperatures remain
the same, which was mentioned in the previous section. These
facts indicate that the reduction of the crystallinity promotes
the pretransition phenomenon. However, the effect of physical
purity (crystallinity) is not so significant as that of chemical
purity.

Conclusion

For butyl 4-[2-(perfluorooctyl)ethoxy]benzoate, the heat
capacity was measured using homemade adiabatic calorime-
ters in the temperature range of 13–360K. Thermodynamic
functions HðTÞ–Hð0Þ, SðTÞ–Sð0Þ, and ðGðTÞ{Gð0ÞÞ=T were ob-
tained for the first time for a perfluoroalkyl-chain compound,
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Fig. 5. The molar heat capacities of F8-4 in the tempera-
ture region of meltings of H and Sm A phases to the iso-
tropic liquid.
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Fig. 6. DSC traces on heating (upper) and cooling (lower)
for the specimen used for Cp study (1), single crystals used
for X-ray diffraction study (2), the specimens obtained
from a solution of a mixture of 1 and 2 in the ratio of
2:1 (3) and 1:2 (4), and single crystals from 1 (5). Adapted
from Ref. 7.

Table 2. Enthalpy Changes and Entropy Changes of the Phase Transitions and the Melting

Scheme of baseline Without a step With a step

�trH/kJmol�1 �trS/JK
�1 mol�1 �trH/kJmol�1 �trS/JK

�1 mol�1

Before-melting sample 1.97 11.2 1.15 6.9
After-melting sample 1.94 11.0 1.13 6.8
Sm A-isotropic liquid 3.75 11.5
H-isotropic liquid 35.3 103
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except for perfluoroalkanes. Successive phase transitions in
the crystalline state were elucidated, and they occur in a very
narrow temperature range (0.7K, peak-to-peak). With the DSC
study, the transition behavior was revealed to be highly sensi-
tive to impurities. Transition temperatures, enthalpy changes,
and entropy changes were measured for the super-cooled Sm
A to the isotropic and the high-temperature crystal phase to
the isotropic phase transitions.
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