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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/AT?), 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. © 2000 Kluwer Academic Publishers

1. Introduction two-dimensional (2D) nucleation during the solid-solid
First-order phase transitions, such as melting and crygphase transition.

tallization, solid-solid phase transition, etc., are impor- In this work, it will be proposed that the primary nu-
tant phenomena not only for material sciences but focleation in the phase transition rfalkane on heating
material engineering. Therefore, there have been mang accelerated by a kind of precursor, which is observed
studies on the first-order phase transitions, howevelpelow the transition temperature as an appearance of
several unsolved problems remain. Those are, for exwrinkles, although there will be remained a little an-
ample, the kinetics of the solid-solid phase transitionother possibility that the ‘wrinkle’ is not a precursor but
and the hysteresis which is characterized by the differthe onset of the transition cased by an impurity effect
ence in observed transition temperatures between owhich lowers the transition point. It will be also shown
heating and on cooling. With regards to the kineticsthat the hysteresis is due to a difference in mechanism of
of the solid-solid phase transition, there have been g@rimary nucleation between on heating and on cooling.
little studies, which are mainly theoretical ones, be-The purposes of this work are to reveal the mechanism
cause it was difficult to observe the changes duringof the primary nucleation in the solid-solid phase tran-
the solid-solid transition which usually completes in sition of n-alkane and to show a tangible experimental
a short time. With regards to the hysteresis, the orievidence of the hysteresis.

gin of it have not been revealed using experimental

evidence yet. In our previous work [1], the kinetics 1.1. Phase transitions of long chain

of the growth during the solid-solid phase transition compounds and polymers

of n-alkane was investigated and it was shown for theThe rate of the solid-solid phase transition in long chain
first time that the growth was mainly controlled by the 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 durin

the transition in long chain compounds and polymers.
Furthermore, the hysteresis seems to be more remarl i' """""" !
able with increase in molecular weight. For example in | R RII i thombohedral
crystalline polymers, the observed crystallization tem- | ; side packing: hex.
perature is about a few tens degrees lower than the i i P ‘
observed melting temperature [2]. Furthermore, in the 1 ! _ oiihombe
crystal of a normal higher alcohol, the marked hystere- RI i side pad}'?g: ortho.
sis is observed in the order-disorder type transition [3]. i i
Takamizawaet al. [4] reported that the freezing phe- | ! monoclinic
nomenon of a high-temperature phase was observed i RV i side packing; ortho.
longern-alkane when the sample was cooled to room | _____ = e R i T
temperature. This is an extreme case, inwhichthe trany, . 463c | s
sition temperature is depressed below room tempera ---------{---------- o E— 1 I
ture. v | . o
Normal alkane is the simplest of the linear hydro- LO P pad(ll)ng' ot
carbon molecules, and is often regarded as the mode J,—‘
molecule of other hydrocarbons. Therefore, we will 1 vV orthorhombic Py
investigate heren-alkane, n-pentacosanen¢CosHsy: i side packing: ortho.
C25). ; ry £
H orthorhombic Py
E | side packing: ortho.
i P

1.2. Normal alkane
Linear hydrocarbon molecules, such as lipids, oils andrigure 1 Schematic picture of the phase behavior of C25. The T and P

polymers, often show characteristic crystalline phasegnean that the molecules are perpendicular to the layer surface and tilt
which are Comm0n|y called rotator phases (R phasesjryom the normal to the layer surface, respectively. Phases |, V, and IV

just below their melting points [5]. Acrystal afalkane o' e LO phases andthe RV, RI, and Rll are R phases.

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 anf2"y System. Hence, the punealkane sample is con-
the R phase [6, 7]. taminated with small amount (less than wt%) of homol-

In the LO phasen-alkane molecules are fully ex- ©9ous impurity, the impurity molecgles are well-mixed
tended takingall-trans conformations and are regis- With pure alkane molecules even in the LO phase re-
trated in layers in which the molecular chain axes aré®ulting in lowering of the transition point. In fact, this
parallel with each other, having the long range or-effect is more significant for the transitions among the
der with respect to the orientation about their longLO Phases [21] than for the LO-R transition.
axes. In the R phase, tlafl-trans conformation of the
molecules is partially deformed. The crystal still have
three-dimensional long range positional order crystal-1.3. Phase transitions and crystal structures
lographically, but lack the long range order in the orien- in C25
tation abouttheirlong axes. Recent X-ray investigationsThe phase behavior af-alkane depends on its car-
have shown the presence of five R phases which haveon number. Fig. 1 shows the phase transitions in C25.
different structures [8-15]. The transitions+V—RV— RI—RIl and RIl~RI—

The molecules ofi-alkane in the R phase behave asRV— IV —V— | are observed during heating and cool-
if they were in a liquid crystalline state and have highing, respectively [14, 22, 23], where |, V, and IV are the
mobility. The long range diffusion of the molecules are LO phases, and RV, RI, and RIl are the R phases.
observed by means of X-ray powder diffraction [16] Itisto be noted thatphase IV appears only on cooling.
and optical microscopy [17, 18]. These characteristicsdn n-alkane crystals the phase transitions within the LO
are considered to be related to various function of bijphases sensitively depend on the purity of the sample
ological membranes. Hence, in recent years, there hd&1]. In our previous experiment using C25 with poor
been a growing interest in the R phase. purity, phase IV was observed even on heating by means

It is well-known that crystal structure and phase be-of X-ray diffraction [22]. However, when sample with
havior of material are usually influenced by an impurity. high purity (99.9 wt%) is used, phase IV does not appear
In the case oh-alkane system, the important impuri- on heating in C25 [23].
ties are homologous molecules. The binary system of In all LO phases of C25, the side packing is or-
n-alkane, when the difference in the number of carborthorhombic (herringbone type), which is the same as
atoms of the two components is small (within aboutthat in the orthorhombic crystal of polyethylene, and
four), shows the formation of the solid-solution in the the molecular chain axes are perpendicular to the layer
LO phase, in which the crystal structure is differentsurface, but only the layer stackings are different [22,
from than that of pure alkane [19, 20]. The LO-R phase24]. The RV and RI phase have the same orthorhombic
transition temperature is also lowered in the alkane biside packing, but the molecules in the RV phase are tilt
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from the layer surface normal [14]. In the RIl phase,temperature, where C25 crystallizes into phase I. The
the side packing is hexagonal, and the chain axes amgurface of the sample plate corresponds tathplane
perpendicular to the layer surface. of the orthorhombic unit cell; the molecular chain axes
are perpendicular to the plate surface.
Differential scanning calorimetry (DSC) and X-ray
1.4. Thermal expansion of the lattice in powder diffraction are made in order to investigate the
n-alkane crystal phase behavior of the C25 sample used in this exper-

Orthorhombian-alkane with herringbone side packing iment. DSC was performed with a standard apparatus
usually shows larger thermal expansion of the lattice(Rigaku, DSC8230) using single crystals as initial sam-
along thea axis compared with that in other directions, PI€s with various heating and cooling rate. _
wherea, b andc are defined to the subcell, in which ~ The powder sample for X-ray diffraction experi-
the ¢ axis is parallel to the the chain axis, and the Ment was prepared by crashing the single crystals.
and b axes are perpendicular to the chain axis. TheX-ray powder diffraction was made by Debye-Scherrer
lattice constana shows a significant increase among Method using X-ray diffraction system with imaging
the LO phase with increasing temperature, and jumplates (Mac Science, DIP220). The Cy-Kadiation

at the R phase transition [9, 12]. The lattice constant (40 kV, 250 mA) was used. The time for exposure was
also increases with increasing temperature among thigve minutes at each temperature every’G.2the ef-

LO phase, but the expansion coefficient is smaller thaf€ctive heating and cooling rate was about 0.GAnin.

that ofa. At the R phase transition, tHe decreases The temperature of the sample was controlled within
discontinuously. It will be discussed in this paper that+0.1°C.

the difference in expansion of the lattice have relevance The specimen for optical observation was placed on
with the origin of the precursor wrinkles. a hot stage (LINKAM, LK600PH), the temperature of

which was controlled by a PID controller; the fluctua-
tion of the temperature was less than 0.8239n 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°C around the transition, the effective
heating and cooling rate was about 02@Zmin. In an-
8ther case, isothermal measurements for several hours

1.5. Purpose

In this study, we focus on the R phase transition
(LOS R)inC25 crystal. The change in the morphology
was observed during the transition usingitu optical
microscope. The results will show that the wrinkles ap-
pear parallel to thb axis prior to the R phase transition
and the primary nucleus of the R phase is considere
to be formed in the wrinkles, because it was observed'€'S made.

by means of the optical microscopy that the R phase(s:a-lrgfcpouscclgago?hr:fnwzsc:nggﬁifg tl)é’ uslsng % E'
always grew from the wrinkles. The nucleation rate of ' Pe. Ing y pe was quickly

the primary nucleus of the R phase was also measureq.eat(':‘d from a temperature beldyo-g to that above

It will be concluded from the morphological change '“9-R during the measurement.

during the transition and the temperature dependenCﬁomihtéaPeséﬂﬁg :)?‘rrg)?éaxgaagafexqv:ztsd?:/i;m\l/g?igus
of the nucleation rate that the primary nucleation is

The typical hysteresis is observed in the R phas heé hase transitionFr)esuItsin hi hop):ical isotro i;/é-
transition. The observed transition temperature in cool- P gnop b

ing Tr_Lo is a few degrees lower than that on heatingt'ﬁgI arro;md tf;en(i:halln awxﬁl gg"?i% ”?ﬁ t(irdﬁrli(tirer?? s_
TLo_r. In the present casdio_r is considered to be :Iwegn ('ihZSSLeO h(;oszls no G<3:hz;n (gineo t?czi ir?1as eeis
approximately equal to the equilibrium transition tem- P ' 9 b 9

N . . detected.
peratureT%, ., (the reason of this will be discussed in ,
this paper). In other words, superheating is not signif- The morphology of the crystal surface, which was

icant, but a few degrees of supercooling is observed-0ated with gold, V\fastobseryed at roorrwSItEeth%?(t)lJLr?
The origin of the hysteresis will be discussed relating,L]J;IF/IgTaZggannlﬂgaebeecarrgno;ng(rg?;?%onpea(cce|e) aEted L
to the mechanism of the primary nucleation. j ) wi rons r y

the voltage of 15 kV.

2. Experimental

Normal pentacosane (C25) were purchased from Toky8. Results

Kasei Kogyo Co., Ltd. The purity was about 99.6 wt% 3.1. DSC

according to capillary gas chromatography. The samFig. 2a shows the DSC heating and cooling ther-
ple used here was purer than that used in our previmograms of C25. The observed peaks correspond to
ous study [22]. Most of the impurities were homol- the phase transitions4V—RV— RI—RIll—melt on
ogous molecules, which wereCy4Hso (0.07 wt%), heating and melt->RIl-RI-RV—IV—V—1 on
N-CygHs4 (0.04 wt%),n-Cy7Hs6 (0.07 wit%) and unsat-  cooling, respectively. Phase IV was confirmed only on
urated (or branched)fHy (0.22 wt%). Single-crystal cooling. Fig. 2b shows the observed transition tem-
plates (30—15@m thick) were prepared fromxylene  perature on heating determined from the results of
solution by slow evaporation of the solvent at roomDSC measurements. The transition temperature does

1241



10— ing. It clearly showed that phase IV appeared only on
- CosHsp ><25| TR T A cooling as well as during the DSC measurement in the
| 1K/min ] C25 sample used here. This is due to high purity of the
L gy present sample.
5h . I | . . Fig. 3c shows the change in lattice constanésdb
= [ I | V lfl | RI| melt | of C25_ on hgatmg dgtermmfed by means of X_—ray
5 v X I ] diffraction. This result is consistent with the previous
- | cooling qRV ] works by Doucetet al.[8] and Ungar [13]. The lattice
% 0 D constant shows an increase of about 1% with increas-
= hgtfng \[ ] ing in temperature in the LO phase, while the lattice
S . rv'RI . constanb shows an smaller increase of about 0.2%.
o || l
2 e I | vV MYRI| melt
rlo
VAL B I . . .
=5r X25 T 3.3. Optical observation on heating
I - 1] Fig. 4 shows a series of schematic illustrations of the
| observed change in morphology during the transition.
- RPN BRSPS A series of corresponding optical photographs are also
e e e e shown in Fig. 5a—i, where (a), (b); - correspond to
25 30 35 40 45 50 55 60

those in Fig. 4. When the crystal in the LO phase

temperature / C (Fig. 5a) was heated to a temperature 0.52C Ioelow
46.3C (=TLo_Rr), many wrinkles appeared parallel to
(a) theb axis (Fig. 5b at 45.8C ). No change was observed
47 .0 e e e e e e in the optical image after holding the temperature at

45.8C 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,

46.5 . these were identified as wrinkles from the SEM.
I 1 The observed results of the appearance of the wrin-
poe ° * ®* ]  Kkles may be interpreted several ways, 1. it is the occur-
. 1 rence of the transition among the LO phase, the ¢/
46.0 . transition, 2. it is the occurrence of the R phase tran-

sition, the \\»>1V 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
L 1 TLo_Rr, the number of wrinkle increased. Being cooled
45.00'"""""""""""""'""""""""""""" to room temperature, most of the wrinkles disappeared.
When the crystal was heated again, the wrinkles always
heating rate / °C * m™ appeared at the same positions.Tp¢_r, the increase
(b) in wrinkle density was saturated. All the data of the
wrinkle density of a few different samples (sample 1—
Figure 2 (a) DSC thermograms of C25 on heating and on cooling. TheSample 3) lie approximately on one well-defined curve,
observed peaks correspond to theV —~RV—RI—-RIl->melttransi-  i.e. the density of the wrinkle is independent of the
o s sy rs viosersing v ra SIS crystalized under the same condion. These
determined by DSC measurement 5henom¢na may be. closely related to the mechanism
of the wrinkle formation.

L . Fig. 7a shows a SEM image of the wrinkles which
not show significant dependence on the heating ratgappen to remain rarely at room temperature. SEM im-

This means thqt the observed transition temperaturgges of a typical wrinkle for various tilt angle()
Tio-r s approxm:gtely equal to the e%umbrlum tran- of the sample were collected to investigate the three
sition temperaturd o_g, i.e.Tio-r = Tlo_r- We de-  gimensjonal shape of the wrinkle. Geometry of this ob-
termined the transition temperaturelag _r =46.3°C.  ggrvation s illustrated in Fig. 7b. The typical images
The s_gpercoollng of IC was observed in the R phase g; B4 = 20° and 60 are shown in Fig. 7c and d, re-
transition. spectively. The wrinkle morphology obtained from the
SEM observation is schematically shown in Fig. 7e.
The typical size of the wrinkle is aboudn wide, 0.5
3.2. X-ray diffraction um high and several tens of micrometers long.
The result of X-ray powder diffraction was consistent Fig. 5¢ shows the initial stage of the LOR transi-
with that of DSC and is shown in Fig. 3a and b. Thetion, where the dark R phase grows from the wrinkles.
transition temperaturé o_gr = 46.3°C was confirmed. Thistemperature of 4628 corresponded {6 o_g cON-
The supercooling of 1-1°€ was observed on cool- firmed by means of DSC and X-ray diffraction. The

transition temperature Ty _g/ ‘C
&
wn
T
1
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Figure 3 X-ray powder pattern of C25 at various temperature, (a) on heating and (b) on cooling. £h@dd0020; 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 phases
and V. The full triangle is the reflection appearing only in phase |, and the open triangle is the reflection appearing only in phase IV. The change in

lattice constanta 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 changaiis larger than that itb.

growth of the R phase was observed only a temperandicates that the primary nucleus was not formed in
ture above 46.X. Therefore, this temperature was de-such wrinkles yet, which is usual in the case of hetero-
termined as the beginning temperature of the R phasgeneous nucleation process.

transition T o_Rr) by means of optical microscopy. The  As atime passes, the growth fronts, which are paral-
R phases always grew from the wrinkles, the R phaséel to theb axis, translated along theaxis (Fig. 5d).
growing from other region was never observed. ThusThis growth is controlled by 2D nucleation as has been
we have conclusion from the situmorphological ob-  concluded in a previous paper[1]. The growth front par-
servation that the primary nucleation process on heatingllel to theb axis can be regarded as a kind of ‘facet’
during the R phase transition is heterogeneous one iwhich is characteristic morphology for 2D nucleation.
the wrinkle. On the other hand, there were some wrin- Finally, all regions of the crystal transformed into
kles form which the R phase did not grow even at athe R phase; the transition completed (Fig. 5e). Af-
high temperature (0.1-0°Z above 46.3C). This fact  ter the completion of the R phase transition, new thick
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TLO-R ~46.3°C

LO (transition point for C25) R temperatu re
(a) (b) sssC o (C) g6.4C gd) 46.4C (e) 46.5C
wrinkle i R L R
heating -
_ ~ s |1l >> >
- cooling
LO LO (wrinkle) =05 R(RY)
LO—R transition (eomplete]

(i) 46.1°C, small A ’JZ.=0..2“C

< cooling

shrink of R

(=growth of LO)

T=44.3C, large A T:=1~2TC :
R—LO transition

I |
(h) =15 (g) =130 (f) =0

cooling
< < <
LO R

intermediate state

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 ofucleation process is concluded to be heterogeneous
wrinkle has already reported by Piesczkal. [24],  one from the consideration of the nucleation rate.

and is different from the ‘precursor wrinkle’ which ap-

peared on the LO phase crystal bel®w_r.

3.5. Optical observation on cooling

) ] When the sample in the R phase was cooled to a temper-
3.4. Primary nucleation rate __ature slightly belowT,_o_g, No change was observed.
Fig. 8a shows the typical example of the density ofrpe crystal was in the supercooled R phase. Fig. 5f

the primary nucleusy) vs. time () at 46.45C. When  qhq\yq'the R phase at 44Gin the supercooled state
the growth of the dark R phase from the wrinkle was, ith AT, = 2°C, whereAT. is degree of supercooling

observed by means of optical microscopy, it was de(ATcETLo_R — T). When the temperature was kept
cided that the primary nucleus had been formed in thg, 45 seconds at 44@ , the crystal suddenly trans-
wrinkle. The nucleation rate j was estimated fromthe - tomeq to the LO phase through a transientintermediate
slope of the plots. i _ phase withi 1 s (Fig. 5, h) [25].

F|g.8bs_hows lod vs.AT ,Wher_eA'_I' IS degfe‘? of In another case of cooling, when the crystal was
superheating4T =T — Tio_g). This gives astraight  ,5jeq from the state in which the LOR transition
line, hence we had an experimental formula, had not completed, i.e. the LO and R phases coexisted,

the R phase began shrinking (Fig. 5i). The LO phase
| = lnexp( — c began growing as soon as being cooled to a tempera-
— 10 p AT72 (1)

ture belowT o_r. The R—LO transition occurred with
little supercooling, i.e. no significant supercooling was
whereC is a constant. It is well known that when the observed.
nucleation raté is proportional to exp£C/AT?), this
nucleation is mainly controlled by three dimensional
(3D) nucleation process [26]. The value estimated 3.6. Hysteresis phenomenon

from the slope of the log—AT ~2 plot in Fig. 8b is It is concluded from the results of the optical mi-
- croscopy that the observed transition temperature is
Cobs= 4.7 x 107 ° K~ (2)  T.o_r=46.3"C on heating, while that on cooling from

the R phase i$g_ o = 44.3°C, which verified hystere-
This value is much smaller than the calculatedbf  sis. On heating, the wrinkles appeared on the crystal
the homogeneous nucleati@omo ~ 7.1K?, which  surface as a precursor of the transition, and the R phases
will be shown in §Discussion. Therefore, this primary nucleated and grew from the wrinkles. On cooling from
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(e) ®

Figure 5 A series of optical photographs of the C25 single crystal undergoing the LO-R transition on heating: (a)@t4@)) (b) at 45.8C, (c)
at46.4C, 0s (LO~R), (d) at 46.4C, 30 s and (e) at 46°F (R), and those on cooling at 44@: (f) at 0 s (R), (g) at 1/30 s (intermediate state) and
(h) at 1 s (LO). The photograph (i) shows the image at4® ih the case of cooling from the state of (d). The photographs (a), (b), (€errespond

to the pictures (a), (b), (c), . in Fig. 4, respectively. In all photographs, scale kat00m.(Continued.

the R phase, on the other hand, the transition suddenlyansition had not completed, the-R_O transition oc-
began at a larg& T, without any precursor. In another curred at a temperature beldwo_r = 46.3°C with-
case of cooling from the coexistent state of the LO and Rout any degrees of supercooling. The significant hys-
phasesi.e. cooling from the state in which the LOR  teresis was not observed. This result also supports the
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Figure 5 (Continued.

200 4. Discussion

4.1. Precursor of the R phase transition?:
wrinkle
Three possible explanations for the appearance of the

e :sample 1

| m :sample 2
150 4 :sample 3

q wrinkle were supposed in 8Results, 1. it is the onset
é of the V—IV transition, 2. it is the onset of the R

= I ] phase transition, 3. it is a precursor of the R phase
2 100k 1 transition.

§ f 1 The crystal of C25 sometimes shows theW tran-

BN sition below the R phase transition, when the sample has
= ] poor purity, as mentioned in 8Introduction. However,
§ 50 . the V— 1V transition was not detected in this study on

the sample with high purity. In addition, the wrinkles
were also confirmed in the observation foiCa3H4s
which never has phase IV [22]. Hence, the appearance

U S T

405_0 455 ' 46I.0 — 465 of the wrinkle is not due to the M1V transition.
C If the appearance of the wrinkle was the onset of the
temperature / R phase transition, the growth of the R phase should

Figure 6 Temperature dependence of the densityofthewrinkle.AlIdatape observed in this case. However, in spite of hold-

of the deferent samples (sample 1-sample 3) lie approximately on onH19 the temperature for a day at 4538 at which the
curve. wrinkles first appeared, the growth was never observed.

The growth was confirmed only at a temperature above
assumption that o_r = TSO_R. In the latter case, the 46.3C. Furthermore, since theRLO transition began
primary nucleation of the LO phase is not required.at a temperature just below 46@in the case of cool-
Thus, the origin of the hysteresis is expected to havéng from the coexistent state of the LO phase and the R
relation to the mechanism of the primary nucleation. phase, hence the temperature of the 46.8nsidered
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incident beam

wrinkle

tﬂt\x'-

--* surface "

(a) (b)

(c) (d)

Figure 7 (a) SEM image of the typical wrinkles. Scale ka0 .m. (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) witf (€)20° and (d) 60, respectively. In
both images, scale bar10 um. (e) Schematic illustration of the morphology of the typical wrinkle.
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600 at a temperature above 461 Thus, we can logically
F AT=0.15K conclude that the appearance of the wrinkle is a kind of
: 1 precursor of the LO-R transition.
500;_ E Unfortunately this logic can not be confirmed ex-
: 3 perimentally, because it is difficult to distinguish if the
400F ] wrinkle isinthe LO phase or in the R phase by means of
@ g ] X-ray diffraction or DSC method. Thus there remains
g : ] a little possibility that the wrinkle is due to a kind of
Z 300 7 impurity effect. Furthermore, the ‘air effect’ must be
S : ] considered, too. Sirotaf al. reported that air was sol-
200k 3 uble in the R phase [27], which may have a similar
E effect on the LO-R transition. Therefore, in order to
g ; prove this conclusion of the precursor wrinkle exactly,
100% E further investigation will be necessary and performed
E 3 in future.
PR S L
0 5 20 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
3 precursor of the LO-R transition. Many defects were
103 T considered to be formed during the crystallization from
i the solution. Itis well-known that the thermal expansion
\ 1 coefficient of amorphous is usually much larger than
- ! 1 that of crystal. From analogy of thig around the defect
~ 107 - < E
P r Py ] Defect
'a ® ] (heterogeneity)
E ]
= I=loexp{~-C/AT2 }
10'F E
F ] ]
10() ......... [ [ [ looni loinn [ [T Lo [ [
0 10 20 30 40 50 60 70 80 90 100 110
AT?/K?
(b)

Figure 8 (a) Density of the primary nucleus of the R phase vs. time at large expansion area

46.45C (AT =0.15 K). (b) Primary nucleation ratk in log scale vs.
AT~2. The data lie approximately on a linear line.

small expansion area

to be transition temperature and is approximately equa (@)

to the equilibrium transition temperatufeo_g. winkle
We must recall the effect of the homologous impurity rise up

here. If the sample contains the homologous impurity, it

allows the coexistence of the LO phase and the R phas

even at a temperature below the equilibrium transition

temperature of the pure sample. The range of coexist defect

ing temperature is roughly estimated to be less thar

0.1°C for the homologous impurity of 0.4 wt% [19].

Therefore if the temperaturd() where the wrinkle

first appears on heatind( = 45.8°C) is regarded as

the lowest temperature of coexisting temperatdyg (

i.e. Ty, =T, the highest on€lg) should beT, < 45.9°C.

In this case,T o_r =46.3°C is 0.£C higher thanty,

so at any higher temperature th@rp_g, the wrinkle b

should be completely in the R phase. Therefore the R (b)

phase S_‘hOUId grow from all wrinkles. I_-Iowever it COUlld Figure 9 A model of the formation of the wrinkle prior to the R phase

be confirmed that there were some wrinkles from whichyansition in a single crystal of-alkane: (a) before the formation and (b)

the R phase did not grow during the observation evenfter the formation of the wrinkle.
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primary
nuucleus of R

section X—X

< >, defect

Oa

Ob

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. Thereforegrystal can relax the locally accumulated strain by shift-
the defects cause significant lattice expansion withiring and pushing out the molecules along their long axes,
a single crystal, resulting in the local accumulation ofresulting in the wrinkles.

the strain within the ‘large expansion area’ in Fig. 9a.

The accumulated strain may be anisotropic due to Iarg% . . .

B alonga axis than that along axis shown in Fig.2b. 4-3- Mechanism of the primary nucleation

With an increase in temperature, the strain will increase©n heating, the primary nucleus is probably formed

The large expansion area is surrounded by the ‘hard”? the wrinkle region as shown in SResults. Fig. 10

LO phase, resulting in suffering compression along theNOWS @ schematic drawing of the primary nucleus in
a axis. When the accumulated strain reaches a critical® Wr|nkle_. T_he structure s d|§ordered and alittle strain
barrier, the wrinkle will be formed at the defect to relax MaY remain in the wrinkle region.
the strain partially (Fig. 9b). This is the reason why the _ Whenthe R phase nucleates primarily, the defectmay
wrinkles always appear at the same position. The sigP!@y @ rolé as an nucleation agent. In the wrinkle, be-
nificant anisotropic expansion makes the wrinkles parS2use ofthe dlsorc_iered structure, the nucleat|on_barr|er
allel to theb axis. This mechanism can well explain the 'S lower than that in other region. Hence, the primary
temperature dependence of the wrinkle density (Fig. 6jucleation rate is larger. This is the reason why the pri-
among the different samples measured here. The &Y nucleat!on is expected to occur selectively in Fhe
crease in lattice constant only depends on temperatur@’.”nkle' In_thls case of the heterogeneous hucleation,
Therefore, the wrinkle density may only depend on tem-IN€ defect is the heterogeneity.
perature, too, and be saturated by the finite number of
the deft_e_cts. If _the Wrinkl_e was the onset of the_z LO-4. 4. Heterogeneous primary nucleation rate
R transition, thls_ mechanls_m cpuld be also appllcaple;l—he nucleation raté is given by
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 Stitall. I ocexp (‘ KT ) ®3)
[28]. They suggested that the longitudinal motion of the
molecules along the chain such as flip-flop screw jumpvhere AG* is the activation free energy barrier of
is activated even in the LO phase. When the temperathe critical nucleusk is the Boltzmann constank &
ture increases up tB o_g, the thermal motion of the 1.38x 10722J.K~1), andT is temperature [29]. In the
molecules along the chain axes are more excited. Thease of the 3D nucleus shown in Fig. 10s given by
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Equation 1. In the case of homogeneous nucleation, the R phaseinC25isused[1]. Assuming thgapprox-
imately equal ter, andoy, i.€.05~ 3.4 x 1074J-m2,
32T 0-_ROa0LOC we can derive the parametaw,/oa,
C=——T+—5— (4)
kAh2
Aoy
whereo,, oy, ando are the surface free energies of the Oa
(100), (010), and (001) boundary surfaces between the
LO phase and the R phase, ail is the enthalpy per This value seems to be a little smaller than that obtained
unit volume of the R phase transition [26]. In this work, in the case of the heterogeneous nucleation of hexag-
Ah=6.85x 10’J-m3 is used [30]. onal crystal of polyethylene [32]. In above estimation,
We can calculat€ for homogeneous nucleation in the effect of the nucleation in the disordered wrinkle
LO-liquid(L) transition by using the values, op and  region is not introduced. Therefore, thg, o, ando;

o~ 9 x 1073 J- m~2 estimated from the experimental values used here may be large for the estimation in this

=1.7x 1072 (11)

result of the crystallization afi-alkane [31], case, because the surface free energy between the dis-
ordered LO phase and the R phase is expected to be
CHoL =12x 1P K2 (5) smaller than that between the ordered LO phase and

the R phase. If the effect of the nucleation in the dis-
This value is much larger thaByps = 4.7 x 1072 Kin  order is taken into consideration, larges, value will

Equation 2, be obtained. From Equation 3, the critical nucleation
barrier AG* and the sizes of the critical nuclelis |};
Cobs K Cro- k. (6) andl{ are obtained,
AG* =21 x 1022AT 2] (12)

The surface free energies used in above case corre-
sponds to those between the LO phase and the qué d
uid phase [31], therefore other calculation can be per= n
formed by using the values,, o ~ 3.4x 1074 J- m2 . o . .
which were estimated from the growth rate of the R la =25 x 107°AT " nm, Iy, Ig = 6.6AT " nm.
phase during the R phase transition in C25 [1] and cor- (13)
respond to the surface free energies between the L@or example, anT =0.1 K, AG*=2.1x 10-2 J,

phase and the R phase, |¥=5.5x 10"t nmand}, I} = 6.6 x 0' nm. These val-
LO_R ) ues are considered to be suitable for this cage’ is
Chomo = 7-1 K%, (7)  larger tharkT for AT < 0.2 K, suggesting that the nu-

cleation controls the R phase transition.
whereao, is assumed to be approximately equabto
andoe. In this case, the calculaté€tivalue is also much

larger than the observed value, 4.5. Origin of the hysteresis
On heating in the R phase transition, the primary nu-
Cobs < Choma®- (8)  cleusis formed in the wrinkle in which the structure is

disordered and the strain is accumulated because of the
Thus, the observe@ value, Cqps, is too small to be hard character of the LO phase. Under such condition,
concluded that the primary nucleation is homogeneoughe surface free energiésr,, o, ando. are smaller than
Therefore, the primary nucleation in this case can béhose in the ordered region, and the nucleation barrier
concluded to be heterogeneous one from the quantitas low, resulting in the large nucleation rate. While on
tive consideration of the kinetic parameter as well ascooling from the R phase, because of the ‘soft’ charac-

from the morphological observation. ter of the R phase, the strain is not accumulated and the
In the case of 3D heterogeneous nucleus illustratedtructure in the R phase is naturally disordered. The nu-
in Fig. 10, we can derive the formulae 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
AT; the supercooling of 1-ZC is observed. When
AT. becomes large, the nucleus of the LO phase can
and be formed in the R phase, resulting in the transition.
Because of the high growth rate at a lary&; [1], the
transition completes within short time.

In the case of cooling from the coexistent state of the
whereg R-defectand o LO-defect gre the surface free en- LO and R phases, significant different nucleation can be
ergy of the (100) boundary surface between the R phasexpected compared with the case of cooling from the R
and the defect and that between the LO phase and thghase. The transition does not need the primary nucle-
defect, respectively [26]. ation of the LO phase but needs only 2D surface nucle-

From Equations 2 and 10Ac, is estimated to ation. Therefore, the transition starts at much smaller
beAo,=5.9x10°%J-m? wherespo. =1.2x 107  degree of supercooling. No significant hysteresis is ob-
F-m~* which was estimated from the growth rate of served.

16T 0_rA0Z0h0C

kAhz ®)

— R—defect LO—defect
Aoy = 04 + 0, — oy ; (20)
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temperature

cleation and growth, and that the R phase nucleates

o i heterogeneously in the precursor wrinkle.
On cooling, no change was detected prior to the
i “‘% HARD(0) HARD(0) phase transition. The observed trgnsition temperature
f HARDwo) | __ f ‘ 5 % was 1-2C lower than that on heating. The large dif-
e [ON U V% . .y .
# \ e / sow{f ference in transition temperature between on heating

L // prewr.sojwrinm and coolin_g was observed. Such h'y.steresis is widely
deled \ (n-alkane case) 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-
Figure 11 Schematic picture of the universal mechanism of the commonbl€ wrinkle as a precursor of the transition. On cooling,
hysteresis in the first-order phase transition of materials. the accumulation of strain is not occurred within ‘soft’
high-temperature disordered phase, therefore there is
) ] o . nosite in which the primary nucleation barrier is lower
The universalmechanism of the hysteresisin thefirstz 4 the nucleation rate is not large compared to that on

order transition can be proposed andis showninFig. 11,0ating. Thus, the difference in mechanism of primary
The crystalin the low-temperature ‘hard’ phase like the, ,cleation between on heating and on cooling is the

LO phase in the case afalkane probably have many qriqin of the hysteresis. The present results could show
defects, around which the strain is accumulated. Th?ne tangible evidence of this mechanism.

primary nucleus of the high-temperature ‘soft’ phase
like the R phase in the casemfalkane may be formed
selectively at such defects, because the primary nucl

ation barrier is low around the defects. This nucleatio ?e authors are very grateful to Professor Takashi Ya-
gfgszsnseIsihzeti??g:i?l:r?eo dneié::?stggcgrrﬁzen;'gisg Mamoto and Professor Tetsuhiko Hara at the Faculty of
» the position « : VIsI YScience, Yamaguchi University, for various discussions
the formation of the wrinkle prior to the R phase ransk- o i e results. The authors are also grateful to Dr. Yoshi-
Wiro Ogawa at the Faculty of Science, Kumamoto Uni-
versity, for analysis of the sample purity. Furthermore,

When the har> soft transition completes, all region the authors express their thanks to Mr. Koichi Onoue

of the soft phase is in uniform disordered phase. Or}:\nd Mr. Yuji Saito at Central Glass Co. Ltd. for their as-

cooling, there is nothing which accelerates the primaryEistance of SEM observation. This work was supported

primary nucleus \

SOFT®)
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confirmed by means o situ optical microscopy.

nucleation in the soft phase. In this case, it is natura y a Grant-in-Aid for Scientific Research from the Min-

that significant supercooling is observed. The presen try of Education, Science, Sports, and Culture, Japan
study could show the tangible evidence of the abov nd an internatior’1al resea;ch grar;t (NEDO) ’ '

universal mechanism of the hysteresis in the first-order
phase transition of materials.
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