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Abstract

Crystals of the uniform, long alkane,£gH494 have been grown from dilute solution in extended chain and a number of integer folded
forms, following our earlier work on solution crystallization and thickening @§fdsq0 and GogHzgs Crystallization rates have been
measured using DSC, and minima in growth rates found at both the transition between primary growth in the twice-folded (2F) and
once-folded (1F) forms, and at the transition between primary growth in the 1F and extended (E) forms. Isothermal thickening has been
followed both in the DSC and by TEM examination of the resultant crystal morphologies; allowing direct correlations to be made between
the thickening kinetics and the changes in morphology. Different modes of thickening have been observed depending on the particular integer
folded forms studied. Thickening between 2F and 1F crystals is accompanied by screw dislocation growth at crystal edges, and appears to
occur largely through a solid state process resulting in a small scale roughness. Thickening between 1F and E crystals is likewise accom-
panied by screw dislocation growth at crystal edges but appears to proceed, at least partially, through a larger scale re-organization resulting
in small, crystallographic, lozenge shaped, multiple twins. Differences between the thickening behaviour observed when samples are
prepared in the DSC (using aluminium pans) or in oil baths (using glass tubes) are also diseu268d.Elsevier Science Ltd. All rights
reserved.
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1. Introduction transformation rates, and then harvested the crystals at prede-
termined points during their transformation, so that the rela-
The recent availability of a new supply of ultra-long alkanes tionship between the crystal morphology and the dissolution
in gram quantities [1] has allowed us to revisit the question of behaviour is known.
isothermal thickening in solution, originally studied in In this paper we address the crystallization and isothermal
CiodH398[2,3]. Inthat work the thickening of once-folded crys- thickening of solution grown crystals of,6gH.q4 thickening
tals into the extended form was studied in separate experi-between once-folded and extended forms, and twice-folded
ments using differential scanning calorimetry (DSC) and and once-folded forms. An introduction to the background
transmission electron microscopy (TEM). A range of toisothermalthickeningin ultra-longalkanesanditsrelevance
morphologies associated with thickening were observed butto the behaviour found in polyethylene is given in a previous
could not be directly correlated with the rate data from DSC as paper [4] in which we reported the thickening behaviour of the
the concentrations were considerably different. The increasedlionger alkane &4Hsqo In that previous paper we were only
guantities of material now available have allowed both the able to access the thickening behaviour between the different
study of different chain lengths and a more rigorous approachfolded forms of the longer alkane, whereas previous studies of
to be taken to the matching of the crystal morphologies, ther- C,qdHz95[2] had primarily dealt with thickening between once-
mal behaviour as studied by DSC, and crystal thickening folded (1F) and extended (E) forms. In the present work we
found through Raman LAM and SAXS. In this work we have been able to bridge the gap between these two different
have grown crystals in fairly dilute solutior-Q.2%wi/w) in modes of thickening while maintaining the rigorous connec-
DSC pans, characterized their crystallization rates and tion with DSC characterization developed foflse, [4].
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G. Brooke [1] and the Engineering and Physical Science at the desired crystallization temperature, where it was held
Research Council (EPSRC). isothermally for the desired crystallization time. The tube
Two different sample preparation techniques for subse- was then removed from the oil bath, broken open, and the
quent study by TEM were used. For most of the morphol- resulting suspension prepared for study by TEM as
ogies presented here, where comparison with results fromdescribed above. It was found that the nucleation rates of
DSC was required, samples were prepared in the DSC. Athese samples prepared in oil baths using glass tubes, were
Perkin—Elmer DSC7 was used. For each sample, approxi-considerably slower than those of samples prepared in the
mately 0.02 mg of GigHaes Was weighed into an aluminium  DSC using aluminium pans, so total crystallizsation times
DSC pan suitable for volatile liquids, approximately 7 mg of were not easily comparable. For this reason, as the intention
toluene was added and the pan sealed, to give a samplef this study was direct comparison between morphology
concentration in the range 0.1-0.4%w/w (all subsequent and DSC data, the majority of samples were prepared in the
concentrations quoted will be %w/w). The sample was DSC.
then heated to 12Q, cooled immediately to 10&8 and It was possible to calculate the rate of crystallizsation
held for 1 min to ensure that the alkane was completely from the DSC in direct comparison with previous work on
dissolved, cooled to the selected crystallization temperature,Cys6H494 USING higher concentrations [6]. The same techni-
and allowed to crystallize for a given length of time. The que as described in Ref. [5] was used, in which a crystal-
sample was then re-heated in the DSC, the resultant dissoludization curve is built up from successive isothermal
tion endotherm allowing the extent of crystallization and the crystallization and dissolution runs. The sample is crystal-
form of the crystals (e.g. once-folded, extended etc.) to be lized for a given length of time, dissolved directly from the
determined in the same manner as had been used previouslgrystallization temperature and the area of the resultant
in this laboratory for the study of crystallization rates endotherm measured. The process is repeated for different
[5,6,7]. The process was then repeated, but the samplelengths of time at the same crystallization temperature until
was not heated from the crystallization temperature but an Avrami type rate curve of endotherm area vs. time has
rather quenched to room temperature at the maximum cool-been built up, from which an approximate growth “rate”, the
ing rate of the DSC-{40°/min). tangent to the steepest part of the curve, can be determined.
In some instances a further check was performed to ascer-This technique was used for a single sample Qo4 With
tain how much further crystallization occurred on cooling to a concentration of 0.14%w/w, which can be taken as repre-
room temperature. The quenched sample was re-dissolvedsentative of the concentration range under study here. It was
at a heating rate of 2@/min (a rate which has previously only possible to measure rates unambiguously at crystalli-
been found to prevent most rearrangement of the samplezation temperatures down to 0, as below this tempera-
[6]). The amount of additional crystallization could then ture crystallization was prohibitively fast, and the
be found from the difference in the melting endotherms of unambiguous identification of the crystal form was not
the quenched and unquenched samples. possible from the DSC trace as further discussed in Section
Once the sample was fully characterized and crystallized 3. Times described as “onset” times (which should be
in the desired form, the DSC pan was removed from the closely related to the nucleation rates) were also estimated
DSC, cut open with a scalpel and shaken vigorously in by extrapolating the tangent to the endotherm area vs. time
excess toluene (approximately 0.5 ml) in order to remove curve to zero area.
the crystals from the DSC pan. A drop of the resulting
suspension was then placed onto a carbon covered TEM
grid, shadowed with platinum palladium and viewed with

a Phillips 400 TEM. . .
The method described above for preparing samples some- In this paper we present three separate but interconnected

times resulted in somewhat damaged crystals as it requiressets of data: the results of a DSC study of the crystallization
. . . f il luti f ; th hologi f
vigorous shaking of the pan in toluene. Also, only very rates of a dilute solution of &eHasa the morphologies o

i ; . C that occur on primary crystallization from dilute
small amounts of material could be prepared in this way 2ueHaas primary cry

solution in glassware in oil baths; and the morphologies

(rjeuqeuitroe::e?nfrtr;altljsseamwecgr?::%r:tera?fotrlhse ?rlsefe?;rés :p gotr?qifound during and after isothermal thickening Outas

o - ' in solution along with their corresponding DSC behaviour.
crystallization temperatures, large quantities of crystal were
prepared using more standard sample preparation technig 1 Crystallization rates
ques. In these cases crystals were grown in glass tubes in
oil baths. Samples of LH94 Were placed into the glass In this section we present the results of a DSC study of the
tubes, toluene added to a concentration of approximately crystallizsation of a single sample of,/H.q4 from dilute
0.2%wi/w and the glass tubes flame sealed to prevent escapeolution (using a concentration of 0.14%w/w).
of toluene during crystallizsation. Each sample was heated Fig. 1a shows the variation in crystallization rate with
in an oil bath at 108C for 5 min to dissolve the alkane inthe  crystallization temperature. Fig. 1b shows the variation in
toluene, and then transferred to a second, preheated oil battonset of crystallization with temperature. At the lowest

3. Results and discussion
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range 71-7ZC than it is both above and below these
temperatures. The data for the sample crystallized &€ 71
appears different from the rest in that the heat flow does not
pass through a clear minimum but rather drops to a lower
level and then stays there. We do not have an explanation
for this unusual behaviour — the heat flow does not return
to the expected higher level even after longer holding times.
The observation of growth rate minima as the crystalliza-
tion temperature is lowered is in agreement with previous
observations on other strictly uniform alkanes [5-10].
However, in this study we have, for the first time, observed
two minima in the same chain length alkane and in the same
sample, one between E and 1F and another between 1F and
2F forms. The very clear presence of a minimum in overall
rate can be seen from the isothermal enthalpy data; crystal-

X lization occurs both more slowly, and after a longer gesta-
tion time, at 72C than at both 70 and 73. The “growth
rate” minimum between 2F and 1F growth occurs slightly
below the temperature at which primary growth is first seen
in the 2F form. While the “nucleation minimum” falls at
© 72°C, the temperature where primary growth is first seen in
o the 2F form.

The growth rate minimum that occurs between the
X primary growth of material in the 1F and E forms is
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Fig. 1. (a) A graph showing the variation in crystallization rate with crystal-
lization temperature for a 0.14%w/w solution of,H,94 in toluene. (b) A
graph showing the variation with crystallization temperature of the
reciprocal of the intercept time. The intercept time is the time at which
the endotherm area vs. crystallization time curve extrapolates to zero
endotherm area, using the linear part of the sigmoidal curve to make the
extrapolation. The different symbols refer to primary growth in the differ-
ent forms: k), primary growth in the 2F form;<§), primary growth in the

1F form; and ), primary growth in the E form.

70°

temperatures (70—7@2) the initial structure, after very short
times, is 2F which rapidly rearranges to the 1F form. We
have included the areas of both 2F and 1F material in this
calculation of the growth rates as, at short times, it appears
that most of the 1F material seen to dissolve in the DSC has
come from rearrangement on heating. It is very clear that the
crystallization rate passes through two minima, one at
approximately 7iC and the other between 80 and°84

At temperatures in between 80 and’84the growth rates
were found to be too slow to allow study over reasonable
time periods. The onset of crystallization is only shown at
temperatures up to 7@, above this temperature the crystal-
lization rate was so slow that unacceptably large errors are
introduced into the onset time. It is apparent that there is
also a minimum in the onset time, this time afC2Fig. 2
shows a series of_ |so_thermal crysta_lllza}tlon curves for the Fig. 2. A series of crystallization exotherms obtained during isothermal
sample recorded in Fig. 1, from which it can be seen that crystallization at different crystallization temperatures. The crystallization
crystallization is substantially slower in the temperature temperatures are marked on each curve.

Heat flow, arbitrary units

Time, minutes
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that of the E form, then the temperature of the cross over
from 1F to extended growth will be lower at lower concen-
trations. Of course the actual cross over temperature will
I I depend on both the supercooling and concentration depen-
dence of the different growth rates. It is generally found that
the supercooling dependences of 1F and E growths are
different [12]. The exact nature of the concentration depen-
dence of growth rate cannot be obtained from DSC data
alone, as this only gives the overall crystallization rate. A
comparison of the growth rate data presented here and that
in Ref. [6] clearly shows that the concentration dependence
L L L L of the crystallization rate is considerable.
0 1 2 3 4 5 6 An alternative, but less likely, explanation is that the
Concentration, %w/w highest temperature at which primary growth is observed
in the 1F form could be strongly related to the dissolution
Fig. 3. The variation with sample concentration of the temperature at which temperature of that form, with the dissolution temperature
the transition from primary growth in the 1F form to primary growth in the varying with concentration, in the “classical” manner

extended form occurs inggHag4 The lower limit of the “error bars* show b di all molecules. However. we have found in
the highest temperature at which the 1F form was observed, the upper limit observed in sm ules. Wever, w

shows the lowest temperature at which primary growth was observed in the C1ogH30g that the dissolution temperature is independent of
extended form. concentration at high dilutions [13], and yet in that alkane
the maximum temperature at which 1F crystals can be
unusually broad. As we are using very low concentrations, grown is strongly concentration dependent, in a very similar
in which crystal growth is substantially slower than that manner to that shown for£gH494 here. As a result we feel
seen in higher concentrations, we did not attempt to define that the concentration/growth rate explanation is the correct
the precise temperature at which growth occurred mostone.
slowly. It is, however, striking that the crystallization rate The above discussion of the relationship between concen-
at 84C is faster than that at 80. This is in agreement with  tration and the cross over from 1F to E growth is of parti-
a previous study of solution crystallization of4gHze4 IN cular importance when we consider the crystal
this laboratory [6] in which it was found that crystallization morphologies. Although the exact concentration of a parti-
at 88C occurred more rapidly than at®2 The factthatthe  cular sample could be determined by weighing after the
absolute value of the minimum has apparently moved to DSC pan was sealed, it was not possible to control this
lower temperatures is because of the change in concentraconcentration exactly, as such small quantities of both
tion (0.14%w/w compared with 1.1%w/w) as discussed toluene and alkane were involved and because of the vola-
below. tile nature of the solvent. The rate data shown in Fig. 1 were
Fig. 3 shows the relationship between the temperature atall obtained using a single sample, thus ensuring the
which crystal growth was first seen in the once folded constancy of the concentration.
form and the solution concentration. Here the “error” bars  However, in the work to follow where we have examined
show the range of temperatures over which the transition morphologies, a different sample must be used for each
from 1F to E growth occurs; the high temperature of the bar experiment. Thus it becomes impossible to ensure all the
being the first temperature at which we observed primary concentrations for all the samples (and hence morphologies)
growth in the E form, and the low temperature of the bar the are identical. In practice the actual concentration varied
last temperature at which growth in the 1F form was from 0.2to 0.55% in the samples used for the morphological
observed. At high concentrations there is only a small studies, all these concentrations were higher than the
dependence on the transition temperature with concentra-concentration used for the DSC study reported above
tion, while at lower concentrations the dependence is because the yield, from 0.14%w/w was too low. This in
stronger. turn leads to a variation in the transition temperatures
We believe that the observed variation in “transition” between growth in the different forms. We have therefore
temperature with concentration occurs because of concen-carefully recorded the DSC traces for each sample and
tration/growth rate effects. The concentration dependence ofhence, from the position of the crystallization and melting
growth rate is expected to be different in the different crystal peaks, determined the actual form in which each is crystal-
forms (e.g. 1F and E). The temperature at which 1F material lized, etc.
is first seen would then be the temperature at which the 1F
form is first able to crystallize more rapidly than the E form 3.1.1. On the unthickened morphologies
(this question of growth rates of competing phasesis laid out  For CugHags crystallization in the extended form is, at
in detail in Appendix Il of Ref. [11].) If the growth rate of  the high dilutions studied, exceptionally slow, so that it is
the 1F form depends more strongly on concentration than not convenient to use the DSC to prepare such crystals.
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Accordingly, experiments on the crystal morphologies prior
to thickening, and at temperatures where thickening did not
occur, were primarily performed in glassware in oil baths.
For the sake of consistency, comparative crystallization at
lower temperatures was performed both in glassware in oil
baths and in the DSC. Prior to thickening, the morphologies =
observed in both sets of experiments were the same, as
expected.

Fig. 4 shows a series of TEM micrographs illustrating the
different morphologies observed at different crystallization
temperatures. At high temperatures long, thread like crystals
were generally found (Fig. 4a). In some cases somewhat
wider crystals appeared to consist of several of these thread -
like crystals. On quenching from the crystallization 5
temperature to room temperature, the thread like crystals *~
are often extensively decorated by more folded crystals.
From the decoration pattern it seems likely that the original
thread like crystals were twins with exceptionally rapid
growth due to the re-entrant corner. At lower temperatures,
but where primary growth is still in the extended form, a
second morphology is also seen, similar to that found in
extended chain fggHsgs [14]; this consists of multiple
twins — see Fig. 4b. At this temperature there are also
occasional large expanses of extended chain crystals with
multiply faceted edges.

As the temperature is lowered further, until primary
growth occurs in the 1F form, a different but very distinctive
morphology is observed — Fig. 4c. Rectangular twins, as
revealed by electron diffraction, in which the twin boundary
passes down the long axis of the crystal (the end of the
crystal illustrated has broken off, so the re-entrant corner
is missing), were almost exclusively foundhis morphol-
ogy is very similar to that found at the highest temperatures
of once-folded growth in ¢gHz95[14]. Again, these crystals
have grown very extensively in the direction of the re-
entrant corner, suggesting a nucleation limited growth (C)
process. At somewhat lower temperatures a similar
morphology is generally found but with distinctive trun-
cated lozenge type overgrowths. At this temperature very
large, lozenge shaped aggregates were also frequently
observed. (Some further examples of initial morphologies
can be seen in Figs. 5b and 6b, they will be discussed
below.)

3.2. Isothermal thickening

Two parallel sets of experiments on isothermal thicken- =
ing were performed, one in glassware in oil baths — a /
continuation of the study above — and the other using
samples crystallized in DSC pans, continuing the methods
used in the previous paper [4]. The most exhaustive study

Fig. 4. A series of TEM micrographs showing,gH,04 Crystals crystallized
- at different temperatures in glass tubes in oil baths, fre@2% solution:
! Itis possible that some readers could (as did one referee) mistake thesg(@) 89C; (b) 85C; and (c) 80C. The crystals grown at 88 are the
twin crystals for the remnants of picture frame crystals that could have prominent lathe like objects in (a). Note that a@%he growth rate is
arisen during the thickening process. We are confident that this is not the very slow leaving much material to crystallize on quenching. Such material
case for several reasons: electron diffraction clearly reveals these are twincan be seen as small overgrowths on the lathe like crystals and as some
crystals; in many cases we can see the re-entrant ends of such crystals. large lozenge crystals in the background. Scale bars repregemt 1
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Fig. 5. A series of TEM micrographs and their corresponding DSC traces illustrating thickening from 2F to,1§Hip 3a) The DSC trace corresponding to

(b). The sample was crystallized for 5 min af@4 Note the double melting peak which is indicative of thickening during heating in the DSC. (b) A TEM
micrograph showing the unthickened 2F morphology. (c) The DSC trace corresponding to Figs. 4d—e. The sample was crystallized for £Cn{d) &t 74

low magnification image showing the preferential thickening around the edges of a large aggregate (the scale bar in this image reprejeintei:Ca

higher magnification image showing screw dislocation overgrowths associated with the thickening. (e) A high magnification image in which tte fine scal
roughness characteristic of the thickening process can be seen. Scale bars reptesertédpt for the main part of (d) where the scale bar representsilO
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Fig. 6. A series of TEM micrographs and their corresponding DSC traces illustrating thickening from 1F tg,BHis/(a) The DSC trace corresponding to

(b). The sample was crystallized for 21 h at’83(b) A rectangular twin characteristic of 1F crystallization at high temperatures. (c) The DSC trace
corresponding to (d). The sample was crystallized for 8 h &C8@&l) A large rectangular twin with screw dislocation overgrowths around its perimeter.
(e) The DSC trace corresponding to (f). The sample was crystallized for 48 AGat@3An aggregate of fully thickened material consisting of multiple twins
made up of small lozenge shaped crystals. Scale bars repregemnt 1

was done in DSC pans so we shall detail that first, only 3.2.1. Twice-folded to once-folded-crystallization in DSC

looking at the study in glassware in cases where, to our Fig. 5 shows a series of TEM micrographs of unthick-
initial surprise, the results were significantly different ened, partially thickened and fully thickened material show-
from those in the DSC. ing the isothermal transformation from 2F to 1F material in
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CoaeHa94, and the corresponding DSC traces taken from eachto the overgrowths described above. A finer scale structure
sample before it was harvested for TEM examination. Fig. is particularly visible on these large, flat regions of thick-
5a shows the DSC trace corresponding to Fig. 5b, which is ened material, although closer inspection of the lozenge
of unthickened material. Fig. 5¢c shows the DSC trace corre- shaped spirals reveals a similar underlying texture. All the
sponding to Fig. 5d and e, which show partially thickened thickened areas have a fine scale roughness with character-
material. When sufficiently long crystallization times were istic width of about 10 nm. In some regions individual thick-
used, so that most of the material would have crystallized atened ribbons are visible in a matrix of apparently
the isothermal temperature, two separate crystal populationsunthickened material (such as in Fig. 5e). These thickened
were seen, one consisting of unthickened material and theregions are interconnected in a complex structure, which, in
other consisting of thickened material. a similar manner to the “dendritic” structures observed on
The initial, unthickened morphology (Fig. 5b) is clearly thickening Gge/Hsgo [4], appear to follow preferred direc-
lozenge shaped crystals bound by 110 faces. In many casesions within the crystal (in this case 100 and 010 planes).
these are very heavily multi-layered, giving macroscopic  The majority of the thickened material does not contain
crystals similar to those found in,6Hsqo [4]. (At this an underlying matrix of unthickened material, but still main-
short crystallization time the sample would not have been tains a small length scale roughness which can be consid-
able to crystallize fully, so much of the material will have ered as typical of the thickening process from 2F to 1F
crystallized during quenching to room temperature.) Fig. 5d material. This small length scale roughness is clearly visible
shows a very large aggregate of partially thickened material, in the higher magnification image shown in Fig. 5e. The
that originally consisted of multiple lozenge shaped crystals. edges of thickened crystals exhibit a roughness on a similar
It can be seen that the edges of the lozenges have preferenlength scale. In contrast to the thickening behaviour of
tially thickened, making rough picture frame type shapes. CyyHseo between the 2F and 1F form, gaps are not
The inset to Fig. 5d shows a thickened region where the commonly seen between the fine features, but rather they
level of multi-layering is not so high, allowing the under- form continuous layers.
lying morphology to be clearly seen. The thickened material
consists of approximately lozenge shaped crystals which 3.2.2. Once-folded to extended thickening, crystals
occur in aggregates apparently growing from a central prepared in DSC pans
screw dislocation. These screw-dislocation-born lozenges Fig. 6 shows a series of micrographs and their corre-
are almost exclusively oriented in such a way that they sponding DSC traces, showing the isothermal thickening
appear to be 110 twins with the initial crystal form. The behaviour of GsHagsas it transforms from 1F to E material.
long axis of the lozenge lies approximately perpendicular Fig. 6a shows the DSC trace corresponding to Fig. 6b, in
to the original 110 face of the parent crystal. These spiral which no thickening has occurred. Fig. 6¢c shows the DSC
growth terraces appear to be related to the thickening trace corresponding to Fig. 6d in which partial thickening
process and resemble the screw dislocation growth reportechas occurred. Fig. 6e shows the DSC trace corresponding to
previously [15] during the non-isothermal crystallization of Fig. 6f, the crystal in the figure is entirely thickened. The
polyethylene. initial, unthickened morphology, was a rectangular crystal,
As crystallization proceeds in the 2F form, the solution Fig. 6b (note the morphology here is similar to that seen in
concentration is reduced, and at these temperatures we mayig. 4c where the crystals were grown in glassware in the oil
postulate that the concentration of the transition between bath). As thickening proceeds, as shown by the evolution of
primary growth in the 2F and in the 1F form is approached. the DSC peak from the extended form, an overgrowth layer
The resulting competition between different crystal forms starts to form along the outer edges of the rectangular crys-
(or polymorphs) may be regarded as being similar to an tals. With progressive thickening this layer becomes thicker
impurity slowing down the growth process [8], and it is (i.e. more multi-layered). Finally, once the DSC shows
often found in polymers that the presence of impurities exclusively thickened material remaining, a morphology
leads to an increase in the number of screw dislocations.apparently unrelated to the parent morphology is left.
Any such dislocations would be prime sites for thickeningto  Parallel studies, measuring the thickness of these crystals
occur as they will be tightly multi-layered. Thus we envi- using Raman LAM [16] have shown that the partially thick-
sage that primary growth still occurs in the 2F form, but ened material, as shown by DSC, does indeed contains both
competition with the 1F form leads to the formation of many unthickened and extended chain material. The overgrowths
screw dislocations making these areas particularly suscep-themselves resemble the screw dislocation based thickened
tible to thickening and leaving approximately crystallo- overgrowths seen after the transformation from 2F to 1F
graphic thickened morphologies. material. However, in the present case at least, the outer
The majority of the thickened material is found in the rim of each crystal has not yet thickened — it must be
small, spiral growth aggregates described above. However,assumed that within the overgrowth a core of extended
in some areas larger expanses of thickened material are seeohain material exists.
which are not bound by a clear crystal face, such as that In the totally thickened morphology shown in Fig. 6f the
shown in Fig. 5e, and these often supply a supporting layer outer edges of the thickened crystals are relatively clean
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i oil bath we find thickening throughout the whole crystal
(Fig. 7).

It is clear that the thickening route found when crystal-
lization is carried out in glassware in oil baths is signifi-
cantly different from that found when crystallization is
performed in aluminium pans in the DSC. In our view this
is because the experiments performed in glassware are
almost certainly not strictly isothermal. We would expect
a very shallow temperature gradient to exist within the
solution, and there may be occasional small fluctuations
in the temperature of the bath. During the long crystal-
lization period the thickening process may well be
nucleated when a crystal is temporarily hotter than the
average temperature of the bath. This thickened region
would then spread through the rest of the crystal, but

Fig. 7. An electron micrograph showing crystals grown in glassware in oil result in a different morphology from that seen in the

baths at 88C for 55 h at a concentration 6f0.2%. The scale bar represents DSC_ experlmen_t. . ) ) )
1pum. It is also possible that different thickening mechanisms

can be facilitated by the presence of different surfaces in the
crystallographic faces, although the points are somewhatdifferent vessels (aluminium in the DSC and glass in the
blunted. Thickening in this case is clearly accompanied by other case). However, the similar initial morphologies are
the deposition of new material from the solution. Initial hard to reconcile with such a view.
growth is of isolated, rectangular, 110 twins. After these  Finally, the different morphologies might be related to the
have grown to considerable size, they start to form screw difference in nucleation rates in the two different types of
dislocations at their edges which facilitate the subsequentvessel. In glassware thickening experiments were carried
thickening into the extended form, possibly in a similar out at lower temperatures than those used in DSC pans,
manner to that suggested to occur on thickening from the and the samples were held for considerably longer times,
2F to the 1F form. These overgrowths grow in taxis as the initial rate of nucleation was slow. The difference in
direction as well as spreading laterally across the surface ofthickened morphologies may therefore be a combination of
the parent crystal. It appears that, at least in some casesthe increased amount of material left in solution at long
these overgrowths are rotated with respect to the crystal-times in the glass vessel and the presence of small fluctua-
lography of the parent crystal. At very long times all of tions in temperature facilitating the onset of thickening.
the folded material is cannibalized by the extended chain
crystals, leaving a crystal population of almost exclusively
extended chain crystals. As no isolated remnants of partially 4. Conclusions
thickened material were found at long times, it is safe to
assume that extensive dissolution and re-crystallization has The crystallization and isothermal thickening behaviour
occurred. of C,seHa94 have been studied using DSC and TEM. Using
DSC a minimum in crystallization rate has been found at the
transition from primary growth in the 2F form to the 1F
3.2.3. Once-folded to extended thickening, crystals form, and another at the transition from growth in the 1F
prepared in oil baths form to the extended form. The temperature of the transition
The above morphologies were seen on thickening from between different folded forms has been found to depend
1F to E material in DSC pans. Parallel experiments were strongly on solution concentration, particularly at low
also performed in glassware in oil baths. Fig. 7 shows an concentrations.
example of a partially thickened crystal. There are many We suggest that for comparison between morphologies
approximately lozenge shaped areas of thickened material.and rates measured in the DSC, it is essential to grow the
This image is strikingly similar to the thickening seen in crystals in the DSC. Even quite small variations in concen-
CiogH39s between the 1F and E forms shown in Fig. 7 in tration can lead to significant differences in the temperatures
Ref. [2]. Comparing Figs. 6d and 7, (both showing partially atwhich the different crystal forms grow, making it essential
thickened material) it is apparent that there are differencesto have direct DSC data available to identify the actual
between the resultant morphologies and thickening mechan-crystal forms present unambiguously.
isms from those prepared in DSC pans and those in glass- A number of different morphologies have been identified
ware in oil baths, although the initial crystal forms are the for primary growth at different crystallization temperatures.
same. Note, in particular, that from the DSC we find crystals When isothermal thickening is carried out between 2F
with thickening around the edges (Fig. 6d), while from the and 1F crystals, a thickening morphology is observed
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characterized by preferential thickening at crystal edges alkanes in solution. 1. Morphological changes accompanying thick-
following screw dislocation growth, with a fine scale rough- 5 S”'”g- é Poo'ym SSCJ' Fl’afEhBi PO'Iymf F;g}’s 1,990?2?1|235f5|- anes |

ness on the scale of tens of nanometres. We propose that thels] Un9ar G, Organ SJ. Isothermal refolding in crystals of long alkanes in
. . L. solution. 1. Effect of surface self-poisoning. J Polym Sci Part B:
fine scale roughness is caused by competition between the  poym phys 1990;28:2353.

thickening process and the strain it induces in the crystal [4] Hobbs JK, Hill MJ, Barham PJ. Isothermal thickening of single crys-
lattice. We suggest that the screw dislocation growth at the tals of GesHsgo in dilute solution. Polymer 2000;41:8761.

edges of the crystals is the result of competition between 2F [5] Organ SJ, Ungar G, Keller A. Rate minimum in solution crystalliza-

- . : tion of long paraffins. Macromolecules 1989;22:1995.
and.lF polymo.rp_hs. In the DSC, thickening from 1F to E IS [6] Organ SJ,ngrham PJ, Hill MJ, Keller A, Morgan RL. A study of the
again found to initiate at the edges of the CryStal& foIIowmg crystallization of then-alkane GsgHs94 from solution: further mani-
the formation of screw dislocations. However, in this case festations of the inversion of crystallization rates with temperature. J
the final thickened morphology does not contain the rough- Polym Sci B: Polym Phys 1997;35:1775.
ness observed on thickening between different folded forms, [7] Morgan RL, Barham PJ, Hill MJ, Keller A, Organ SJ. The crystal-
and bears no resemblance to the initial, unthickened lization of then-alkane GyHsgo from solution: inversion of crystal-

. . . lization rates, crystal thickening, and effects of supersaturation. J
morphology. We suggest that in this case considerable Macro-Sci Phys 1998:37:319.

rearrangement must occur, possibly accompanied by some [s] ungar G, Keller A. Inversion of the temperature dependence of crys-
dissolution and re-deposition of material. tallization rates due to onset of chain folding. 1987;28:1899.

[9] Organ SJ, Keller A, Hikosaka M, Ungar G. Growth and nucleation
rate minima in long-alkanes. 1996;37(12):2517.
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