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The rotator phase transition in n-alkane single crystal was investigated mainly by means of
in situ optical microscopy. It was found that ‘wrinkles’ appeared on heating at a
temperature slightly below the transition point, and that the rotator phase grew from the
wrinkle. It is proposed that the appearance of the winkle is a precursor of the transition. The
nucleus of the rotator phase was considered to be formed in the wrinkle. The nucleation
rate of the primary nucleus of the rotator phase was also measured. The primary nucleation
rate was found to be proportional to exp (−C/1T 2), which means that the primary nucleus is
three-dimensional one. It was concluded from the results of the morphological observation
and the consideration of the observed C value that the primary nucleus is heterogeneously
formed in the precursor winkle and that the rotator phase transition is controlled by the
nucleation and growth. On cooling, on the other hand, no precursor was observed prior to
the transition, and significant large supercooling was observed. This type of hysteresis is
commonly observed in the first-order phase transitions in materials. It was shown that the
origin of the hysteresis has close relation to the mechanism of the primary nucleation. A
universal model of the origin of the hysteresis was proposed, and the tangible evidence of
it was shown in the case of n-alkane. C© 2000 Kluwer Academic Publishers

1. Introduction
First-order phase transitions, such as melting and crys-
tallization, solid-solid phase transition, etc., are impor-
tant phenomena not only for material sciences but for
material engineering. Therefore, there have been many
studies on the first-order phase transitions, however,
several unsolved problems remain. Those are, for ex-
ample, the kinetics of the solid-solid phase transition
and the hysteresis which is characterized by the differ-
ence in observed transition temperatures between on
heating and on cooling. With regards to the kinetics
of the solid-solid phase transition, there have been a
little studies, which are mainly theoretical ones, be-
cause it was difficult to observe the changes during
the solid-solid transition which usually completes in
a short time. With regards to the hysteresis, the ori-
gin of it have not been revealed using experimental
evidence yet. In our previous work [1], the kinetics
of the growth during the solid-solid phase transition
of n-alkane was investigated and it was shown for the
first time that the growth was mainly controlled by the
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two-dimensional (2D) nucleation during the solid-solid
phase transition.

In this work, it will be proposed that the primary nu-
cleation in the phase transition ofn-alkane on heating
is accelerated by a kind of precursor, which is observed
below the transition temperature as an appearance of
‘wrinkles,’ although there will be remained a little an-
other possibility that the ‘wrinkle’ is not a precursor but
the onset of the transition cased by an impurity effect
which lowers the transition point. It will be also shown
that the hysteresis is due to a difference in mechanism of
primary nucleation between on heating and on cooling.
The purposes of this work are to reveal the mechanism
of the primary nucleation in the solid-solid phase tran-
sition ofn-alkane and to show a tangible experimental
evidence of the hysteresis.

1.1. Phase transitions of long chain
compounds and polymers

The rate of the solid-solid phase transition in long chain
compounds and polymer materials is considered to be
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smaller than that in low molecular weight materials.
Therefore it may be possible to observe changes during
the transition in long chain compounds and polymers.
Furthermore, the hysteresis seems to be more remark-
able with increase in molecular weight. For example in
crystalline polymers, the observed crystallization tem-
perature is about a few tens degrees lower than the
observed melting temperature [2]. Furthermore, in the
crystal of a normal higher alcohol, the marked hystere-
sis is observed in the order-disorder type transition [3].
Takamizawa,et al. [4] reported that the freezing phe-
nomenon of a high-temperature phase was observed in
longern-alkane when the sample was cooled to room
temperature. This is an extreme case, in which the tran-
sition temperature is depressed below room tempera-
ture.

Normal alkane is the simplest of the linear hydro-
carbon molecules, and is often regarded as the model
molecule of other hydrocarbons. Therefore, we will
investigate heren-alkane,n-pentacosane (n-C25H52:
C25).

1.2. Normal alkane
Linear hydrocarbon molecules, such as lipids, oils and
polymers, often show characteristic crystalline phases,
which are commonly called rotator phases (R phases),
just below their melting points [5]. A crystal ofn-alkane
also shows the first order phase transition which we
call the rotator phase transition (the R phase transition)
between the low-temperature ordered (LO) phase and
the R phase [6, 7].

In the LO phase,n-alkane molecules are fully ex-
tended takingall-trans conformations and are regis-
trated in layers in which the molecular chain axes are
parallel with each other, having the long range or-
der with respect to the orientation about their long
axes. In the R phase, theall-trans conformation of the
molecules is partially deformed. The crystal still have
three-dimensional long range positional order crystal-
lographically, but lack the long range order in the orien-
tation about their long axes. Recent X-ray investigations
have shown the presence of five R phases which have
different structures [8–15].

The molecules ofn-alkane in the R phase behave as
if they were in a liquid crystalline state and have high
mobility. The long range diffusion of the molecules are
observed by means of X-ray powder diffraction [16]
and optical microscopy [17, 18]. These characteristics
are considered to be related to various function of bi-
ological membranes. Hence, in recent years, there has
been a growing interest in the R phase.

It is well-known that crystal structure and phase be-
havior of material are usually influenced by an impurity.
In the case ofn-alkane system, the important impuri-
ties are homologous molecules. The binary system of
n-alkane, when the difference in the number of carbon
atoms of the two components is small (within about
four), shows the formation of the solid-solution in the
LO phase, in which the crystal structure is different
from than that of pure alkane [19, 20]. The LO-R phase
transition temperature is also lowered in the alkane bi-

Figure 1 Schematic picture of the phase behavior of C25. The T and P
mean that the molecules are perpendicular to the layer surface and tilt
from the normal to the layer surface, respectively. Phases I, V, and IV
are the LO phases and the RV, RI, and RII are R phases.

nary system. Hence, the puren-alkane sample is con-
taminated with small amount (less than wt%) of homol-
ogous impurity, the impurity molecules are well-mixed
with pure alkane molecules even in the LO phase re-
sulting in lowering of the transition point. In fact, this
effect is more significant for the transitions among the
LO phases [21] than for the LO-R transition.

1.3. Phase transitions and crystal structures
in C25

The phase behavior ofn-alkane depends on its car-
bon number. Fig. 1 shows the phase transitions in C25.
The transitions I→V→RV→RI→RII and RII→RI→
RV→IV→V→I are observed during heating and cool-
ing, respectively [14, 22, 23], where I, V, and IV are the
LO phases, and RV, RI, and RII are the R phases.

It is to be noted that phase IV appears only on cooling.
In n-alkane crystals the phase transitions within the LO
phases sensitively depend on the purity of the sample
[21]. In our previous experiment using C25 with poor
purity, phase IV was observed even on heating by means
of X-ray diffraction [22]. However, when sample with
high purity (99.9 wt%) is used, phase IV does not appear
on heating in C25 [23].

In all LO phases of C25, the side packing is or-
thorhombic (herringbone type), which is the same as
that in the orthorhombic crystal of polyethylene, and
the molecular chain axes are perpendicular to the layer
surface, but only the layer stackings are different [22,
24]. The RV and RI phase have the same orthorhombic
side packing, but the molecules in the RV phase are tilt
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from the layer surface normal [14]. In the RII phase,
the side packing is hexagonal, and the chain axes are
perpendicular to the layer surface.

1.4. Thermal expansion of the lattice in
n-alkane crystal

Orthorhombicn-alkane with herringbone side packing
usually shows larger thermal expansion of the lattice
along thea axis compared with that in other directions,
wherea, b andc are defined to the subcell, in which
the c axis is parallel to the the chain axis, and thea
and b axes are perpendicular to the chain axis. The
lattice constanta shows a significant increase among
the LO phase with increasing temperature, and jump
at the R phase transition [9, 12]. The lattice constantb
also increases with increasing temperature among the
LO phase, but the expansion coefficient is smaller than
that of a. At the R phase transition, theb decreases
discontinuously. It will be discussed in this paper that
the difference in expansion of the lattice have relevance
with the origin of the precursor wrinkles.

1.5. Purpose
In this study, we focus on the R phase transition
(LO←→ R) in C25 crystal. The change in the morphology
was observed during the transition usingin situoptical
microscope. The results will show that the wrinkles ap-
pear parallel to theb axis prior to the R phase transition
and the primary nucleus of the R phase is considered
to be formed in the wrinkles, because it was observed
by means of the optical microscopy that the R phases
always grew from the wrinkles. The nucleation rate of
the primary nucleus of the R phase was also measured.
It will be concluded from the morphological change
during the transition and the temperature dependence
of the nucleation rate that the primary nucleation is
three-dimensional and heterogeneous one.

The typical hysteresis is observed in the R phase
transition. The observed transition temperature in cool-
ing TR−LO is a few degrees lower than that on heating
TLO−R. In the present case,TLO−R is considered to be
approximately equal to the equilibrium transition tem-
peratureT0

LO−R, (the reason of this will be discussed in
this paper). In other words, superheating is not signif-
icant, but a few degrees of supercooling is observed.
The origin of the hysteresis will be discussed relating
to the mechanism of the primary nucleation.

2. Experimental
Normal pentacosane (C25) were purchased from Tokyo
Kasei Kogyo Co., Ltd. The purity was about 99.6 wt%
according to capillary gas chromatography. The sam-
ple used here was purer than that used in our previ-
ous study [22]. Most of the impurities were homol-
ogous molecules, which weren-C24H50 (0.07 wt%),
n-C26H54 (0.04 wt%),n-C27H56 (0.07 wt%) and unsat-
urated (or branched) C25Hx (0.22 wt%). Single-crystal
plates (30–150µm thick) were prepared fromp-xylene
solution by slow evaporation of the solvent at room

temperature, where C25 crystallizes into phase I. The
surface of the sample plate corresponds to theabplane
of the orthorhombic unit cell; the molecular chain axes
are perpendicular to the plate surface.

Differential scanning calorimetry (DSC) and X-ray
powder diffraction are made in order to investigate the
phase behavior of the C25 sample used in this exper-
iment. DSC was performed with a standard apparatus
(Rigaku, DSC8230) using single crystals as initial sam-
ples with various heating and cooling rate.

The powder sample for X-ray diffraction experi-
ment was prepared by crashing the single crystals.
X-ray powder diffraction was made by Debye-Scherrer
method using X-ray diffraction system with imaging
plates (Mac Science, DIP220). The Cu-Kα radiation
(40 kV, 250 mA) was used. The time for exposure was
five minutes at each temperature every 0.2◦C, the ef-
fective heating and cooling rate was about 0.04◦C/min.
The temperature of the sample was controlled within
±0.1◦C.

The specimen for optical observation was placed on
a hot stage (LINKAM, LK600PH), the temperature of
which was controlled by a PID controller; the fluctua-
tion of the temperature was less than 0.025◦C. In situ
optical observation was made using a polarizing mi-
croscope with crossed nicols. The optical images was
stored in a video tape through a CCD camera (Tokyo
Electric Industry Co., Ltd.) for five minutes at each tem-
perature every 0.1◦C around the transition, the effective
heating and cooling rate was about 0.02◦C/min. In an-
other case, isothermal measurements for several hours
were made.

The nucleation rate was measured by using opti-
cal microscope. The single crystal sample was quickly
heated from a temperature belowTLO−R to that above
TLO−R during the measurement.

The transition temperatureTLO−R was determined
from the results of DSC measurements with various
heating rate. TheTLO−R is also confirmed by means of
X-ray diffraction and optical microscopy in this study.
The R phase transition results in high optical isotropiza-
tion around the chain axis, giving rise to dark regions
under crossed nicols. While during the transitions be-
tween the LO phases, no change in optical image is
detected.

The morphology of the crystal surface, which was
coated with gold, was observed at room temperature
using a scanning electron microscope (SEM) (JEOL:
JSM-T200) with a beam of electrons accelerated by
the voltage of 15 kV.

3. Results
3.1. DSC
Fig. 2a shows the DSC heating and cooling ther-
mograms of C25. The observed peaks correspond to
the phase transitions I→V→RV→RI→RII→melt on
heating and melt→RII→RI→RV→IV→V→I on
cooling, respectively. Phase IV was confirmed only on
cooling. Fig. 2b shows the observed transition tem-
perature on heating determined from the results of
DSC measurements. The transition temperature does
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Figure 2 (a) DSC thermograms of C25 on heating and on cooling. The
observed peaks correspond to the I→V→RV→RI→RII→melt transi-
tion on heating and the melt→RII→RI→RV→IV→V→I on cooling.
(b) The observed transition temperature various heating and cooling rate
determined by DSC measurement.

not show significant dependence on the heating rate.
This means that the observed transition temperature
TLO−R is approximately equal to the equilibrium tran-
sition temperatureT0

LO−R, i.e.TLO−R = T0
LO−R. We de-

termined the transition temperature asTLO−R= 46.3◦C.
The supercooling of 1◦C was observed in the R phase
transition.

3.2. X-ray diffraction
The result of X-ray powder diffraction was consistent
with that of DSC and is shown in Fig. 3a and b. The
transition temperatureTLO−R= 46.3◦C was confirmed.
The supercooling of 1–1.3◦C was observed on cool-

ing. It clearly showed that phase IV appeared only on
cooling as well as during the DSC measurement in the
C25 sample used here. This is due to high purity of the
present sample.

Fig. 3c shows the change in lattice constantsa andb
of C25 on heating determined by means of X-ray
diffraction. This result is consistent with the previous
works by Doucet,et al. [8] and Ungar [13]. The lattice
constanta shows an increase of about 1% with increas-
ing in temperature in the LO phase, while the lattice
constantb shows an smaller increase of about 0.2%.

3.3. Optical observation on heating
Fig. 4 shows a series of schematic illustrations of the
observed change in morphology during the transition.
A series of corresponding optical photographs are also
shown in Fig. 5a–i, where (a), (b),· · · correspond to
those in Fig. 4. When the crystal in the LO phase
(Fig. 5a) was heated to a temperature 0.5–1.0◦C below
46.3◦C (=TLO−R), many wrinkles appeared parallel to
thebaxis (Fig. 5b at 45.8◦C ). No change was observed
in the optical image after holding the temperature at
45.8◦C for a day. In a previous paper [25], we took
these wrinkles for ‘cracks’ and suggested that the tran-
sition had already begun at this temperature. However,
these were identified as wrinkles from the SEM.

The observed results of the appearance of the wrin-
kles may be interpreted several ways, 1. it is the occur-
rence of the transition among the LO phase, the V→IV
transition, 2. it is the occurrence of the R phase tran-
sition, the V→IV transition, 3. it is a precursor of the
R phase transition. In this work, we conclude the ap-
pearance of the wrinkles to be a precursor (3), and the
details will be discussed in §Discussion.

Fig. 6 shows the temperature dependence of the den-
sity of the wrinkle. With increasing temperature up to
TLO−R, the number of wrinkle increased. Being cooled
to room temperature, most of the wrinkles disappeared.
When the crystal was heated again, the wrinkles always
appeared at the same positions. AtTLO−R, the increase
in wrinkle density was saturated. All the data of the
wrinkle density of a few different samples (sample 1–
sample 3) lie approximately on one well-defined curve,
i.e. the density of the wrinkle is independent of the
sample crystallized under the same condition. These
phenomena may be closely related to the mechanism
of the wrinkle formation.

Fig. 7a shows a SEM image of the wrinkles which
happen to remain rarely at room temperature. SEM im-
ages of a typical wrinkle for various tilt angles (θtilt )
of the sample were collected to investigate the three
dimensional shape of the wrinkle. Geometry of this ob-
servation is illustrated in Fig. 7b. The typical images
at θtilt = 20◦ and 60◦ are shown in Fig. 7c and d, re-
spectively. The wrinkle morphology obtained from the
SEM observation is schematically shown in Fig. 7e.
The typical size of the wrinkle is about 3µm wide, 0.5
µm high and several tens of micrometers long.

Fig. 5c shows the initial stage of the LO→R transi-
tion, where the dark R phase grows from the wrinkles.
This temperature of 46.3◦C corresponded toTLO−R con-
firmed by means of DSC and X-ray diffraction. The
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Figure 3 X-ray powder pattern of C25 at various temperature, (a) on heating and (b) on cooling. The 110s, 200s, 020s are the reflections from the
side packing. The full circle represents the reflections appearing in all LO phase, and the open circle represents reflections appearing both in phasesI
and V. The full triangle is the reflection appearing only in phase I, and the open triangle is the reflection appearing only in phase IV. The change in
lattice constantsa andb on heating (c). The lattice constants increase with increasing in temperature in the LO phase and show discontinuous change
at the R phase transition. The change ina is larger than that inb.

growth of the R phase was observed only a tempera-
ture above 46.3◦C. Therefore, this temperature was de-
termined as the beginning temperature of the R phase
transition (TLO−R) by means of optical microscopy. The
R phases always grew from the wrinkles, the R phase
growing from other region was never observed. Thus
we have conclusion from thein situmorphological ob-
servation that the primary nucleation process on heating
during the R phase transition is heterogeneous one in
the wrinkle. On the other hand, there were some wrin-
kles form which the R phase did not grow even at a
high temperature (0.1–0.2◦C above 46.3◦C). This fact

indicates that the primary nucleus was not formed in
such wrinkles yet, which is usual in the case of hetero-
geneous nucleation process.

As a time passes, the growth fronts, which are paral-
lel to theb axis, translated along thea axis (Fig. 5d).
This growth is controlled by 2D nucleation as has been
concluded in a previous paper [1]. The growth front par-
allel to theb axis can be regarded as a kind of ‘facet’
which is characteristic morphology for 2D nucleation.

Finally, all regions of the crystal transformed into
the R phase; the transition completed (Fig. 5e). Af-
ter the completion of the R phase transition, new thick
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Figure 4 Schematic illustrations of the observed change in morphology of C25 during the LO-R transition. The lozenge indicates a single crystal of
C25, in which the dark region and the vertical line represent the R phase and the wrinkle, respectively. The LO phase, which is phase V or IV in C25,
appearing just below the R phase is depends on the sample purity.

wrinkles appeared on the R phase crystal. This type of
wrinkle has already reported by Piesczeket al. [24],
and is different from the ‘precursor wrinkle’ which ap-
peared on the LO phase crystal belowTLO−R.

3.4. Primary nucleation rate
Fig. 8a shows the typical example of the density of
the primary nucleus (ν) vs. time (t) at 46.45◦C. When
the growth of the dark R phase from the wrinkle was
observed by means of optical microscopy, it was de-
cided that the primary nucleus had been formed in the
wrinkle. The nucleation rate (I ) was estimated from the
slope of the plots.

Fig. 8b shows logI vs.1T−2, where1T is degree of
superheating (1T ≡ T − TLO−R). This gives a straight
line, hence we had an experimental formula,

I = I0 exp

(
− C

1T−2

)
(1)

whereC is a constant. It is well known that when the
nucleation rateI is proportional to exp (−C/1T2), this
nucleation is mainly controlled by three dimensional
(3D) nucleation process [26]. TheC value estimated
from the slope of the logI –1T−2 plot in Fig. 8b is

Cobs= 4.7× 10−2 K2. (2)

This value is much smaller than the calculatedC of
the homogeneous nucleationChomo ' 7.1K2, which
will be shown in §Discussion. Therefore, this primary

nucleation process is concluded to be heterogeneous
one from the consideration of the nucleation rate.

3.5. Optical observation on cooling
When the sample in the R phase was cooled to a temper-
ature slightly belowTLO−R, no change was observed.
The crystal was in the supercooled R phase. Fig. 5f
shows the R phase at 44.3◦C in the supercooled state
with 1Tc= 2◦C, where1Tc is degree of supercooling
(1Tc≡ TLO−R − T). When the temperature was kept
for 4–5 seconds at 44.3◦C , the crystal suddenly trans-
formed to the LO phase through a transient intermediate
phase within 1 s (Fig. 5g, h) [25].

In another case of cooling, when the crystal was
cooled from the state in which the LO→R transition
had not completed, i.e. the LO and R phases coexisted,
the R phase began shrinking (Fig. 5i). The LO phase
began growing as soon as being cooled to a tempera-
ture belowTLO−R. The R→LO transition occurred with
little supercooling, i.e. no significant supercooling was
observed.

3.6. Hysteresis phenomenon
It is concluded from the results of the optical mi-
croscopy that the observed transition temperature is
TLO−R= 46.3◦C on heating, while that on cooling from
the R phase isTR−LO= 44.3◦C, which verified hystere-
sis. On heating, the wrinkles appeared on the crystal
surface as a precursor of the transition, and the R phases
nucleated and grew from the wrinkles. On cooling from
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Figure 5 A series of optical photographs of the C25 single crystal undergoing the LO-R transition on heating: (a) at 44.0◦C (LO), (b) at 45.8◦C, (c)
at 46.4◦C, 0 s (LO→R), (d) at 46.4◦C, 30 s and (e) at 46.5◦C (R), and those on cooling at 44.3◦C: (f) at 0 s (R), (g) at 1/30 s (intermediate state) and
(h) at 1 s (LO). The photograph (i) shows the image at 46.1◦C in the case of cooling from the state of (d). The photographs (a), (b), (c),. . . correspond
to the pictures (a), (b), (c),. . . in Fig. 4, respectively. In all photographs, scale bar= 100µm.(Continued).

the R phase, on the other hand, the transition suddenly
began at a large1Tc without any precursor. In another
case of cooling from the coexistent state of the LO and R
phases,i.e.cooling from the state in which the LO→R

transition had not completed, the R→LO transition oc-
curred at a temperature belowTLO−R = 46.3◦C with-
out any degrees of supercooling. The significant hys-
teresis was not observed. This result also supports the
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Figure 5 (Continued).

Figure 6 Temperature dependence of the density of the wrinkle. All data
of the deferent samples (sample 1–sample 3) lie approximately on one
curve.

assumption thatTLO−R= T0
LO−R. In the latter case, the

primary nucleation of the LO phase is not required.
Thus, the origin of the hysteresis is expected to have
relation to the mechanism of the primary nucleation.

4. Discussion
4.1. Precursor of the R phase transition?:

wrinkle
Three possible explanations for the appearance of the
wrinkle were supposed in §Results, 1. it is the onset
of the V→IV transition, 2. it is the onset of the R
phase transition, 3. it is a precursor of the R phase
transition.

The crystal of C25 sometimes shows the V→IV tran-
sition below the R phase transition, when the sample has
poor purity, as mentioned in §Introduction. However,
the V→IV transition was not detected in this study on
the sample with high purity. In addition, the wrinkles
were also confirmed in the observation forn-C23H48
which never has phase IV [22]. Hence, the appearance
of the wrinkle is not due to the V→IV transition.

If the appearance of the wrinkle was the onset of the
R phase transition, the growth of the R phase should
be observed in this case. However, in spite of hold-
ing the temperature for a day at 45.8◦C, at which the
wrinkles first appeared, the growth was never observed.
The growth was confirmed only at a temperature above
46.3◦C. Furthermore, since the R→LO transition began
at a temperature just below 46.3◦C in the case of cool-
ing from the coexistent state of the LO phase and the R
phase, hence the temperature of the 46.3◦C considered
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Figure 7 (a) SEM image of the typical wrinkles. Scale bar= 10µm. (b) Geometry of the SEM observation method for the investigation of the structure
detail of the wrinkle. (c), (d) SEM image of the typical wrinkle observed by the method shown in (b) with (c)θtilt = 20◦ and (d) 60◦, respectively. In
both images, scale bar= 10µm. (e) Schematic illustration of the morphology of the typical wrinkle.
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Figure 8 (a) Density of the primary nucleus of the R phase vs. time at
46.45◦C (1T = 0.15 K). (b) Primary nucleation rateI in log scale vs.
1T−2. The data lie approximately on a linear line.

to be transition temperature and is approximately equal
to the equilibrium transition temperatureTLO−R.

We must recall the effect of the homologous impurity
here. If the sample contains the homologous impurity, it
allows the coexistence of the LO phase and the R phase
even at a temperature below the equilibrium transition
temperature of the pure sample. The range of coexist-
ing temperature is roughly estimated to be less than
0.1◦C for the homologous impurity of 0.4 wt% [19].
Therefore if the temperature (Tw) where the wrinkle
first appears on heating (Tw= 45.8◦C) is regarded as
the lowest temperature of coexisting temperature (Tl ),
i.e.Tw= Tl , the highest one (Th) should beTh≤ 45.9◦C.
In this case,TLO−R= 46.3◦C is 0.4◦C higher thanTh,
so at any higher temperature thanTLO−R, the wrinkle
should be completely in the R phase. Therefore the R
phase should grow from all wrinkles. However it could
be confirmed that there were some wrinkles from which
the R phase did not grow during the observation even

at a temperature above 46.4◦C. Thus, we can logically
conclude that the appearance of the wrinkle is a kind of
precursor of the LO-R transition.

Unfortunately this logic can not be confirmed ex-
perimentally, because it is difficult to distinguish if the
wrinkle is in the LO phase or in the R phase by means of
X-ray diffraction or DSC method. Thus there remains
a little possibility that the wrinkle is due to a kind of
impurity effect. Furthermore, the ‘air effect’ must be
considered, too. Sirota,et al. reported that air was sol-
uble in the R phase [27], which may have a similar
effect on the LO-R transition. Therefore, in order to
prove this conclusion of the precursor wrinkle exactly,
further investigation will be necessary and performed
in future.

4.2. Origin of the wrinkle
Fig. 9a and b show a mechanism of the formation of
the wrinkle on the basis of the assumption that it is the
precursor of the LO-R transition. Many defects were
considered to be formed during the crystallization from
the solution. It is well-known that the thermal expansion
coefficientβ of amorphous is usually much larger than
that of crystal. From analogy of this,β around the defect

Figure 9 A model of the formation of the wrinkle prior to the R phase
transition in a single crystal ofn-alkane: (a) before the formation and (b)
after the formation of the wrinkle.
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Figure 10 Schematic illustration of the primary nucleus in the wrinkle region. The section X-X corresponds to that in Fig. 7. The defect plays a role
as a nucleation agent in this case.

should be larger than that in ordered region. Therefore,
the defects cause significant lattice expansion within
a single crystal, resulting in the local accumulation of
the strain within the ‘large expansion area’ in Fig. 9a.
The accumulated strain may be anisotropic due to large
β alonga axis than that alongb axis shown in Fig.2b.
With an increase in temperature, the strain will increase.
The large expansion area is surrounded by the ‘hard’
LO phase, resulting in suffering compression along the
a axis. When the accumulated strain reaches a critical
barrier, the wrinkle will be formed at the defect to relax
the strain partially (Fig. 9b). This is the reason why the
wrinkles always appear at the same position. The sig-
nificant anisotropic expansion makes the wrinkles par-
allel to theb axis. This mechanism can well explain the
temperature dependence of the wrinkle density (Fig. 6)
among the different samples measured here. The in-
crease in lattice constant only depends on temperature.
Therefore, the wrinkle density may only depend on tem-
perature, too, and be saturated by the finite number of
the defects. If the wrinkle was the onset of the LO-
R transition, this mechanism could be also applicable,
because the lattice expansion is large at the transition.

This model of the origin of the wrinkle may be sup-
ported by a microscopic model proposed by Stroblet al.
[28]. They suggested that the longitudinal motion of the
molecules along the chain such as flip-flop screw jump
is activated even in the LO phase. When the tempera-
ture increases up toTLO−R, the thermal motion of the
molecules along the chain axes are more excited. The

crystal can relax the locally accumulated strain by shift-
ing and pushing out the molecules along their long axes,
resulting in the wrinkles.

4.3. Mechanism of the primary nucleation
On heating, the primary nucleus is probably formed
in the wrinkle region as shown in §Results. Fig. 10
shows a schematic drawing of the primary nucleus in
the wrinkle. The structure is disordered and a little strain
may remain in the wrinkle region.

When the R phase nucleates primarily, the defect may
play a role as an nucleation agent. In the wrinkle, be-
cause of the disordered structure, the nucleation barrier
is lower than that in other region. Hence, the primary
nucleation rate is larger. This is the reason why the pri-
mary nucleation is expected to occur selectively in the
wrinkle. In this case of the heterogeneous nucleation,
the defect is the heterogeneity.

4.4. Heterogeneous primary nucleation rate
The nucleation rateI is given by

I ∝ exp

(
−1G∗

kT

)
, (3)

where1G∗ is the activation free energy barrier of
the critical nucleus,k is the Boltzmann constant (k=
1.38× 10−23 J·K−1), andT is temperature [29]. In the
case of the 3D nucleus shown in Fig. 10,I is given by
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Equation 1. In the case of homogeneous nucleation,

C = 32TLO−Rσaσbσc

k1h2
, (4)

whereσa, σb, andσc are the surface free energies of the
(100), (010), and (001) boundary surfaces between the
LO phase and the R phase, and1h is the enthalpy per
unit volume of the R phase transition [26]. In this work,
1h= 6.85× 107J·m−3 is used [30].

We can calculateC for homogeneous nucleation in
LO-liquid(L) transition by using the valuesσa σb and
σc≈ 9× 10−3 J·m−2 estimated from the experimental
result of the crystallization ofn-alkane [31],

CLO−L
homo = 1.2× 106 K2. (5)

This value is much larger thanCobs= 4.7× 10−2 K in
Equation 2,

Cobs¿ CLO−L
homo . (6)

The surface free energies used in above case corre-
sponds to those between the LO phase and the liq-
uid phase [31], therefore other calculation can be per-
formed by using the valuesσb, σc ≈ 3.4×10−4 J·m−2

which were estimated from the growth rate of the R
phase during the R phase transition in C25 [1] and cor-
respond to the surface free energies between the LO
phase and the R phase,

CLO−R
homo = 7.1 K2, (7)

whereσa is assumed to be approximately equal toσb

andσc. In this case, the calculatedC value is also much
larger than the observedC value,

Cobs¿ CLO−R
homo . (8)

Thus, the observedC value,Cobs, is too small to be
concluded that the primary nucleation is homogeneous.
Therefore, the primary nucleation in this case can be
concluded to be heterogeneous one from the quantita-
tive consideration of the kinetic parameter as well as
from the morphological observation.

In the case of 3D heterogeneous nucleus illustrated
in Fig. 10, we can derive the formulae

C = 16TLO−R1σaσbσc

k1h2
, (9)

and

1σa ≡ σa + σR−defect
a − σ LO−defect

a , (10)

whereσR−defect
a andσ LO−defect

a are the surface free en-
ergy of the (100) boundary surface between the R phase
and the defect and that between the LO phase and the
defect, respectively [26].

From Equations 2 and 10,1σa is estimated to
be1σa= 5.9× 10−6 J·m−2, whereσbσc= 1.2× 10−7

J2 ·m−4 which was estimated from the growth rate of

the R phase in C25 is used [1]. Assuming thatσa approx-
imately equal toσb andσc, i.e.σa≈ 3.4× 10−4 J·m−2,
we can derive the parameter1σa/σa,

1σa

σa
= 1.7× 10−2. (11)

This value seems to be a little smaller than that obtained
in the case of the heterogeneous nucleation of hexag-
onal crystal of polyethylene [32]. In above estimation,
the effect of the nucleation in the disordered wrinkle
region is not introduced. Therefore, theσa, σb andσc

values used here may be large for the estimation in this
case, because the surface free energy between the dis-
ordered LO phase and the R phase is expected to be
smaller than that between the ordered LO phase and
the R phase. If the effect of the nucleation in the dis-
order is taken into consideration, larger1σa value will
be obtained. From Equation 3, the critical nucleation
barrier1G∗ and the sizes of the critical nucleusl ∗a, l

∗
b

andl ∗c are obtained,

1G∗ = 2.1× 10−221T−2 J (12)

and

l ∗a = 5.5× 10−21T−1 nm, l ∗b, l
∗
c = 6.61T−1 nm.

(13)

For example, at1T = 0.1 K, 1G∗ = 2.1× 10−20 J,
l ∗a = 5.5× 10−1 nm andl ∗b, l

∗
c = 6.6× 01 nm. These val-

ues are considered to be suitable for this case.1G∗ is
larger thankT for1T < 0.2 K, suggesting that the nu-
cleation controls the R phase transition.

4.5. Origin of the hysteresis
On heating in the R phase transition, the primary nu-
cleus is formed in the wrinkle in which the structure is
disordered and the strain is accumulated because of the
hard character of the LO phase. Under such condition,
the surface free energies1σa,σb andσc are smaller than
those in the ordered region, and the nucleation barrier
is low, resulting in the large nucleation rate. While on
cooling from the R phase, because of the ‘soft’ charac-
ter of the R phase, the strain is not accumulated and the
structure in the R phase is naturally disordered. The nu-
cleation rate on cooling in this case is smaller than that
on heating. Therefore, it is impossible that the primary
nucleus is formed in a finite observation time at small
1Tc; the supercooling of 1–2◦C is observed. When
1Tc becomes large, the nucleus of the LO phase can
be formed in the R phase, resulting in the transition.
Because of the high growth rate at a large1Tc [1], the
transition completes within short time.

In the case of cooling from the coexistent state of the
LO and R phases, significant different nucleation can be
expected compared with the case of cooling from the R
phase. The transition does not need the primary nucle-
ation of the LO phase but needs only 2D surface nucle-
ation. Therefore, the transition starts at much smaller
degree of supercooling. No significant hysteresis is ob-
served.
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Figure 11 Schematic picture of the universal mechanism of the common
hysteresis in the first-order phase transition of materials.

The universal mechanism of the hysteresis in the first-
order transition can be proposed and is shown in Fig. 11.
The crystal in the low-temperature ‘hard’ phase like the
LO phase in the case ofn-alkane probably have many
defects, around which the strain is accumulated. The
primary nucleus of the high-temperature ‘soft’ phase
like the R phase in the case ofn-alkane may be formed
selectively at such defects, because the primary nucle-
ation barrier is low around the defects. This nucleation
process is heterogeneous one. In the present case of
n-alkane, the position of the defects become visible by
the formation of the wrinkle prior to the R phase transi-
tion, the nucleation at the defects can be experimentally
confirmed by means ofin situoptical microscopy.

When the hard→soft transition completes, all region
of the soft phase is in uniform disordered phase. On
cooling, there is nothing which accelerates the primary
nucleation in the soft phase. In this case, it is natural
that significant supercooling is observed. The present
study could show the tangible evidence of the above
universal mechanism of the hysteresis in the first-order
phase transition of materials.

5. Conclusions
We have studied the rotator phase transition ofn-alkane
(C25H52) mainly by means ofin situoptical microscopy.
The major results are summarized as follows.

On heating, the wrinkles appear on the crystal surface
at a temperature slightly below the R phase transition.
The rotator phase develops from the wrinkles above
the transition temperature, therefore, the primary nu-
cleation occurs in the wrinkles. The wrinkle is the pre-
cursor of the transition and can accelerate the primary
nucleation. However, it still remains another supposi-
tion that the wrinkle is the onset of the LO-R transition
on the basis of the impurity effect. In order to conclude
whether the precursor or the impurity effect exactly,
Further investigation will be necessary.

The primary nucleation rate of the R phase was
measured and was found to be proportional to
exp (−C/1T2), which means that the primary nucleus
is three-dimensional one. It is concluded from the re-
sults of the morphological observation and the consid-
eration of the quantitative kinetic parameter that the R
phase transition inn-alkane is controlled by the nu-

cleation and growth, and that the R phase nucleates
heterogeneously in the precursor wrinkle.

On cooling, no change was detected prior to the
phase transition. The observed transition temperature
was 1–2◦C lower than that on heating. The large dif-
ference in transition temperature between on heating
and cooling was observed. Such hysteresis is widely
observed in first-order phase transitions. The mecha-
nism of the hysteresis was proposed. On heating, the
primary nucleation barrier is lower around defect, be-
cause strain is accumulated around the defect within
‘hard’ low-temperature ordered phase. In the case of
n-alkane, the accumulation of strain results in the visi-
ble wrinkle as a precursor of the transition. On cooling,
the accumulation of strain is not occurred within ‘soft’
high-temperature disordered phase, therefore there is
no site in which the primary nucleation barrier is lower
and the nucleation rate is not large compared to that on
heating. Thus, the difference in mechanism of primary
nucleation between on heating and on cooling is the
origin of the hysteresis. The present results could show
the tangible evidence of this mechanism.
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