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Abstract

The phase transitions of binary mixtures ofn-tricosane (C23H48)/n-tetracosane (C24H50) are investigated by Fourier transform temperature
wave analysis (FT-TWA) and differential scanning calorimetry (DSC). The phase diagram determined by both methods gives a good agreement.
Thermal diffusivity shows an odd–even effect at the solid state, and the temperature dependence of thermal diffusivity of the mixture is classified
into two types, odd-like type and even-like type, depending on the mixing ratio. The increase of thermal diffusivity in the rotator phase RI
(orthorhombic rotator phase) prior to the phase transition to�-RII (rhombohedral rotator phase with hexagonal subcell) is found for odd
n
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umbern-tricosane (C23H48). A detailed study of the rotator phase transition is shown by the measurement of thermal diffusivity.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymorphic behavior of crystalline normal alkane (n-
lkane) has been investigated in detail for a long time by var-

ous measuring techniques such as X-ray diffraction[1–3],
ifferential scanning calorimetry (DSC), infrared (IR) and
aman spectroscopy[4], NMR [5], inelastic neutron scatter-

ng [6], and dielectric absorption[7]. A long-term vigorous
tudy has clarified the basic science of linear hydrocarbons
n the basis of the following view points:

1) The crystallography of odd and even numbern-alkanes,
especially concerning the difference in the rotator phase.
The even numbern-alkanes give rise to rotator phase
of type �-RII (n≤ 26; note, that a number of carbon
atoms in a molecule is expressed asn) whereas odd-
numbern-alkanes (n≤ 25) give rise to rotator phase
of type RI; where�-RII is rhombohedral rotator phase
with hexagonal subcell with the space groupR3m, and
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RI is orthorhombic rotator phase with the space gr
Fmmm.

(2) Solid–solid phase transitions prior to melting of hyd
carbon are considered as analogous pre-melting tr
tions found in more complex systems that contain
drocarbon chains as major constituents. These sys
include polyethylene, substituted alkanes, and biolo
membranes.

Broadhurst selected the published data, and classifie
crystal system ofn-alkanes (CnH2n+2) based on the even a
the odd number of carbon atoms,n [8], and the precise cry
tallographic classification has been reported including th
nary blend systems ofn-alkanes[9–13] in the current study

For instance, at room temperature, the crystal structu
odd-numbern-alkane is orthorhombic, whereas even-num
n-alkane withn≤ 24 is triclinic, or monoclinic withn≥ 26
[8]. The difference of crystal system between the odd
the even-numbern-alkane originates in the difference of
ordered state of packing with the end methyl group. Whe
molecular chain axis is tilted in triclinic or monoclinic, on
oshimas@o.cc.titech.ac.jp (T. Hashimoto). the molecular chain having the even number carbon atoms
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can have the ordered symmetry state of end methyl group
required for lower energy. If the odd number chain is tilted
and one end group is assumed taking lower energy position,
the other end group is forced to take a higher energy position.
So, the odd numbern-alkane is required to form no tilting
structure like orthorhombic or hexagonal.

The crystal systems of the odd and the even numbern-
alkanes have been clarified with a variety of techniques. The
lattice spacing and the lattice parameter have been precisely
determined as a function of temperature by X-ray diffraction
[4,14–17]. Heat capacity and relative specific entropy were
studied by DSC[14,15]. However, the heat transport prop-
erty, such as thermal conductivity or thermal diffusivity, of
n-alkane has not yet been sufficiently studied. The authors
reported thermal diffusivity ofn-alkane and found a charac-
teristic phenomenon related to the rotator phase, especially in
crystal system of RI observed inn-tricosane (n-C23H48) [18]
andn-pentacosane (n-C25H52) [19], also the specification of
thermal diffusivity in the odd and the even numbern-alkanes
[20].

To clarify the relation with thermal diffusivity and the
previously reported crystal systems, thermal diffusivity of
the binary blend ofn-tricosane (n-C23H48) andn-tetracosane
(n-C24H50) are examined in this study, of which the phase
diagram was previously determined by Sabour et al. and
Dirand et al. based on the X-ray diffraction and DSC
[
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2. Experimental

2.1. Specimen

Two kinds ofn-alkanes,n-tricosane (n-C23H48: hereafter
abbreviated to C23) andn-tetracosane (n-C24H50: C24) were
obtained from Tokyo Chemical Industry Co. Ltd. and were
used without further purification. The purity grade was over
99 mol%.

The binary mixtures of various molar proportions, in-
cluding pure-C23 and pure-C24, were prepared as listed in
Table 1. Each mixture in the liquid state was sealed in the
cell and pre-cooled at a rate of 0.5◦C/min to 25◦C. The sam-
ple for the measurement of DSC was prepared in the same
procedure.

2.2. Measurements

The measurement of thermal diffusivity,α, was performed
by using FT-TWA developed in our laboratory[24–27]. In this
method, temperature wave is generated by ac Joule heating
on the front surface of the film-shaped specimen, and then the
temperature wave propagating in the specimen is detected on
the rear surface. The square pulse train with a variable duty
factor is used as the input of ac voltage. Detail of the com-
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Temperature wave analysis (TWA)[18,21–23] and

ourier transform temperature wave analysis (FT-TW
19,20,24–27]have been developed for measuring ther
iffusivity of thin film. In particular FT-TWA enables s
ultaneous measurement of thermal diffusivity at mult

requencies at a time in a temperature scan, therefore th
uency dependent thermal diffusivity is observed at a t

or example, in the glass transition of polymers[24–27]and
he rotator phase transitions ofn-pentacosane[19]. The fre-
uency dependent thermal properties such as specific

28–31]and thermal effusivity[28,32] have also been stu
ed by 3ωmethod, ac calorimetry and temperature modul
SC.
In this study, the solid–solid phase transition prior to m

ng in the binary mixture ofn-tricosane andn-tetracosane
nvestigated by the measurement of thermal diffusivity w
he method of FT-TWA.

able 1
xperimental conditions and the characterized temperature of binary

amples Temperature wave frequ

23:C24 (mol%) Thickness (�m)

00:0 104 7–21
0:10 101 7–21
0:30 94 10–30
0:50 102 10–30
0:70 93 7–21
0:90 97 4–12
:100 102 8–24
t

utational procedure for solving the one-dimensional
iffusion equation for temperature wave was described
iously [24,27]; the phase delay of eachnth order harmoni
n the rear surface,�θn, is derived as follows:

θn = −
√

nω

2α
d − π

4
− anπ (1)

hereω is the angular frequency of the temperature w
the specimen thickness,a a duty factor of the input squa
ulse train, andn the order of harmonic. Eq.(1)is transformed

nto the following equation:

n = nω

2

d2

(
�θn + π

4 + anπ
)2 (2)

here thermal diffusivity is determined with the phase d
θn and the angular frequencynω of each harmonic as

unction of temperature.

es of-tricosane andn-tetracosane

Hz) Temperature (◦C)

T1 T ′
1 T ′′

1 T2 Tf Tem

37.1 38.8 42.2 45.4 47.3 48
36.2 37.6 41.5 45.4 47.6 49
36.0 38.2 42.0 45.7 48.5 50
36.7 38.8 42.3 45.9 49.0 50
38.1 40.7 43.4 46.7 49.5 51
42.7 45.4 – 47.5 50.5 51
48.0 – – 48.7 51.3 52



64 N. Miyamoto et al. / Thermochimica Acta 431 (2005) 62–67

The thickness of the specimen was kept constant at a cer-
tain load with a spacer by setting the periphery of the spec-
imen free in the cell. A duty factora of the square pulse
train input on the heater was set as 0.125. The frequency
chosen for the measurement of each specimen was listed in
Table 1. The amplitude of the temperature wave was selected
to be less than 0.1◦C on the front surface. Phase delay at
each harmonic, first to third, was measured as a function of
temperature at a heating rate of 0.1◦C/min.

Perkin-Elmer DSC-7 was used for the measurement of
heat capacity with 1–4 mg specimen of each mixture. The
specimen was melted first and pre-cooled at a rate of
0.5◦C/min in an aluminum pan. The measurement was car-
ried out at a heating rate of 0.5◦C/min in an atmosphere of
nitrogen. The temperature calibration was carried out by in-
dium and tin, and the heat flow rate was calibrated with the
heat of fusion of indium.

3. Results and discussion

3.1. DSC measurement

Fig. 1shows the heat capacity of the mixtures of C23 and
C24. Each heat capacity curve shows two sharp and large
endothermic peaks. Furthermore, the tiny endothermic peak
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Fig. 1. Heat capacity of C23 + C24 mixtures with the heating rate of
0.5◦C/min: (a) normal drawing and (b) enlarged drawing.

which a partially melting starts and at which the specimen be-
comes isotropic liquid, respectively, by the observation with
the polarized optical microscope. A significant difference of
thermal diffusivity can be observed between pure-C23 and
pure-C24, for example,T ′

1 (an initial temperature for the bot-
tom plateau) andT ′′

1 (a completion temperature for the bottom
plateau) are observed only for odd number C23, not for even
number C24. The characterized temperatures of the mixtures
are listed inTable 1, whereT ′

1 andT ′′
1 are observed in the high

C23 mol% range, 100–30 mol%, on the other hand, onlyT ′
1

is seen in 10 mol% of C23, and both are not observed in
s observed between these two peaks for six specimens e
or pure-C24. As depicted inFig. 1, each peak is named
-1, s-2 and s-melting. The enthalpy�H of each transitio
n Fig. 1is plotted against the molar concentration of C2
ig. 2. The melting enthalpy is regarded as almost con

rrespective of the C24 ratio. On the other hand,�H of s-1
hanges depending on the ratio of C24, especially at the
ore than 70 mol% of C24. The presence of another b
eak between s-1 and s-2 is also recognized in pure
ssumed corresponding to the peak reported by Diran
oworkers[10,11]and Doucet et al.[14]. The peak positio
f this broad peak is named s-3p in the following.

.2. Thermal diffusivity measurement

Fig. 3 shows thermal diffusivity of the C23 + C24 m
ures determined by first to third harmonics in the freque
ange of 4–30 Hz at a heating rate of 0.1◦C/min. The ther
al diffusivity of each mixture in the liquid phase at 55◦C

s 0.81× 10−7 m2/s, so each result is plotted by a shift
epicted inFig. 3. Pure-C23 and pure-C24 show the dif
nt temperature dependence of thermal diffusivity, whic
onsidered as the so-called odd–even[33] effect for therma
iffusivity, the further is shown below.

Fig. 4 illustrates thermal diffusivity of (a) pure-C23 a
b) pure-C24, respectively, showing the definition of the c
cterized temperatures for each. For pure-C23, six o
haracterized temperatures,T1, T ′

1, T ′′
1 ,T2,Tf andTemare de

ned. On the other hand, four are defined,T1,T2,Tf andTem,
or pure-C24.Tf andTem correspond to the temperatures
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Fig. 2. Relationship between the transition enthalpy and the concentration
of C24 for the C23 + C24 mixtures: (�) s-1; (♦) s-2; (�) s-melting.

pure-C24. Considering from a view point of the existence of
T ′

1 andT ′′
2 , the mixtures are classified into the odd-like type,

and the even-like type, for example, those of 100–30 mol%
of C23 are the odd-like type, 90 mol% of C24 is intermediate

F
d
i
f
e

Fig. 4. Schematic diagram of the definition of the characterized temperature
of thermal diffusivity.

between the odd and the even-like types, and pure-C24 is the
even-like type.

The relationships between crystal systems previously de-
termined by X-ray diffraction[4,10,11,14–17]and the tran-
sition temperatures (T1, T ′

1, T ′′
1 ,T2 andTf ) determined in this

study by TWA are summarized as follows.
The characterized temperatures of C23H48 are attributed

as:

• T1: transition temperature fromβ0
′ to β, corresponding to

s-1 by DSC;
• T2: transition temperature from RI to�-RII, corresponding

to s-2 by DSC;
• Tf : transition temperature from�-RII to liquid state, cor-

responding to s-melting by DSC;
• T ′

1 andT ′′
1 : not attributed[34].

The characteristic temperatures of C24H50 are attributed as:

• T1 (T2): transition temperature fromγ to �-RII, corre-
sponding to s-1 by DSC.

• Tf : transition temperature from�-RII to liquid state, cor-
responding to s-melting by DSC.

Notations and the schematic relationships between the crystal
phases and the transition temperatures of C23H48 and C24H50
are shown inTable 2. The phase transition temperatures de-
t the
r
c

ig. 3. Thermal diffusivity of C23 + C24 mixtures obtained from the phase
elay of the first to the third harmonics in heating. The specimen thickness

s about 100�m. The heating rate is 0.1◦C/min, and a duty factor and the
undamental frequency of the temperature wave is 0.125 and 4–10 Hz. For
ach mixtures: (©) first; (×) second; (♦) third harmonic.

se,
b ry
c nge
w
s

ermined by TWA and DSC corresponds well also with
eported studies, although the attribution ofT ′

1 andT ′′
1 is not

lear at present[34].
The deviation from Eq.(1) observed in the rotator pha

etweenT2 andTf prior to melting, suggests the imagina
omponent of thermal diffusivity in this temperature ra
here the thermal diffusivity determined by Eq.(1) must be
hown as the apparent value.
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Table 2
Crystal phase and phase transition temperatures of C23H48 and C24H50

Notations: crystal phases of C23H48 [11,12]; β0: orthorhombic phase with
the space groupPbcm;β′

0: orthorhombic phase which appears above the
transitionδ; β: C-face centered rotator phase, or orthorhombic phase, or
monoclinic phase with the space groupC2/c; RI: orthorhombic rotator phase
with the space groupFmmm;α-RII: rhombohedral rotator phase with hexag-
onal subcell, space groupR3̄m; crystal phases of C24H50 [10,11];γ: triclinic
phase;�-RII: rhombohedral rotator phase with hexagonal subcell.

Fig. 5shows thermal diffusivity of the C23 + C24 mixtures
in the solids (25◦C) and in the liquids (55◦C). The thermal
diffusivity of the mixture in the liquid state is independent
on the mixing ratio. Forn-alkanes and alkane derivatives, it
has been reported that thermal diffusivity in the liquid state is
independent on the number of carbon atoms,n, and the termi-
nal functional group[24], where the molecular configuration
is random and the molecular mobility is high. It is assumed
that the heat transfer in the liquid phase will be performed
between the adjacent molecules by the collision of the part of
methylene unit, so thermal diffusivity is independent of the
number of carbon atoms or the mixing ratio.

On the other hand, in the state of solid, thermal diffusiv-
ity depends on the mixing ratio. Thermal diffusivity of the
C23 + C24 mixture is lower than that of pure-C23 or pure-

F n of
C
i

C24. This result suggests the end methyl group effect on ther-
mal diffusivity of the molecular crystal. That is, the presence
of C24 causes the disorder of the crystallographic structure
of C23, particularly of the regularity in the end methyl group
plane, so that it can be assumed that the heat conduction will
be scattered by the end-methyl group.

3.3. Phase diagram

The phase diagram of the C23 + C24 mixtures is shown
in Fig. 6. The solid curves inFig. 6 are reported previously
from Dirand and coworkers[10,11], the full symbols show the
onset temperatures of the peaks (s-1, s-2, s-melting) observed
by DSC inFig. 1and the empty symbols are the temperatures
(T1, T ′

1, T ′′
1 , T2 andTf ) defined inFig. 4by FT-TWA.

It is clarified that the characteristic temperatures (T1, T ′
1,

T2, andTf ) of thermal diffusivity give a fairly good agree-
ment with the phase transition temperatures determined by
DSC and by Dirand et al.[11]. It means that the thermal dif-
fusivity corresponds well to the identified crystal structure
and the steep decrease or increase of thermal diffusivity cor-
responds to each phase transition as shown inTable 2. For in-
stance, pure-C23 and mixtures up to 75 mol% of C24 undergo
the transformation from orthorhombic to rotator phase (or-
thorhombic rotator phase (RI) to rhombohedral rotator phase
( in-
c transi-
t l%
o

F
1 sition
d
( WA.
T and et
al. [12].
ig. 5. Relationship between thermal diffusivity and the concentratio
24 for the C23 + C24 mixtures: (�) at the room temperature (25◦C); (�)

n the liquid phase (55◦C).
�-RII)), and finally to liquid phase with the temperature
rease. On the other hand, pure-C24 shows the phase
ion from triclinic to�-RII, and to liquid phase, and 90 mo
f C24 undergoes RI between triclinic and�-RII. The major

ig. 6. Phase diagram of the C23 + C24 mixtures. The filled symbols ((�) s-
, (�) s-2 and (�) s-melting) show the onset temperature of phase tran
etermined by DSC and the empty symbols ((©) T1, (�) T ′

1, (♦) T ′′
1 , (�) T2,

�) Tf ) are the characterized temperature of thermal diffusivity by FT-T
he solid curves are the previously reported phase diagram from Dir
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difference between each crystal system is the packing den-
sity in the plane of end methyl group and the tilt angle of the
methylene chain to the end-methyl plane. Therefore, it is con-
sidered that the phonon mode at the interface of end-methyl
plane dominates the thermal diffusion in the mixtures.

In view of the molar concentration (of C24) dependence
of each characteristic temperature (Tf , T2, T1, T ′

1 andT ′′
1 ), it

is understood that the odd–even effect disappears aboveT2,
where the total molecular weight of the mixture governs ther-
mal diffusivity, andTf orT2 increases linearly with the molar
concentration of C24. On the other hand, the mixed crystal
structures of the odd and the even[11] belowT2 originate the
complicated molar concentration (of C24) dependence ofT1,
T ′

1 andT ′′
1 .

In principle, temperature modulation technique takes an
advantage less influenced by the latent heat. That is consid-
ered one reason forT ′

1 andT ′′
1 observed by FT-TWA.

4. Conclusions

The phase transitions of binary mixtures ofn-tricosane
(C23H48)/n-tetracosane (C24H50) were investigated by FT-
TWA and DSC. The phase diagram determined by both meth-
ods gave a good agreement. Thermal diffusivity showed the
odd-even effect at the solid state, and the temperature de-
p fied
i on
t the
l

ta-
t
R ix-
t ula-
t is
u ular
c

R

em.

[3] W. Piesczek, G.R. Strobl, K. Malzahn, Acta Cryst. B30 (1974)
1278.

[4] G. Ungar, N. Masic, J. Phys. Chem. 89 (1985) 1036.
[5] R.E. Dehl, J. Chem. Phys. 60 (1973) 339;

H.G. Olf, A. Peterlin, J. Polym. Sci., Part A-2 8 (1970) 791.
[6] D.H. Bonser, J.F. Barry, M.W. Newberry, M.V. Smalley, E. Granzer,

C. Koberger, P.H. Nedwed, J. Sheidel, Chem. Phys. Lett. 62 (1979)
576.

[7] J.D. Hoffman, J. Chem. Phys. 20 (1952) 541.
[8] M.G. Broadhurst, J. Res. Natl. Bur. Std. 66A (1962) 241.
[9] A.R. Gerson, S.C. Nyburg, Acta Cryst. B50 (1994) 252.

[10] A. Sabour, J.B. Bourdet, M. Bouroukba, M. Dirand, Thermochim.
Acta 249 (1995) 269.

[11] M. Dirand, Z. Achour, B. Jouti, A. Sabour, Mol. Cryst. Liq. Cryst.
275 (1996) 293.

[12] J. Fenrych, E.C. Reynhardt, I. Basson, Chem. Phys. Lett. 275 (1997)
215.

[13] I. Paunovic, A.K. Mehrotra, Thermochim. Acta 356 (2000) 27.
[14] J. Doucet, I. Denicolo, A. Craievich, A. Collet, J. Chem. Phys. 75

(1981) 5125.
[15] G. Ungar, J. Phys. Chem. 87 (1983) 689.
[16] A.F. Craievich, I. Denicolo, J. Doucet, Phys. Rev. B 30 (1984) 4782.
[17] I. Denicolo, J. Doucet, A.F. Craievich, J. Chem. Phys. 75 (1981)

1523.
[18] T. Tsuji, T. Hashimoto, Netsu Sokutei 19 (1992) 156.
[19] J. Morikawa, T. Hashimoto, Thermochim. Acta 352/353 (2000) 291.
[20] N. Miyamoto, J. Morikawa, T. Hashimoto, Netsu Sokutei 30 (2003)

98.
[21] T. Hashimoto, Y. Matsui, A. Hagiwara, A. Miyamoto, Thermochim.

Acta 163 (1990) 317.
[22] T. Kurihara, J. Morikawa, T. Hashimoto, Int. J. Thermophys. 18

[ cta

[ 4.
[
[ 3.
[ ess.

[ 03

[ 94)

[ 77.
[

[
[
[ nd

e in
endence of thermal diffusivity of the mixture was classi
nto the odd-like type and the even-like type depending
he mixing ratio. On the other hand, thermal diffusivity in
iquid state was independent on the mixing ratio.

The specific increase of thermal diffusivity in the ro
or phase RI (atT ′′

1 ) prior to the phase transition into�-
II was clearly observed in odd number C23 and the m

ures of higher concentration of C23. Temperature mod
ion method for the measurement of thermal diffusivity
seful to study of the rotator phase transitions of molec
rystals.

eferences
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