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Abstract

The phase transitions nfC,,H6 have been measured by using a high resolution and super-sensitive DSC. The crystal—-rotator
transition and the rotator—-melt transition were observed both in the heating and in the cooling run, although a rotator—rotator
transition was observed only in the cooling run. A new peak was found at about 3 K above the ‘bulk’ melting temperature. It
is considered to be due to the order—disorder transition of a monolayer on the surface of the liquid alkane. When the cooling
rate was below 0.1 mK3, the peak due to solidification was separated to give another phase transition.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction tering study. They3] also made a calorimetric study of
the n-alkanes: GHy, 12 (20 < n < 30) using an adi-
The normal alkanes CH(CH,),,_»—CHs are the abatic scanning calorimeter and found rotator—rotator
most simple organic systems and form the basis transitions corresponding to the rotator phases found
of lipids, surfactants, liquid crystals, and polymers. by the X-ray scattering studj2]. Dynamical struc-
The alkanes have characteristic crystalline phases,tures of the R phases of-alkanes have also been
which are commonly called rotator phases (R phases), studied by means of optical observati@h-6], X-ray
just below their melting points. In these phases, the power diffraction[7-9], photoacoustic and exoelec-
molecules revolve about their long axes and behave tron emission techniqued0], infrared spectroscopy

as if they were in a liquid state. Broadhurfi] [11], nuclear magnetic resonand®-14]. Yamamoto
found then-alkanes with 9< n (odd) < 39 and with and coworker$l5-17]studied the detailed dynamical
20 < n (even < 38 to have the R phases. structures of the R phases using the molecular simu-

Sirota et al[2] found five R phases, which are char- lation method, such as Monte Carlo (MC) and molec-
acterized in terms of the molecular tilt, side packing, ular dynamics (MD).
azimuthal ordering and layer stacking by X-ray scat- Wu and coworkerg18,19] discovered the surface
freezing phenomenon, in which a thin layer at an

* Corresponding author. Tel:81-43-290-2599; alrlllq_wd interface crystalllzes_ durlng cqollng at about
fax: +81-43-290-2519. 3K higher than the bulk melting point in molten nor-
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and surface tension measurements. Yamamoto andsolidifying process and found the magnetic effect on
coworkers[20—-22] investigated this phenomenon us- the phase transitions 0fCzyHgg and EBBA[28,29].

ing the molecular simulation method. The molecules  In the present paper, the phase transitions of pure
in the monolayer are hexagonally packed and oriented n-CooHss have been measured at very slow heat-

perpendicular to the surfa¢e8—22]. Yamamoto etal. ing and cooling rates using a high resolution and
[23] investigated the surface freezing effect of penta- super-sensitive DSC, which has been developed by
contane (n-GoH102) and tetratetracontane (ngHgo) us. The detailed behaviors of the rotator transitions,

films evaporated on a copper substrate by differ- the different behaviors of the transitions between the
ential thermal analysis (DTA) simultaneously with heating and the cooling run and the surface freezing
the measurement of surface-specific ultraviolet (UV) phenomenon have been shown and their mechanisms
photoemission. have been discussed.

Thermal measurement is a powerful tool to obtain
thermodynamic information for the phase transitions
of n-alkanes. Finke et a[24] made a calorimetric 2. Experimental
study of GHz,42 (8 < n < 16). They found rota-
tor transitions for GHy,.» containing an odd num-  2.1. Apparatus
ber of carbon atoms and gave enthalpies of the tran-
sitions. Barbillon et al[25] obtained the enthalpies We have improved the high resolution and super-
of n-alkanes GH2,42 (18 < n < 26) using a dif- sensitive heat-flux type differential scanning calorime-
ferential calorimeter from 260 to 340K, and found ter in order to obtain a more stable baseline. The
solid-phase transitions. Domanska and Wyrzykowska schematic drawing of the new home-made high reso-
[26] obtained the heat capacities and enthalpies for lution and super-sensitive DSC is showrfig. 1. The
the solid—solid transitions and the melting transitions temperature difference between atest sample and a ref-
for CooHye, Co4Hs0, CosHsg and GgHsg by DSC at a erence one, produced by a heat absorbed in or released
heating rate of 1 K min!. These measurements, how- from the sample, was measured by thermoelectric
ever, are considered to be neither sensitive nor stablemodules, TM1 and TM2, which were made of many
enough to detect the fine structure of the rotator tran- semiconducting thermoelectric elements connected
sition and to detect the surface freezing phenomenon.in series. The output voltage of each thermoelectric
The following points may be required to achieve this. module was about 7.8 mV#. Such a high voltage
The first one is to achieve the enough sensitivity of signal for a temperature difference is one of the mer-
the apparatus. The second is to measure in both theits of this calorimeter. The temperature of the sample
directions of heating and cooling, since some rotator was measured using a Pt resistance thermometer, TS1,
transitions have thermal hysteref2$. The third is to which was regarded as the temperature of the sam-
achieve the measurement at a very slow rate of heat-ple. The temperature control of the calorimeter was
ing and cooling, since the fine structure of the transi- made two-fold. One was made using a Pt temperature
tions cannot be resolved by a usual scan rate, such assensor, TS2, by controlling the heater attached at the
1Kmin1, thick metal vessel. The other was the precise temper-

Our research grouf27—-29] has constructed a high  ature control using a Pt resistance thermometer, TS3,
resolution and super-sensitive DSC with a baseline by controlling the current of thermoelectric module,
stability of £3nW capable of measuring at a very TM3. The measurement can be made in either direc-
slow scan rate such as i s™! in both the direc- tion of heating or cooling with this apparatus. The tem-
tions of heating and cooling. One of the driving forces perature region measurable in the DSC is between 220
to develop such a high resolution and super-sensitive and 400 K and the dQ/degion is from 3nW to 1 W.
DSC is to detect a magnetic effect of diamagnetic sub- The practical region of cooling and heating rate mea-
stanceg28,29], which is expected to be very small. surableinthe DSCisfromiKs 1to 10mKs. The
We measured the phase transitionse®3oHgs [28], calibration of temperature of TS1 was made by mea-
using the calorimeter and observed a new phase tran-suring the melt point of five kind of standard samples,
sition and several small exothermic subpeaks in the H2O, Hg, Ga, GgH3202 and GH3N. The calibration
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Fig. 1. The schematic drawing of the high resolution and super-sensitive DSC, where TS1-3 are Pt resistance thermometers, C1-5 are
copper shields, B1-3 are copper blocks and B4 is an aluminum block.

of energy was made by measuring the specific heat these measurements several times and found that the
capacity of the standard sample of a single crys- curves are almost the same. We can see two large en-
talline alumina. The temperature control was within dothermic peaks centered at 316.22K (peak 3) and
+0.15mK and the stability of the baseline was within 317.25K (peak 2) fronFig. 2. Peak 3 is known as
+3nW at 300K about one order of magnitude better
than the previous onR7,28]. This DSC can be used
to measure heat capacity. The heat capacity of the alu-
mina was measured within an inaccuracy of [29].

2.2. Sample

|
o
3

The GyHss sample was purchased from National
Institute of Standards and Technology (NIST), and
its purity was higher than 99.999%. The sample was
enclosed in an aluminum capsule for the DSC mea-
surement. The sample amount was 1.28 mg for the
cooling rate of .uK s~ and 2.48 mg for other heating
and cooling rates.
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3. Results and discussion W
The DSC curve for docosane of the heating run at a rig. 2. DSc curve of the heating run at a rate of 0.5mK sf

rate of 0.5 mK st is shown inFig. 2. We have made  CysHag sample.
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Fig. 4. DSC curve of the cooling run at a rate of 0.5mK of
Fig. 3. The magnified DSC curve of the heating run at a rate of CyyHe Sample.
0.5mK s of CyoHag sample.

due to the solid—solid transition from the crystalline phases, the Rl and RIl are known to exist igpB46
phase to the rotator phase, and peak 2 is due to theaccording to Sirota et a[2,3]. The RI phase has a
transition from the rotator phase to the liquid phase distorted-hexagonal lattice, where the magnitude of
[2,3,7,25,26,30]. The enthalpy changes of peak 2 and the distortion can be expressed by the order parameter
peak 3 were 48.7 and 28.4 kJ mb) respectively, in D (D = 0 corresponds to the hexagonal (RIl) phase).
good agreement with the values obtained by SchaererThis structure most closely resembles the alkanes of
et al.[30], 48.96 and 28.20 kJ mot. The magnified most prevalent low temperature phase (orthorhombic)
curve ofFig. 2is shown inFig. 3, where a new peak and has the layers, which are stacked in an AB bilayer
(peak 1) is observed around 320.36, 3.11 K above the stacking sequence. Rl phase has been observed only
melting temperature. It is considered to be due to fu- on cooling[2]. On the other hand, RIl phase is the
sion related to the surface freezing phenomenon. The phase of highest symmetry. Each layer has an average
baseline of the heat flux in the liquid phase is about hexagonal symmetry and the layers are stacked in an
0.3pW higher than that in the crystalline phase, which ABC trilayer stacking sequendg,3].
indicates that the heat capacity is different betweenthe Peak 2 inFig. 4 is due to the transition from the
crystalline phase and the liquid phg26]. In contrast liquid phase to the rotator phase RII, which is the
with the sharp change of the baseline around 317.5K solidification process. Peak 3 Fig. 4 is due to the
in the liquid phase, the gradual rise of the baseline solid—solid transition from the rotator phase RIl to
from the crystalline phase to the onset of the rotator the other rotator phase RI. Peak 5Rig. 4 is due to
phase is observed between 315 and 316 K. This is duethe solid—solid transition from the rotator phase RI to
to the increase of some fluctuational motions around the crystalline phase. The magnified curveFi. 4
the C-C bond within the potential minimum in the is shown inFig. 5, where peak 1 at 320.34 K, peak 6
vicinity of the molecular chain ends in the crystalline at 307.55K and a broad exothermic peak (peak 4) in
phase before the peak 3 is formdd]. the rotator phases are seen. The enthalpy changes of
The DSC curve of the cooling run at a rate of the peaks are obtained by integrating the area of them
0.5mK s is shown inFig. 4. We can see two large  and are listed ifTables 1 and 2.
peaks, peak 5 around 310.95K and peak 2 around Peaks 1 both on heating shown kig. 3 and on
317.15K. A very small new peak (peak 3) is ob- cooling shown inFig. 5are due to the surface freez-
served around 315.95K besides them. Two rotator ing phenomenon. The thermal peak due to the surface
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Fig. 5. The magnified DSC curve of the cooling run at a rate of
0.5mKs? of CpoHge sample.
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melting enthalpy obtained from peak 2. On the other
hand, the ratio of the molecular number of the surface
monolayer to that of the whole sample is calculated as
2.02 x 107° using the data of the surface area of the
sample in the Al pan, the densify] and amount of
the used sample, and the length of docosane molecule
[7], assuming that the molecules form a monolayer on
the surface. The fact that the observed ratio of the en-
thalpy change is about four times larger than the cal-
culated ratio indicates that the ordered phase on the
surface of liquid alkane penetrates to the melt. The en-
thalpy change of peak 1 on cooling is larger than that
on heating. This is considered to be due to the phe-
nomenon that some pieces of monolayer is still left
after the melting of a monolayer on the surface of lig-
uid alkane on heating.

The origin of the broad exothermic peak (peak 4)
in the RI phase and RIl phase is considered to be
related to the rotational action of GHbonds, since
it appears at 317.2K at the beginning of RIl phase

freezing phenomenon using a bulk sample is detected gng suddenly disappears at 311K at the end of the

for the first time, showing the high sensitivity of the
calorimeter. Peak 1 detected on heating showidn3

RI phase inFig. 5. It may be due to the excited con-
formational states in the rotator phases. The structural

is due to the heat absorbed by the fusion of a mono- excitation is called as the kink {gtg~) according to
layer formed on the surface of liquid docosane, and Zoppo and Zerbj31], which is the combination of one

peak 1 detected on cooling shownFkig. 5is due to

trans and two gauche states of rotating abbnds.

the heat generated by the formation of a monolayer Ajthough the transition becomes significant after the
on the surface of liquid docosane. The temperature of s|ig—solid transition from the rotator phase Rl to the
peak 1 on cooling is 20 mK below that of heating be- otator phase RI in the cooling process, it is consid-
cause of super-cooling. The enthalpy change of peak ereq to start with the transition at 317.15K from the

1 on heating is calculated as 4.4 Jmbl which is
9.03x 10~ times smaller as compared with that of the

Table 1

liquid phase to RIl phase. The estimated transitional
range of the excited conformational states is shown us-
ing dotted lines irFig. 5. It is considered that there is
about one kink per one molecular chain as an average

Enthalpy change due to the phase transitions and the ratio to thejudging from the kink energy, 4-6 kJ md [32] and

melting enthalpy of docosane on heating

the enthalpy change of peak 4, 5.9 kJ miglas given

Peak 3 Peak 2 Peak 1 in Table 2. The location of the kink in the molecular

T (K) 316.22 317.25 320.36 chain would be different from molecule to molecule
1 . .
AH (Imor?) 25(3)-48X 10°  48.7x 10° 4é403x o because of the interaction among them. The concen-
Ratio o ! 031 tration of the kink gradually decreases while cooling
Table 2
Enthalpy change due to the phase transitions and the ratio to the solidification enthalpy of docosane on cooling
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6

T (K) 320.34 317.15 315.95 312.90 310.95 307.55
AH (Imot?) 4.6 48.7 x 10° 0.36 x 10° 5.9 x 10° 9.8 x 10° 0.24
Ratio 9.45x 10°° 1 8.21x 1073 0.12 0.20 4.93x 10°°
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and then suddenly disappears at the transition from RI two peaks. The enthalpy change of the higher tem-
phase to the crystalline phase. perature side is 37.1kJ mdl and the one of the low
The enthalpy change of peak 6 showrilable 2is temperature side is 5.6 kJmdl The total of them is
very small. It is 5.22x 1072 times smaller as com-  smaller than the enthalpy change of peak 2, which is
pared with that of the formation enthalpy of a mono- shown inTable 2. The enthalpy change of pedkis3
layer on the surface of liquid docosane obtained from 158.2 Jmot?!, about 44% of the one of peak 3. It is
peak 1. Therefore, peak 6 would be considered as theconsidered that a new series of rotator—rotator transi-
heat generated by the solidification of rotation of the tionis observed here. Since the transition temperatures
molecular chain ends of the surface monolayer on the of peak 2 and peak 3are as same as the ones of peak
crystalline of docosane, after transition from rotator 2 and peak 3, respectively, the new rotator phases are
phase RI to crystalline phase. named as Rl) RIl”, and RI, respectively, irFig. 6.
Peak 3 detected on cooling, which is showiig. 5 Many very sharp anomalies are observed around
is due to the heat generated by the transition from the 317.2K in addition to the transition from liquid to
rotator phase RIl to RI, where the structures are ABC the rotator phase RllAround 317.2 K, the main so-
trilayer stacking sequence and AB bilayer one, respec- lidifying process is already accomplished and only
tively. The magnitude of the enthalpy of peak 3 shown grain-boundary regions of each grain are considered
in Table 2is only 360 J mot?. Itis 7.39x 103 times to remain disordered, since the sample is not a single
smaller as compared with that of the solidification en- crystalline but is made of many grains. During the very
thalpy obtained from peak 2, and just only one-seventh slow cooling process, the solid grains intergrow by ab-
of the thermal energy, at that temperature, RT. This sorbing other grains, resulting in the spiky exothermic
fact suggests that the displacement of molecules peaks due to the ordered grain-boundary regions.
through the transition is considered to be small, al- The magnified curve ofig. 6 around 317K is
though the geometrical symmetry changes during the shown inFig. 7, where many very sharp anomalies
transition. are also observed around 317.05K in addition to the
The magnified curves around the melting temper- transition from the rotator phase Rib the other rota-
ature of DSC curves of the cooling run at a rate of tor phase RIl. Around the temperature of 317.05K,
5uK s~1is shown inFig. 6, where the transition from  the main transition process is already accomplished
liquid phase to the rotator phase RIl is separated into and the RIl phase is considered to remain only in
grain-boundary regions of each grain. During the very
slow cooling process, the Rillgrains intergrow by
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Fig. 6. The magnified DSC curve around melting point of the
cooling run at a rate of BKs™1 of CpoHge sample. Fig. 7. The magnified DSC curve of Fig. 6 around 317K.
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Fig. 8. The magnified DSC curve of Fig. 6 around 315.9K.

absorbing other grains, resulting in the exothermic
peaks due to the more ordered grain-boundary regions.

The magnified curve of Fig. 6 around 315.9K is
shown in Fig. 8. Many spiky exothermic peaks are
seen due to the solid-solid transition from RIl” to RI".
The origin of thetransition is not known at present, but
may be related to the distorted structure of Rl phase,
which is very sensitive to the order parameter such
as the molecular tilt, side packing, azimuthal ordering
and layer stacking.

4. Conclusions

The new behaviors of the phase transitions in
n-CxoHye have been found at the measuring condi-
tions of slow heating and cooling rates using a high
resolution and super-sensitive DSC.

(1) The crystal—rotator, the rotator—rotator transition
and the melting transition show different behav-
iors between the heating and the cooling run. In
the heating process, the crystalline phase changes
into RII phase and then it becomes liquid phase.
In the cooling process, the liquid phase changes
into RIl phase and then changes into RI phase, at
last it becomes the crystalline phase.

(2) The peak dueto the liquid to RIl phase transition
is separated into two peaks at a very slow cool-
ing rate, showing a new series of rotator—rotator
transition.

(3) A broad peak is observed in the rotator phase in
the cooling run. It isinterpreted as due to the con-
formationa excitation state such as a kink in the
rotator phase.

(4) The formation and disappearance of a monolayer
on the surface of liquid alkane is observed about
3K above the melting temperature using a bulk
sample.

(5) A very small new peak is observed at 307.55K.
It is interpreted as due to the solidification of ro-
tation of the molecular chain ends on the surface
monolayer in the cooling process.
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