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Abstract

A high resolution and super-sensitive differential scanning calorimetry (DSC) has been constructed by using two kinds of
semi-conducting thermoelectric modules; one is used as a high-sensitive heat flow sensor and the other is for a main heater or
cooler using the Peltier effect. The baseline fluctuation of the calorimeter was within±25 nW. Thermal analysis ofn-C32H66

was conducted using this DSC and two large peaks due to the solid-solid transition at 339.1 K from the crystalline phase to the
rotator phase and the melting transition at 341.9 K were observed at the heating rate of 0.4 mK s−1. In addition, a small peak
was detected first by DSC at 338.1 K, indicating a high sensitivity of this DSC. In the solidifying process from the melting state
at the cooling rate of 40�K s−1, several small exothermic sub-peaks were observed in addition to the main solidifying peak.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Differential scanning calorimetry (DSC)[1–4] has
given important information in the fields of polymer
science, biological and medical science, metal science,
inorganic science and their related industries by mea-
suring a melting point, glass transition, phase transi-
tions, enthalpy of phase transitions, heat capacity and
heat generated or absorbed by chemical reaction. In the
heat flux DSC[1–4], the heating rate of a metal block
including the sample and the reference sample is con-
trolled to be constant and the temperature difference
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between a sample and a reference sample, when heat is
generated from or absorbed in the sample, is detected
and converted to heat flux using a proper calibration.

A high-sensitive and high resolution DSC capable
of measuring a small heat at a slower heating rate
with a small baseline fluctuation using a small sam-
ple has been increasingly demanded in various fields.
In the usual DSC, the heating rate is usually chosen
to be larger than 0.1 K min−1 in order to obtain a sig-
nificant signal, since the magnitude of the signal is
proportional to the heating rate. It is desirable, how-
ever, to develop a high resolution and high-sensitive
DSC capable of measuring at a slower heating rate,
for example, less than 0.01 K min−1 (0.167 mK s−1),
with a temperature resolution of 1 mK and a baseline
fluctuation less than 25 nW, since phase transitions
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between a small temperature interval can be hardly
resolved at a high heating rate. The high-sensitivity of
the calorimeter makes it possible to reduce the sample
amount, which improves the temperature homogene-
ity of the sample during the measurement. It is also
desirable to develop a new DSC capable of measuring
in the both direction of heating and cooling near room
temperature, since some sorts of materials in the cool-
ing process often show a different behavior from the
heating process. Since the cooling speed is limited by
the heat loss to the surroundings and it becomes small
near room temperature, a cooling device is necessary
in order to obtain a precise cooling control. One of
the driving forces to develop the high resolution and
super-sensitive DSC is to detect a very small effect of
diamagnetic substances under a strong magnetic field,
which we would like to show in the next paper[5].

The n-alkanes have a relatively simple chemical
formula, CnH2n+2, but they have structurally differ-
ent phases depending on temperature and the carbon
number n for CnH2n+2 [6–19]. For n-alkanes with
the numbern > 20, the crystals undergo solid-solid
phase transitions from a low temperature ordered
phase to characteristic high temperature phases
called as rotator phases. The rotator phases have
three-dimensional positional order of the molecules,
but lack the long-range order in the rotational de-
grees of freedom of the molecules about their long
axes. Urabe and Takamizawa[8] showed the phase
diagram of then-alkanes: CnH2n+2 (20 ≤ n ≤ 80)
using the results by DSC. Denicolo et al.[10] made
a X-ray scattering study on the rotator phases for
even-numberedn-alkanes. More recently, Sirota et al.
[11] made a detailed X-ray scattering study on the
rotator phases forn-alkanes: CnH2n+2 (20 ≤ n ≤ 33).
They showed the phase diagram including the five
rotator phases, where the lattice distortion, the molec-
ular tilt and the Azimuthal ordering are different and
they are characterized as the order parameters. They
[12] also made a calorimetric study on the phase tran-
sitions forn-alkanes: CnH2n+2 (20 ≤ n ≤ 30) using
an adiabatic scanning calorimeter and found rotator to
rotator transitions corresponding to the rotator phases
found by the X-ray scattering study. However, their
measurement was limited up to C30H62 (n = 30) for
the alkanes shown by CnH2n+2.

In the present paper, we have developed a new
high resolution and super-sensitive DSC capable of

detecting a small heat at a heating and cooling rate
as low as 2.4 mK min−1(40�Ks−1) within a baseline
fluctuation of 25 nW and have found the phase transi-
tions of C32H66 using the calorimeter.

2. Experimental

2.1. Apparatus

The schematic drawing of the new high resolution
and super-sensitive DSC is shown inFig. 1. The mea-
surement can be made in either direction of heating
or cooling with this apparatus. The temperature dif-
ference between a test sample and a reference one,
produced by the heat absorbed in or released from
the sample, is measured by thermoelectric modules
(Ferro. Tech. Inc., 9500/018/012), TM1 and TM2,
which are made of 18 semi-conducting thermoelec-
tric elements connected in series. The output voltage
of each thermoelectric module is about 7.8 mV K−1.
Such a high voltage signal per a temperature change
is one of the merits of this calorimeter. The temper-
ature of the sample cell was controlled two-fold; a
rough control and a precise one. The rough control
was made using a Pt temperature sensor, TS3, by
adjusting the power of a heater mounted on an outer
cylindrical metal block. The precise control was made
using a Pt temperature sensor, TS2, by adjusting the
current of the thermomodule, TM3. TM3 is made
of semi-conducting thermoelectric elements and can
pump heat in either direction to heat or cool the cop-
per blocks by changing the direction of the current
through it. The copper blocks, B1, B2 and B3, and
the thermomodule, TM2, work as heat sinks and heat
resistances in this calorimeter. The combination of the
heat sinks and heat resistances is considered to form
the combination of condensers and resistances in an
equivalent electronic circuit and reduces the temper-
ature fluctuation produced at the base copper block,
B3 and increases the stability of the calorimeter. This
is another reason for the merits of this calorimeter.
The stability of the baseline was measured as the dif-
ference of the electromotive force between TM1 and
TM2, which was converted as heat flux through cali-
bration. In order to check the stability of the apparatus,
the variations of the temperatures at about 303 K were
measured and are shown inFig. 2. As seen inFig. 2, the
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Fig. 1. Schematic drawing of the new high resolution and super-sensitive DSC.

temperature detected with TS3, was controlled to be
within ±1 mK, and that by TS2, whose fluctuation of
temperature becomes small due to the dumping effect
of the combination of the insulating thermal shield and

Fig. 2. Baseline fluctuation and the variation of the temperatures,TS2 and TS3 at about 303 K.

the copper disk working as a heat bath, was controlled
to be within±0.1 mK. The temperature of the metal
block, measured by a Pt temperature sensor,TS1, was
regarded as that of the sample. If we could measure
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the temperature fluctuation of TS1, it would be very
interesting. However, it is not possible due to the lack
of enough sensitivity of TS1. There are two reasons for
this. One is that the temperature fluctuation of TS1 is
estimated to be extremely small, the order of 0.01�K,
not detected by a nanovoltmeter judging from the elec-
tromotive force of the thermoelectric elements. The
other reason is that the current applied to the Pt tem-
perature sensor should be as small as possible. Other-
wise, it generates heat near the sample resulting in the
baseline fluctuation. Therefore, the temperature fluctu-
ation of TS1 is not shown inFig. 2. The baseline fluc-
tuation of the heat flux is also shown inFig. 2, where
it is within ±25 nW. The reason for such a stable base-
line is due to the high sensitivity of the thermoelectric
modules and due to the copper disks between TM3 and
the sample, which have relatively large heat capaci-
ties and work as a dump of the temperature fluctuation
resulting from the error of the temperature control of
TS2 and the heat exchange with surroundings.

The temperature range of this calorimeter is limited
by the thermoelectric module; from low temperature
to 473 K. We have tested the measurement in the
range between 100 and 453 K in a similar type of
the calorimeter. Since the baseline is stable enough,
the heating and cooling rate can be chosen as low as
possible. However, the lowest cooling rate we have
chosen is 0.01 mK s−1, because it takes long time for
the measurement. A high heating is not suitable in
this calorimeter, since there are thick copper blocks
between TM3 and sample. The highest heating rate
we have chosen so far is 10 mK s−1(0.6 K min−1).
The sample containers used were commercially avail-
able aluminum pans.

2.2. Sample

The C32H66 sample was synthesized by using Wurtz
condensation method and its purity was determined
as 99.6% by gas chromatgraphy. The sample amount
used for the DSC measurement was about 2 mg.

3. Results and discussion

The DSC curve of heating run at a rate of
0.4 mK s−1 for the C32H66 sample is shown inFig. 3.
We can see two large peaks around 339.1 and 341.9 K

Fig. 3. DSC curve of heating run at the rate of 0.4 mK s−1 of
C32H66 sample.

with the enthalpy change of 40.59 and 79.74 kJ mol−1,
and the entropy change of 119.2 and 232.6 J K−1

mol−1, respectively. The former peak is known as
due to the solid–solid transition from the crystalline
phase in the orthorhombic form to the rotator phase,
where the alkane chains undergo the unrestricted
random rotation at a frequency larger than 1000 Hz
holding the trans-zigzag conformation[13]. Accord-
ing to the X-ray scattering study by Denicolo et al.
[10], in which the measurement was made in the
heating direction, the rotator phase is designated as
RII . The molecules are aligned to be ordered but are
obliquely distorted in the RII phase. The latter peak
is due to the transition from the rotator phase, RII , to
the liquid phase.

The third peak seen around 338.1 K is a newly
detected one by DSC. Since Takamizawa et al.[14]
found separate peaks at a few Kelvins below the
melting point in the DSC curve of the even member
of C36H74, they carefully measured the DSC curve of
the C32H66 [8,14], expecting separate peaks around
339 K, without success. Detection of the new peak in
DSC shows the high resolution and high sensitivity
of the present apparatus. The X-ray scattering study
of C32H66 by Sirota et al.[11] showed no significant
change of the reciprocal lattice spacings in the tem-
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perature range of the third peak. More recently, how-
ever, Shashikanth and Prasad[15] made a powdered
X-ray diffraction study as a function of temperature
on C32H66. They found that the lattice spacing sharply
changed and the diffuse scattering rapidly increased
between 333 and 341 K. They ascribed this phenom-
ena to a highly defective stacking. Kitamaru et al.
[13], Ishikawa et al.[16] and Jarrett et al.[17] studied
the molecular motion ofn-alkanes by using13C NMR
spectrometry and found that the molecular motion of
CH3, �-CH2, �-CH2 and�-CH2 were different from
that of the internal-CH2. Some fluctuational motion
around the C–C bond occurs in the vicinity of the
molecular ends, even below the temperature of the
rotator transition[13]. Levay et al. [18]discussed
the phase transitions in C32H66 and C33H68 by
positron annihilation techniques. They found three
anomalous behaviors in the life time of positron anni-
hilation between 330 and 340 K in C32H66, indicating
some phase transitions. It is noted, however, they
found that CH3 rotation occurred below room tem-
perature both in C32H66 and C33H68. Kim et al. [19]
gave the fractional change of gauche bonds of alkanes
per chain as a function of temperature from infrared
spectra. The disordered gauche bonds become sig-
nificant as temperature increases. Jarrett et al.[17]
interpreted the premelting behavior ofn-alkanes as
due to the change of molecular motion in the vicinity
of the molecular ends. Ishikawa et al.[13] observed
the change of molecular motion of CH3 and �-CH2
between 313 and 343 K in C32H66. Although the
mechanism of the peak found at 338.1 K is not so
clear, it may be related to the disorder of the struc-
ture resulting from the active molecular motion in the
vicinity of the molecular ends.

The enthalpy and entropy change of the new peak
were calculated as 2.11 kJ mol−1 and 6.22 J K−1 mol−1,
respectively, the both of which are 5.2% of the rota-
tor transition. It is noted that the new peak is rather
broad compared with the first and the second peaks.
Such a broad peak indicates that the phase transition
has a cooperative character. One of the explanation
for the cooperative character of the transition would
be due to an interaction among rotating CH3 ends of
neighboring molecules.

The DSC curve of cooling run at the rate of
0.4 mK s−1 is shown inFig. 4, where the four ther-
mal peaks corresponding to melting, the two rotator

Fig. 4. DSC curve of cooling run at the rate of 0.4 mK s−1 of
C32H66 sample.

transitions and the new peak are seen around 341.5,
341.2, 336.2 and 335.5 K, respectively. A small peak
found around 341.2 K is considered to be due to the
rotator transition from RIV to RIII [11], which was
not observed in the heating process owing to the
thermal hysteresis[12]. The peak seen at 336.2 K is
considered to be due to the transition from RIII to
crystal [11]. The peak seen at 335.5 K is considered
to be corresponding to the new peak found at 338.2 K
in the heating run. The difference in the transition
temperatures of the new peak and the two rotator
transitions between the heating and the cooling run is
considered to be mainly due to thermal hysteresis of
the sample, as observed in othern-alkanes[12].

The DSC curves for the solidifying process from
the melting state at the cooling rate of 0.4 mK s−1 and
40�K s−1 are shown inFig. 5, where several small
exothermic sub-peaks are observed between 341 and
341.4 K in addition to the rotator transition from RIV to
RIII and the main solidifying peak. The sub-peaks be-
tween 341 and 341.4 K at the cooling rate of 40�Ks−1

are magnified as shown inFig. 6, where many very
sharp peaks in addition to the rotator transition from
RIV to RIII at 341.2 K are seen. The detection of such
small and sharp peaks indicates the quick response of
the present apparatus as well as the high sensitivity
and the stable baseline of the present apparatus. The
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Fig. 5. DSC curve of C32H66 sample for the solidifying process
from the melting state at the cooling rate of 0.4 mK s−1 and
40�K s−1.

sub-peaks, seen at about 341.3 K, for example, is
magnified as shown inFig. 7, where the temperature
resolution is estimated to be about 1 mK. The heat
generated in the peak shown inFig. 7 is calculated as
91�J, which is very small. Around the temperature

Fig. 6. The magnified DSC curve of C32H66 sample for the so-
lidifying process around 341 K at the cooling rate of 40�K s−1.

Fig. 7. The magnified DSC curve around 341.3 K inFig. 6.

of 341.5 K in Fig. 6, the main solidifying process
is already accomplished and only grain-boundary
regions of each grain are considered to remain dis-
ordered, since the sample is not a single crystalline
but is made of many grains with the size ranging
10�m. During the very slow cooling process, the
solid grains intergrow by absorbing other grains, re-
sulting in reducing the grain-boundary regions. Such
an inter-growth of grains is very similar to that in the
sintering process of ceramics. The grain size is dis-
tributed and the energy to make the inter-growth of
grains is different depending on the grains. Therefore,
the temperature and the energy released due to the
inter-growth of grains is different, resulting in many
exothermic sub-peaks in the DSC curve.

4. Conclusions

1. A high resolution and super-sensitive DSC capable
of cooling control as well as heating control
has been constructed in this study. The tempera-
ture control of the calorimeter was made within
±0.1 mK and the baseline fluctuation of the
calorimeter was within±25 nW, and the tempera-
ture resolution of the calorimeter was estimated to
be about 1 mK.
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2. Phase transitions ofn-C32H66 were measured using
this DSC and a small new phase transition was
found as well as the known rotator transitions and
the melting transition.

3. In the solidifying process from the melting state
at the cooling rate of 40�K s−1, several small
and sharp exothermic sub-peaks were observed
in addition to the rotator transition and the main
solidifying peak. The sub-peaks are considered to
be due to ordering of the grain-boundary regions
by the inter-growth of grains.
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