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Abstract

A transient metastable rotator phase occurs on crystallizatioratifanes into their triclinic crystalline phase from the supercooled melt.

This was directly observed using time resolved X-ray scattering. The observed crystallization temperature is shown to be determined by the

thermodynamic stability of the transient phase with respect to the liquid. The crystallization kinetics of the homologous seatliesnais
was measured and explained in terms of a crossover from stability to “long-lived” metastability to transient metastability. This work
highlights the importance of transient metastable phases in crystalliz&tid@00 Elsevier Science Ltd. All rights reserved.
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1. Introduction enhanced chain mobility in the metastable hexagonal phase
may cause lamellar thickening in polyethylene [5].

Many materials crystallize into metastable forms when  Then-alkanes (GHy,+», abbreviated ) are interesting in
cooling from the melt. This subject, as pertaining to poly- their own right because of their rich behaviors. They are also
mers, has been recently reviewed by Keller and Cheng [1]. the principle component of petroleum waxes and the build-
A metastable phase, once formed, may persist indefinitely, ing block of many derivative molecules whose properties
even far below its equilibrium transition temperature. are strongly influenced by their alkyl component [13—15].
Nucleation from the melt could also occur into a transient In particular, polyethylene is the largeimit of the alkanes.
phase that converts to the stable form during some stage ofUngar [14] has addressed this connection and the relation
growth. In such a case, there may be no temperature atbetween the high-pressure hexagonal phase of polyethylene
which the metastable phase will remain indefinitely. Due and the rotator phases of the shorter alkanes. The super-
to their ephemeral nature, transient phases are intrinsicallycooling is the difference between the equilibrium transition
difficult to observe and hence have been the subject oftemperature and the temperature where the transition actu-
limited study. Transient phases are not only intermediate ally occurs, on cooling. Recently, Kraack et al. [16] have
forms on the path to the final state [2] but can be key to shown that for homogenous nucleation (using the droplet
understanding the process of crystallization. For example, technique), the crossover from the low characteristic super-
the temperature at which the transient state can nucleatecooling behavior {-12°C) of n-alkanes (“wax”) [17—-20] to
may determine the apparent temperature of crystallization the large characteristic supercoolingg0°C) of polyethy-
for the stable phase. Polyethylene at high pressure is knownlene [21,22] occurs at relatively low chain-lengths~ 30).
to exhibit an equilibrium hexagonal phase between its low- It is thus clear that insight into the crystallization mechan-
temperature orthorhombic form and the liquid [3]. Keller isms of the shorten-alkanes may have implications for
and collaborators have extensively discussed the importancehigher-MW polymers.
of the metastable extension of the hexagonal phase and its Some of the most important information required to
potential importance in polymer crystallization [1,4—12]. In understand crystallization are the equilibrium thermody-
addition, the properties of the metastable phase can deternamics and crystal structures. The crystallization kinetics
mine the growth morphology of the crystal. For example, and the supercooling exhibited by the system are of equal

importance in understanding the macroscopic morphology

of the crystals. On heating, solid—liquid transitions usually

"+ Corresponding author. occur at their equilibrium temperature, thus “superheating”
E-mail addressebsirot@erenj.com (E.B. Sirota). is rare. Then-alkanes exhibit a well-known even—odd effect
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50 (n-even= 20) or from the rotator phasenodd andn-
even= 22) [23,24]. However, the even—odd effect disap-
] 2 pears when considering the observed freezing temperatures
% (Fig. 1) because the-even which have high melting points
[ ‘ supercool, whereas the-odd, which crystallize into the
0r e ’ rotator phase, do not. Is it a coincidence that the amount
i of supercooling fon-even(n = 20) is equal and opposite to
i L the even—odd difference in the melting temperatures? [24].
oy No. We have demonstrated experimentally that shaven
alkane chains crystallize via a transient rotator phase [25].
“%-To ot The paper is organized as follows. We will first describe
the details of the direct observation of the transient rotator
L —t— phase in G using high brightness synchrotron X-rays, and
14 1gh 18 20 22 24 then the observation of the transient rotator phase in C
ain Length (n) . . .
using a rotating anode X-ray source. Next we present details
Fig. 1. Phase diagram of tealkanes. The dots are the freezing tempera- Of the measurements of the transition temperatures and the
ture Tr. The open squares are the melting temperatiire, { for thosen resulting chain-length dependent kinetic phase diagram for

which melt from the tr_icli_nic phasen((_evens ?O). The melting tempera- Ci15—Cps. FinaIIy, we end with genera| discussion and
tures for the othen coincide with their freezing temperatures. The open .

: S . conclusions.
circles are the triclinic-rotator phase transformation temperatures on heat-
ing (Tr—g) and the crosses are the average rotator-triclinic transition
temperaturesTg_t) on cooling at 0.07C/min. The dashed lines are lines
Tt = 37.71+ 247(n — 20) and Tr_g = 3196 + 2.60(n — 20) and the 2. Experiment and results
solid curves are fits to the empirical form [61] yieldifig = 1310(n —
1366)/(n + 3.15) and Ty, = 1347(n — 13.13)/(n + 5.39). The regions
labeled “stable,” “metastable,” and “transient” refer to the stability of the
rotator phase fon-even.

stable
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N
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2.1. Gg kinetics

We studied the time-dependent X-ray scattering @f C
which unambiguously exhibits a supercooling-ef.5°C on

in their melting points and crystal structures [13,23,24]. The crystallizing from the melt and is energetically far away
kinetics and hysteresis, however, have remained a mysteryfrom exhibiting a stable bulk rotator phase [25]. In contrast,
Using chain-length in the homologous series to tune the C,, shows a stable rotator phase on both heating and cool-
stability of the transient phase we have been able to: (i) ing, and Gg, only on cooling. Experiments were performed
provide a clear example of transient phase induced nuclea-at the National Synchrotron Light Source on Exxon’s beam-
tion by direct observation and (ii) explain the kinetic beha- line X10A using 8 keV radiation and a Braun position-sensi-
vior of n-alkane crystallization in terms of a crossover from tive 1D detector (PSD). The PSD was located 70 cm from
“long-lived” to transient metastability [25]. the sample and had an active length of 5 cm and width of

Short n-alkanes exhibit various equilibrium rotator 1 cm. A small quantity £0.8 mg) of Gg (Aldrich, >99%
phases below their melting point and above their low- anhydrous) was placed at the bottom of a quartz capillary
temperature crystal phase [14,15,26—-33]. The rotator phasesvhich was contained in a temperature controlled copper
are lamellar crystals which lack long-range order in the cell. The sample was small enough to be entirely illumi-
rotational degree of freedom of the molecules about their nated by the 1.5 mm (hord 1 mm (vert.) beam.
long axes. In the equilibrium phase diagram fleeven, the The stable crystalline form of &is the triclinic crystal
rotator (R) phases are squeezed out at laney a triclinic phase in which the molecules are tilted with respect to the
(T) non-rotator crystal phase. Bulk melts of tmeodd layers by 19.4 [42]. The 001 reflection ay = 2w/d =
alkanes (15 = n = 29) exhibit a liquid-rotator (L— R) 0.305A ! corresponds to a layer spacing @f= 20.6 A.
transition with negligible hysterisis [23,24,33]. The negligi- The in-plane packing of this phase gives rise to principle
ble supercooling of such bulk-alkanes has been argued reflections aig = 1.374 1.658, and 1.753 A}, as well as
[24,34] to be related to the presence of an equilibrium mixed reflections. The PSD was centered Qqt=
surface monolayer rotator phase which is observed [35—0.29A7! (26 = 4°) to detect the 001 lamellar reflection,
41] at the liquid—vapor interface a few degrees above the or at q= 1.58A ! (29 = 22°) to probe the higheg in-
crystallization temperature. This monolayer could serve as plane reflections.
an ideal nucleation site for the bulk rotator phase. Ubiqui-  Due to the stochastic nature of nucleation and the fact that
tous tiny bubbles (in addition to the air—liquid surface) any single crystallite could only be observed if it were
present in most bulk situations could thus act as such hetero-oriented at a correct angle with respect to the detector, we
geneous nucleation sites. The significant even—odd effect inautomated the cooling process and recorded 85 cycles. We
the equilibrium melting points (fon < 22) can be asso- heated the sample-10°C above the melting temperature,
ciated with whether melting is from the triclinic crystal T, and then cooled to just below the temperature at which
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Fig. 2. Intensity versusg as a function of time showing the 001 lamellar
peak of Gg during crystallization. The metastable peak developg &t
0.286A ! and the stable peak later appeges 0.305A 1. The scans were
taken in 10 s steps and are offset vertically.

crystallization could be observed. Using a slow cooling rate
of ~0.03C/min, we observed the onset of the triclinic phase
at 16.52C. Averaged over 10 s intervals, we recorded data
from the PSD while cooling at 0°6/min to a final tempera-
ture of 16.4C. The first peaks appeared at the same time
within each cycle £15 s).

We obtained X-ray scattering peaks from a transient
phase 9 times out of the 85 cooling cycles. In Fig. 2, we
show the scattering at low angles as a function of time for
one such case. A peak first developsjat 0.286A ! and
then subsequently disappears as the peak=a0.305A "}
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average can be assumed [43]). The peak from the transient
phase was visible for~20s and its position suggests
untilted molecules. Sincg = 0.305 corresponds to a 19.4

tilt, we would expect and indeed observe a peak mpar
0.305 c0$19.4°) = 0.2875 for zero tilt. Three other cooling
cycles produced similar results in which the peak intensity
of the transient phase gt= 0.286 A~ was weaker, but still
unambiguous (comparable to the fourth curve in Fig. 2) and
with lifetimes of =10 s. Four cycles yielded very weak
peaks atq= 0.286A"! lasting for =10's. In one cycle,
the transient phase remained for almost 8 min, and in Fig.
3 we show high-angle scans taken during that cooling run.
The three plotted scans were taken at 30 s intervals. Prior to
these scans, the lamellar peak wasjat 0.286A %, and
after these scans, gt= 0.305A *. The diffraction pattern
shown in Fig. 3(c) is that expected for the stable triclinic
phase of G The peak positions of the transient phase
appeared atj= 1.498A"! and q = 1.632A1. Fig. 3(b)
shows coexistence of both the phases. The peak positions
of the transient phase are distinct from any peaks exhibited
by the stable triclinic crystal phase. Assignment of the tran-
sient peaks will be discussed together with thg data in

the following section.

2.2. Ggkinetics

The crystallization of g was studied using time depen-
dent X-ray scattering and was performed on a 18 kW
Rigaku X-ray generator with a Huber goniometer. Cy K
radiation was used and the beam was defined with a bent
graphite monochromator and slits, giving a resolution of

develops. (In these early stages of crystallization of a pure Ag= 0.01A"1. A Bicron single channel detector was

shortn-alkane which may eventually form millimeter sized
crystals, there are only a few crystallites formed which can
rotate in the liquid and must be oriented fortuitously in order

used. Gg (Aldrich, >99%) was contained in a 2 mm thick
copper sample holder with Be windows in a temperature
controlled oven. Temperature gradients in the oven lead to

to be detected. The total peak intensity therefore cannot beabsolute uncertainties 6£0.1°C.

used to quantitatively represent the total crystallized frac-

The stable form of & is the triclinic crystal phase in

tion, as it can in many polymer systems where a powder which the molecules are tilted with respect to the layers

(a)
METASTABLE

SCATTERED INTENSITY [arb. units]

1.50

1.55 1.60 1.65
q [A7]

Fig. 3. Intensity versug at 30 s intervals showing the in-plane peaks gf C
transforming from the transient metastable phase to the stable phase.

by ~20° [42,44]. This phase supercoolsl°C when crystal-
lizing from the melt. In Fig. 4(a) we show high angle scans
corresponding to the in-plane packing ofg@ the stable
triclinic crystal phase. Reflections are seenqat 1.366
1.399, 1.487, 1.569, and 1.650 A Since we used a single
channel detector rather than a PSD, data collection was
slow. However, since the lifetime of the transient phase is
stochastic, we were able to collect a full scan in that phase
by repeating the experiment until a cooling run occurred
with a lifetime long enough to measure the spectrum. As
is seen below in the histograms of the lifetimes fgg Eig.
7), this was quite feasible. The primary peak positions in the
metastable phase of gvereq = 1.496 and 1.609 A® (Fig.
4(b)). A peak atq= 1536A 1 is a higher order mixed
reflection which occurs in the,Rotator phase.

The alkanes witm-odd (n = 21) exhibit an equilibrium
orthorhombic rotator phase {Rwhere the molecules are
untilted with respect to the layers [26—32]. To clarify the
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% 2 E Fig. 6. Intensity sitting atj = 1.496A ! for three typical runs obtained at
k= _ _ cooling Ggto 0.19C below the highest observed crystallization tempera-
] ture. At early times, the sample is in the liquid phase, and at long times the
= sample is in the triclinic crystal phase. The scattering level of the liquid
R R R Pt phase is greater than that of the crystal phase. The high intensity at this
1.5 1.55 ., 1.6 1.65 position is associated with the transient rotator phase, which exhibits a peak
qlA™] at that position. Also depicted is the temperature as a function of time for

) . o o ) this series of runs.
Fig. 4. Intensity versug for Cyg. (a) Triclinic phase. There is little diffuse

scattering and peaks occur at well-defined positigns 1.366 1.399,
1.487, 1.569, and 1.650A. (b) A g-scan caught ip the transient rotator
phase, showing peaks qt= 1.496 1.536 and 1.609 A®.
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nature of the observed transient phase, we plot in Fig. 5 the 0.10°Cbelow T
peak positions of the Rotator phase just below the freezing
temperaturerl; for n-odd alkanes, along with the positions

observed here for fgand Gg [25]. It is clear from this data

#
O = NWHUGON®

that the peak positions observed for the transient phase (a) :
correspond to the interpolated peak positions expected for ]
the rotator phase. Also depicted are the peak positions of the . . ]
untilted, orthorhombic, non-rotator, herringbone crystal ' '

phase of then-odd alkanes, which unambiguously differ 20 | .
from those of the transient phase. 15 ’ ]

To investigate the kinetics of the transient phase gf C #
we first performed “isothermal” experiments consisting of 10 | (b) ]

—O—lg Rotator Phase (near T
mel

—&— Orthorhombic Crystal
4@ Observed Metastable Phase

)

It
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0
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Fig. 5. The peak positions in the stable itator phase just below the Fig. 7. Histograms of the lifetime of the metastable rotator phase;gn C

melting temperature (circles) and in the low-temperature orthorhombic when cooling at 0.05€/min and sitting at (a) 0.10, (b) 0.145 and (c)

herringbone crystal phase (squares). The observed positions of the peak®.19C below the temperature of the onset of crystallization. In (a) the
in the metastable phase ofg@and Gg [25] (diamonds) are consistent with values at 800 s imply%*800s) and in (b) the values at 1750 s imply

the rotator phase. =1750 as discussed in the text.
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Table 1
Measured transition temperatures as described in the text (&l)in

n Ts Trot end Trot 50% TroL 50% TroL end TroL seeded Tt Tror 50% Tr_r end Tr_r seeded
13 —5.56 —5.06 —5.18

14 2.58 5.77 5.95 5.59

15 10.05 10.38 10.25

16 16.51 18.51 18.39 17.98

17 21.89 22.14 21.93

18 26.56 27.45 27.65 27.40 26.48

19 31.19 31.46 31.15

20 35.95 36.27 36.05 36.41 36.59 36.21 32.70

21 39.75

22 43.34 43.58 43.33 36.57 42.55 42.65 42.53
23 46.94 47.10 47.02

24 49.89 50.11 49.93 42.49 47.39 47.59 47.17
25 53.03 53.23 53.05

slow quenches to fixed temperatures. The sample was firstT; — 0.19C we obtained average lifetimes of 209, 166,
entirely melted $10°C above the melting temperature for and 101 s using 30, 68, and 43 data points, respectively.
at least 15 min) and then cooled through the freezing point (The true lifetimes for the first two were even longer

at 0.056C/min to a fixed temperature slightly below T; is due to the truncation of the long time data.) Another
defined as the highest temperature where any crystallizationtype of measurement, cooling continuously through the
was observed, as measured when cooling at°C/o3in. transition at~0.07C/min, gave a metastable lifetime of
The scattering intensity was monitored gat= 1.496A 2, 97 s, averaged over 38 runs. We thus see that the life-

a position corresponding to a peak in thepRase (and nota time of the metastable phase decreases with decreasing
peak of the triclinic phase). This measurement was repeatedtemperature.
many times for three different isothermal temperatures:

T; — 0.10C, T; — 0.145C, andT; — 0.19C (T; = 26.56°C ) )
for Cy). 2.3. Chain-length dependent phase diagram fe&C,s

In Fig. 6 we show results of three typical quench experi- The above results clearly show that fofs@nd Gg, a

ments, all atT; —0.19C. The increase and decrease in yangjent rotator phase occurs upon crystallization from

in_tensity is associated with the appearance a_n(_j su_bsequ_eqtne supercooled melt. The distribution of transient phase
disappearance of the rotator phase. The finite INteNSity jitetimes raises the issue of what determines the kinetics

present before the rotator phase appears is due 10 they conversion from the R phase into the stable triclinic

. . . o 71 . .
broad liquid-peak centered gt= 1.35A . Since there s 56 Systematic measurements of the chain-length depen-
little diffuse scattering in the final triclinic crystal phase, the dence of the various transition temperatures gg—Cys

. . _ °_1 . .

intensity atq= 1496A " drops below that of the liquid  \yere nerformed using X-ray scattering and are tabulated
phase. The lifetime of the transient rotator phase can bej, taple 1. These transition temperatures are shown in
unambiguously determined from such scans. Since the life- Fig. 1 and are scaled to the freezing point in Fig. 8. The

time is stochastic, each run was different. various transition temperatures are defined as follGlys:
The observed lifetimes of the transient phase are shown

as histograms in Fig. 7. For thig — 0.10°C quenches (Fig. 6 : — . ; .
7(a)), the maximum observation time was 800 s from the i oT o T nT ]
appearance of the rotator phase. Therefore, the three points 4 P o it hinil AoTH
plotted at 800 s were actually lifetimes800 s. Similarly, . 2F o .
for the T; — 0.145C quenches (Fig. 7(b)), the three data o 0 [ H o

points at 1750 s represent lifetimes1750s. For the o Transient '\\ “e__Stable
T — 0.19C quenches (Fig. 7(c)), 620 s was the longest , "2 - \\Metastab\lé‘t\ ]
lifetime observed and was less than the observation time gl Ny ™
(so the rotator phase always converted to the triclinic ]
during the observation). Since some of the lifetimes -6 .\\ ]
were beyond the experimental observation time, and 8t . .
since the maximum observation time was not constant 12 14 16 18 20 22 24 26
for all quench temperatures, we computed an “effective” n

average lifetime by counting all lifetimes>800s as Fig. 8. The transition temperatures as in Fig. 1, but with temperature plotted
800 s. For quenches td; — 0.10C, T; — 0.145C, and with respect tdT; in order to enhance the features.
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Fig. 9. Histogram of the observed crystallization temperature @ff@
multiple cooling runs with rates varying from 0.011 to GOmin.
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intensity at a peak position associated with either the initial
or final phase.

Specifically, in the case of cooling from the melt, some
experiments were performed by monitoring the intensity of
the broad liquid peak aj ~ 1.35A~* (where we were sure
to avoid the position of the sharp triclinic crystal peak in that
region, for then-even alkanes). Crystallization was deter-
mined by the first point statistically lower than the intensity
observed in the liquid phase. The temperatures determined
by using the peaks of the high temperature phase and the
low temperature phase gave equivalent results for all these
transitions.

Ts: The temperature of the first onset of crystallizatidg,
was determined by performing 10—20 measurements at a
constant cooling rate of 0.03/min and noting théighest

denotes the temperature where crystallization is first temperature observed for the onset of crystallization.

observed (cooling slowly at 0.63/min). For the chain-
lengths where the k= R transition can be observed both
on heating and cooling (i.e. evan= 20 and all oddn),
Tr_L andT; agree within their uncertainty, consistent with
the negligible supercooling reported for this transition
[23,24,33]. The points labeled;_, are the temperatures
at which the triclinic crystal melts to the liquid (even=
20). Tr_r is the temperature where the triclinic phase trans-
forms to the rotator phase on heating (ever 22). Since
adiabatic scanning calorimetry demonstrated that the B
transition does not superheat [33}._r can be considered
the equilibrium temperature of the<® R transition.Tr_t is

Measurements done as slowly as 0.@in did not
produce any higher reported temperatures. Thus, the cooling
rate of 0.03C/min was slow enough to give values for
which were independent of cooling-rate. While we report
thehighestobserved temperature of crystallization from the
melt, we note that the crystallization temperatures on multi-
ple runs varied by only about 0.5, in contrast to the
rotator-triclinic transition temperature described below.
An exception was &, whereT; had a larger spread of
~1°C with an average value of 2.82 and a maximum
value of 3.28C. This spread was calculated from a total
of 38 runs with cooling rates varying from 0.011 to

the average temperature at which a rotator phase transform®.07C/min with no noticeable dependence on cooling

to the triclinic phase when cooling at a rate of GQ/min.
In a senseTr_t can be considered the temperature below
which the R— T transition is likely to occur on a “reason-
able” time scaleTr_t andTr_g Vs. n are virtually parallel,
showing that the supercooling of the<RT transition is
~6°C.

We now describe the experimental collection of the tran-

rate. A histogram for this observed distribution Tp for
Cy4is shown in Fig. 9.

Tr.: Fornwhere the rotator phase was stable, we could
also measure the melting point of this pha3g,... We
tabulated both the temperature at which the intensity of
the liquid peak reached its full value (“end-of-melting”),
which puts an upper limit on the melting point, as well as

sition temperatures tabulated in Table 1 and shown in Figs.the temperature where 50% of the intensity was recovered

1 and 8. Then-alkanes were>99% pure from Aldrich and

("50% melted”). The smearing of melting by impurities is

used as obtained. The X-ray scattering apparatus, sampleather narrow €0.1°C as determined previously by adia-
holder, and oven were the same as described above fomatic scanning calorimetry [33]) and not of significance

C.s. Experiments were performed by monitoring the

0.6 17—
Rotator-Liquid Transition

o 05F ® h

[Ty 0.4 E— 1

03t ° o ]

§02¢ ® ]
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0 PRI IS ST S SN S SN S SRS MY P P ]

12 14 16 18 20 22 24 26

Fig. 10. Teng-met— Ty measured at 0.007€/min as a function of chain-
length.

here. TheTr_, reported in Table 1 were collected at a
heating rate of 0.007C/min. (We also performed melting
curves at faster rates, up to 0.065min). Extrapolating
linearly to zero heating rate would result in a reduction of
the reported “end of melting” and “50% melted” tempera-
tures by ~0.07C. The data, however, is presented as
measured. In Fig. 10 we pl@tng.mer— Tr; for n > 13 this

is approximately 0.2%. After accounting for the possible
steady-state temperature gradients across the cell and the
extrapolation to zero cooling rate, these values are consis-
tent with the negligible supercooling observed at the liquid-
rotator transition in bulk [23,24,33]. For& Tend-meit— T¢ IS
almost twice as large and may be due to more significant
supercooling occurring due to the lack of surface crystal-
lization in the shorter chain-lengths ofalkanes(n < 15)

[38].
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35 : T T T T T hysterisis. The temperature of the triclinic to rotator transi-
30 F L E tion on heating, which was observed only for= 22 and
. ~=Teo0 meit | ] n = 24, was determined in a way similar to the triclinic to
e seed liquid transition. We determined the “end-of-melting”,
20 E “50% transformed”, and “seeded” crystallization tempera-
'g 15 L 3 tures (Fig. 12). Here we sat both at the position of the rotator
=10k E phase peak and at the triclinic phase peak, obtaining consis-
tent results. Since, as mentioned earlier, this transition does
0.5 i Triclinic-Liquid Transition E not superheat, these temperatures bracket the equilibrium
0-01'3 1‘4 1'5 1’6 1‘7 1ls 1‘9 2‘0 21 temperature for the ¥ R transition.
n Tr_1: The temperature of phase transition was measured

by sitting at a peak position of the triclinic phase and cooling
Fig. 11. Melting of the triclinic phase: the “end-of—melting" te_mperature, at 0.07C/min. The reported values are for the average of
the “50%-melted” temperature, and the “seeded” crystallization tempera- . . .
ture, all offset fromT,. 10-40 runs. For g, at this cooling rate, the average transi-
tion temperaturdr_.7 is belowT;, meaning that the rotator
phase is almost always observed. However, the lifetime is
Tr_.: To determine the equilibrium melting temperature always finite. This is in contrast to.§ C,, and Gy for
of the triclinic phase fon-even 14= n = 20, we melted the which a rotator phase can last indefinitely when sitting
sample at heating rates as low as 0.0C7min, and noted betweenT; and Tr_1. As can be seen in the histogram of
the “end-of-melting” as well as the “50% melted” tempera- the observed transition temperatures on cooling (Eig.
tures. Again, extrapolating to zero cooling rate would 13), the R— T transition is highly stochastic in nature
reduce these values by only0.07C. giving a wide distribution of measured transition tempera-
We also performed a seeded-crystallization measurementtures [45]. There is also noticeable cooling rate dependence
to remove any nucleation barrier for crystallization. For this, to this transition, even for the slow rates used here. For
we heated unti-50% was melted and then started cooling example, cooling & at 0.02C/min gives an average transi-
at 0.0077C/min and noted the temperature at which the tion temperature of 37.6€, while at 0.18C/min the aver-
liquid scattering intensity began to decrease again. This age transition temperature is 362C1
allowed us to determine the temperature of crystallization
from the liquid to the triclinic phase with triclinic seed
crystals. With seed crystals, crystallization occurs at a 3. Discussion and conclusions
higher temperature than the usual rotator-phase-mediated
crystallization. This also allows us to bracket and establish We thus see that the chain-length-dependent phase
error bars on the thermodynamic equilibrium temperature of diagram contains a crossover in theven alkanes from a
the transition between the liquid and triclinic phase. In Fig. stable rotator phas@g = 24) to a metastable rotator phase
11, we show the “end-of-melting” temperature, the “50%- (n = 20,22) to a transient rotator phaga < 18). For C,
melted” temperature, and the “seeded” crystallization the rotator phase is on the border of transience and is rather

temperature, all scaled ff. These all are within 0°€C of long-lived (and hence observable using a rotating anode X-
each other and show the same trends with chain-length. Theray source). For G, it is observable only with time-depen-
“end-of-melting” for T_, is plotted in Fig. 1. dent synchrotron scattering. FoyOwhereT; is 20°C below

Tr—r: The R« T transition exhibits substantial the extrapolated;_g line, one would not expect to directly
observe the transient phase. However, it nevertheless
controlsT;. In Fig. 14, we schematically show the relative

0.0 ‘ ‘ ' free energies of the three phases for the stable, metastable
-0.5 | ™ Tena.tr | and transient cases, and illustrate the path taken on cooling
5 10 i;sa% R and heating. These diagrams show how the phase behavior
= seed-TR | varies, and can be related to a continuous shift of the rotator
L o 3 phase free energy.
= : ] We have shown that it is no coincidence that the fact that
= -20 F 3 . L
: the temperature at which the supercooled liquid transforms
25F _ . . - ] to the triclinic phase (fon-even alkanes) lies on the same
Triclinic-Rotator Transition ] .
a0k . , . curve as where the rotator phase would be stable with
Toq 22 23 24 o5 respect to the liquid. Rather, it results from the fact that

n crystallization of the triclinic phase is mediated by a tran-
Fig. 12. T— R transition on heating: the “end-of-transformation” tempera- sient rotator phase. The recognition of the importance of

ture, the “50%-transformed” temperature, and the “seeded” transformation SUCh transient phase nucleation may help explain not only
temperature, all offset fror. crystallization from the melt, but also crystallization from
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Fig. 14. Schematic showing the relative free energy (relative to the rotator
Fig. 13. A histogram of the observed temperatures of the Rtransition phase) versus temperature for (a) a stable rotator phase {je.(If) a
in Cy cooling at 0.07C/min for multiple runs. metastable rotator phaseJ; and (c) a transient rotator phasedCThe

dashed lines represent the equilibrium free energy curves for the three
phases. The heavy and light solid line represents the path taken on cooling
and heating, respectively. The bracket represents the difference between
Tr_r andTg_1.
solutions and homogenous nucleation from the melt.
(Homogeneous nucleation measurements, using the emul-
sion technique to eliminate heterogeneous nucleation effects8—10] discussed at length the expected size dependence to
from the bulk of the sample, yield supercoolings of 12— the phase diagram. This implies a critical size above which a
15°C.) If we were to suppose that homogeneous nucleation growing rotator-phase crystallite may convert to the stable
were limited by the energy barrier to nucleating into a tran- orthorhombic structure.
sient rotator phase and relate the observed crystallization Besides mediating crystallization on slow cooling, such
temperature toTg_, rather than toTr_,, the even—odd transient phases may be frozen in by deep quenching. For
variation observed in the homogeneous nucleation super-example, the cycloparaffin nonadecylcyclohexane exhibits a
cooling smoothes out [16—20]. This observation suggestsrotator phase that is transient on slow cooling but remains
that the low interfacial energies of the rotator phases may indefinitely on deep quenching [58]. This result suggests
play a major role in crystal nucleation, not only with respect that some phases that are reported to be formed only by
to the ftriclinic crystal phase of the-even series, but also  deep quenching may indeed be transient states mediating
with respect to the orthorhombic crystal phases ofrtieeld crystallization at higher temperatures. This may be a
series, mixtures of both series, and solutions. Growth mechanism at work in the formation of the quenched meso-
morphologies also depend on the crystal structure [46— phase of isotactic polypropylene [43,59].

48], and thus growth in a transient phase may impact We have presented dramatic synchrotron X-ray evidence
morphology. and a systematic chain-length study which finally explains
Recent studies of crystallization in both polymer [49-52] the kinetics and supercooling im-alkanes. We have
and other systems [53—-55] suggest the existence of precurdetected a transient metastable rotator phase occurring on
sor phases with density higher than that of the liquid, but crystallization of hexadecane and octadecane into their
where the symmetry of the ordered phase is not fully devel- triclinic phase from the supercooled melt. We then
oped. The rotator phases are similar in that their density is measured the crystallization kinetics of the homologous
higher than the liquid and the symmetry is higher than the series ofn-alkanes and explained it in terms of a crossover

stable crystal (both quantities being intermediate). from stability to “long-lived” metastability to transient
Within the context of classical nucleation theory [17-19], metastability.
nucleation will occur into a metastable phase if (using the  We have directly shown that-even alkanes without an
spherical nucleus approximatiomy/[ASy (T — Tm)]* < equilibrium rotator phase crystallize via a metastable rotator
oJI[ASYT — Ty1? at the crystallization temperature. phase. The relative stability of the rotator phase determines
Hereo are the surface energigsSare the transition entro-  the observed crystallization temperature. This suggested
pies, and s, m and | refer to stable, metastable and liquid.that while the wax in dilute solutions precipitates in the
Transient phase induced nucleation may indeed be a veryequilibrium orthorhombic crystal phase, not the rotator
widespread effect since,, <oy is a likely condition, espe-  phase; its precipitation is mediated and thus controlled by
cially for phases of intermediate order. Simulations, for surface crystallization of a metastable rotator phase. This
instance, have shown rotator-like disorder at the solid— has been recently confirmed by adiabatic scanning calori-
liquid interface of the orthorhombic crystal in alkanes metry [60]. These results have strong implications for crys-
[56]. Using the Gibbs—Thomson relation and the Hoff- tallization in polymer systems and are clear evidence of
man—Weeks [57] expression for melting of laterally infinite, some the concepts which Keller had championed over the
finite thickness lamellar crystals, Keller and collaborators past decade.
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