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Abstract

Crystals of the long, uniform alkane&Hsgo can be grown from dilute solutions in a range of different integer folded forms. At suitable
temperatures, folded crystals will thicken from one folded form to another. The morphology of the crystals as they grow depends both on the
growth temperature and on the number of folds in the crystal. In this paper we report, for the first time, observations on the morphologies of
crystals that have been grown, and allowed to thicken to varying extents, in DSC pans. From the DSC we have precise knowledge of the
overall degree of crystallinity and extent of thickening that has occurred over the whole sample.

On thickening from twice-folded to once-folded crystals, the initial crystal shape is lost and a fine, dendritic structure results, in which the
thickened regions exist in a surrounding matrix of unthickened material; the thickened regions have a characteristic width of 20-30 nm. Itis
suggested that this characteristic width is caused by the interplay of solid state diffusion and the lattice strain caused by the reduction in top
surface area. At lower temperatures, when thickening occurs from three times folded to twice-folded forms, the initial lozenge shape of the
three-times folded crystals is maintained after thickening, forming “picture-frame” crystals, but with a fine web of thickened material within
the frame.© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction on solution crystallized material has shown, from X-ray
diffraction, Raman Spectroscopy and even shadow length,
Studies of the crystallization of ultra-long alkanes have that the thickness of crystals formed from exact length
already provided a wealth of insight into the crystallization alkanes are very close to integral fractions of the overall
of polymers in general and of polyethylene in particular [1- molecular length. It has been suggested that these materials
10]. form preferentially into different (integer folded) states. The
Several groups have studied these and other similar oligo-actual crystal thickness (or folded state) has been found to
mer systems and found generally similar experimental depend on the chain length and the crystallization tempera-
results [1-14], although there has been some disagreementure. Many of these studies have involved measuring crys-
about the interpretation of these results. Nearly all the work tallization rates using thermal and some microscopy
- techniques [2,3,6—9,11-14], in most cases a minimum in
* Corresponding author. Tel.:+ 44-117-9288711; fax: + 44-117- crystallization rate near the transition between different
9255624. _ folded states has been observed.
E'ma" addresspeter.barham@bristol.ac.uk (P.J. Barham). In our opinion, the observations of particular importance
ndrew Keller was closely involved in the work that we report in this . L. .. .
paper. Andrew was an inspiration to all of us and the many regular discus- &€ those relating to the crystallization of chains into integer
sions we had together greatly assisted in the formulation of the whole fractions of the chain length [1], the occurrence of a mini-
research programme as well as in the specific work described here. Wemum in growth rate as primary crystal growth passes from
had completed the experimental work contained in this paper shortly before gna crystal form to another [2,3] and the lack of impact of

Andrew dled'and"had |nt'ended to discuss the |mpl|cat_|ons with him on his solution concentration on the dissolution temperature at
return from his skiing holiday. Unfortunately, Andrew died before we could

have this general discussion. It is impossible to say whether Andrew would mOder‘_T[e to h'gh dl|ytl0nS [4]_- ) ) )
have agreed with the way in which we have presented the data, or indeed  In this paper we will be dealing with the isothermal thick-
whether he would have accepted the conclusions we have drawn. Thoseening of single crystals grown from dilute solution, an issue
who knew Andrew will know that he often held strong views but was \yhich may provide insight into the above observations
always cautious in expressing them in his publications. We have tried to pertaining to uniform alkanes, as well as extending our

write this paper in a way we believe Andrew would have presented the . . . .
work, and we must give him full credit for the work, while taking full underStandlng of crystalllzatlon In h|gh polymers. We are

responsibility for any errors or omissions on ourselves. concerned with the mechanisms of thickening and have used
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electron microscopy to follow the changes in morphology as prepared but more concentrated solutions of alkanes. That
the crystals thicken. study, to be reported elsewhere [19], has allowed us to reaf-
In high polymers it is commonly observed that crys- firm with confidence the existence of exclusively integer
talline lamellae grown from the melt thicken after initial folded chains in the ultra-long alkanes studied here when
crystallization [15]. However, on crystallization from crystallized from dilute solution.
dilute solution it is generally found that the single crys-
tals maintain the thickness with which they originally
grew, unless they are annealed above their original crys-2. Experimental
tallization temperature. In contrast, it has been found
[16] that ultra long alkanes grown in dilute solution The materials used in this study were kindly provided by
will thicken at the crystallization temperature from an Brooke [20] and the EPSRC.
initial (integer) folded form to more stable, thicker, Two different sample preparation techniques were used
integer folded or to extended forms, given sufficient for subsequent study by TEM. For most of the morphologies
time. This effect has been extensively studied [16,17] presented here, where comparison with results from DSC
in the case of the isothermal thickening ofjgf30s was required, samples were prepared in the DSC. A Perkin—
between the once folded and extended crystal forms, EImer DSC7 was used. For each sample, approximately
by use of both DSC and direct observation of the crys- 0.02mg of GeHsgo Was weighed into an aluminium DSC
tals using TEM. However, in these previous studies, pan suitable for volatile liquids, approximately 7mg of
from this laboratory, it was found to be necessary to toluene was added and the pan sealed, to give a sample
perform different experiments at different solution concentration in the range 0.1-0.4%w/w (all subsequent
concentrations because of the contrasting needs of theconcentrations quoted will be %w/w). The sample was
experimental techniques. In the DSC a relatively high then heated to 12C, cooled immediately to 106 and
concentration £3%) was required to obtain an obser- held for 1 min to ensure that the alkane was completely
vable signal. However, to prepare isolated crystals for dissolved; it was then cooled to the selected crystallization
TEM studies generally requires very dilute concentra- temperature, and allowed to crystallize for a given length of
tions, ~0.01%. A further complication arises in that time. The sample was then re-heated in the DSC, the resul-
the DSC samples are normally prepared in aluminium tant melting endotherm allowing the extent of crystalliza-
pans while those for TEM are prepared in glass tubes. tion and the form of the crystals (e.g. once-folded, extended
The requirement for different concentrations makes the etc.) to be determined in the same manner as has been used
direct comparison of results from these different meth- previously in this laboratory for the study of crystallization
ods problematic. In particular, it was not possible to rates [21]. The process was then repeated, but the sample
obtain any knowledge of the path taken by an individual was not heated from the crystallization temperature but
crystal, observed using TEM, except by inference from rather quenched to room temperature at the maximum cool-
the final morphology. The crystallization history of the ing rate of the DSC+40°/min). In some instances a further
sample: when crystallization began; when the initially check was performed, by again re-melting the sample at a
folded crystals started to transform into a less folded heating rate of 20min (a rate which has previously been
form; how close to completion this transformation found to prevent most rearrangement of the sample [22])
was; were all, essentially, unknown. In order to rectify and observing the melting behaviour, in order to ascertain
this situation, the present series of studies was under-how much further crystallization occurred on cooling to
taken; samples were prepared and characterized in theroom temperature. Once the sample was fully characterized
DSC before subsequent harvesting and examinationand crystallized in the desired form, the DSC pan was
using TEM. A second motivation for the present work removed from the DSC, cut open with a scalpel and shaken
is that previous studies of the morphologies of uniform vigorously in excess toluene (approximately 0.5ml) in order
long alkanes grown in solution have dealt only with to remove the crystals from the DSC pan. A drop of the
CiogHszes. As the longer alkanes undergo thickening resulting suspension was then placed onto a carbon covered
processes between more folded forms than convenientlyTEM grid, shadowed with platinum palladium and viewed

observed with GgHzgs €.9. three times folded to twice
folded, twice folded to once folded, we have endea-
voured to identify features of thickening that apply
universally to all systems, as well as those which are
specific to individual molecular lengths.

In the present work we will deal only with the thickening
behaviour of GgsHsg IN @ subsequent publication we will
present a similar study of the isothermal thickening of
CoaeHag, [18]. In parallel work we have used Raman LAM
and SAXS to study the lamellar thickness of similarly

in a Phillips 400 TEM.

At some crystallization temperatures large quantities
of crystal were prepared using more standard sample
preparation techniques in glassware. Samples of
CooHsgo Were placed into glass tubes, toluene added
to a concentration of approximately 0.2%w/w and the
glass tube flame sealed to prevent escape of toluene
during crystallization. The alkane sample was dissolved
in toluene in an oil bath at 106 for 5 min, and then
transferred to a second, preheated oil bath at the desired
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250 a single sample of &5HsqqWith a concentration of 0.18%w/w,
which can be taken as representative of the concentration

200 | x range under study here. It was only possible to measure rates
unambiguously at crystallization temperatures down to

150 X 72C, because below this temperature crystallization was

prohibitively fast and the unambiguous identification of
100 | the crystal form was not possible from the DSC trace, as
further discussed in Section 3. Temperatures abovV€ 76

Crystallization rate, J/g/min

50 o could not be accessed with the sample used, because the
crystallization rate was prohibitively slow. However, a
0 ° o survey of the DSC behaviour was carried out over the entire
66 68 70 72 74 76 78 range of temperatures for which samples were studied using

Crystallization Temperature, °C TEM, from 66 to 768C, using this same sample, even at the
lower temperatures where absolute rates could not be

Fig. 1. A graph showing the variation in crystallization rate with crystal- obtained with confidence.

lization temperature for a 0.18% (w/w) solution ogpfElsgin toluene over

the range of temperatures at which morphologies were studied by TEM.
O—primary growth in 2F form,x —primary growth in 3F form. At the
temperatures labelles , single 3F melting peaks are not observed. Instead
a double peak apparently consisting of the melting of 3F and 2F material is . . L
seen. It may be that both crystal forms grow simultaneously at the same ~ We Will, first, present the DSC data on crystallization
temperature. However, it seems more likely that the upper peak is due to rates and thickening times, in order to provide a background
transformation of material originally grown in the 3F form into the 2F form.  of information before discussing the crystal morphologies
In deriving the growth rate at these lower temperatures, we have taken theobserved. In the present study we are interested in the
total area of the 3F and 2F peaks. Although this is not strictly correct—we isothermal thickening behaviour ofGH Usin |

are including a contribution to the enthalpy change that did not occur during . . 9 . 590 g Ssampies
primary growth but during thickening—it is a reasonable approximation Of @ sufficiently high concentration that they can be char-
when, in the present circumstance, we are only trying to give an indication acterized by DSC (i.e. greater than 0.1%), we were able to
of the crystallization rate. access the thickening behaviour between three times folded
(3F) and twice folded (2F) crystals, and between 2F and
once-folded (1F) crystals. At these concentrations we were
not able to obtain 1F crystals directly from primary growth
as the rates of crystallization in that form were prohibitively
slow. The alternative, of going to higher concentrations to

3. Results and discussion

crystallization temperature, where it was held isother-
mally for the desired crystallization time. The tube
was then removed from the oil bath, broken open, and

the re_sultmg suspension prepared for study _by TEM, 5 4o the entire study, was rejected because the use of higher
described above. It was found that nucleation rates in .

lassware were considerably slower than those recordedconcentratlons causes large aggregates of crystals to grow,
g the DSC. so total cr sytallization times were not posing serious difficulties for viewing morphologies with

y ' y TEM and, particularly, making it difficult to be confident

?hailzlI)s/ufgm\?vi;rsb(;(ier.e;o;;rmsarriesaznsr?nt;e?v?/e?rf Q;?nﬁg{; of that the observed morphologies (from the thin regions) are
y P P ay truly representative.

and DSC data, the majority of samples were prepared in
the DSC, even though the glassware technique 31 psc data on an example sample
sometimes gave less damaged morphologies because
the method of extracting the suspension from the DSC Fig. 1 shows the variation in growth rate with temperature
pan involved vigorous shaking. for 2F crystals in the temperature range€ 68 76°C, taken

It was possible, at higher crystallization temperatures, to from the enthalpy change on melting vs. crystallization time
calculate the rate of crystallization from the DSC in direct data. Below 78C primary crystallization occurs in the 3F
comparison with previous work on,gHsee Using higher form.
concentrations. The same technique as described in [21] Fig. 2a shows a series of DSC melting curves obtained
was used, in which a crystallization curve is built up from after different crystallization times at @5, in which the
successive isothermal crystallization and melting runs. The transformation of 2F (low melting) to 1F (high melting)
sample is crystallized for a given length of time, melted crystals can be clearly seen. Fig. 2b shows the variation in
directly from the crystallization temperature and the area enthalpy with time for the two crystal forms. As reported
of the resultant endotherm measured. The process ispreviously [22], the total mass of crystal increases rapidly at
repeated for different lengths of time at the same crystal- first, exclusively in the 2F form. A “plateau” region is then
lization temperature until an Avrami type rate curve of reached in which the total mass of crystal only increases
endotherm area vs. time has been built up, from which an very slowly, if at all. Then the 2F crystals start to transform
approximate growth “rate”, the tangent to the steepest partinto the 1F form, until eventually the 2F form is entirely
of the curve, can be determined. This technique was used forreplaced by the 1F form.
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1 min.
\A 30 min' 1'5 min.
2 min.
140 min.
S min.
230 min.
10 min.
30 min.
282 min.
2055 min.
290 min.
_ 74 78 82 86 90
960 min. Temperature, °C
L . Fig. 3. A series of DSC curves showing the dissolution behaviour of a
0.18% (w/w) solution of GyHse in toluene crystallized for different
75 80 85 90 95 100 lengths of time at 6&C.
(a) Temperature, °C
It appears, from the DSC data, that even after the trans-
formation from the 2F to the 1F state has stopped, a small
,]{@ amount of 2F crystal remains. This is evidenced by the low
iﬁ temperature shoulder on the DSC curve apparent in Fig. 2a
- (960 min), which is still present even after holding for at

least a day after the initial thickening had occurred.

Fig. 3 shows a series of DSC melting curves obtained
S after crystallization at 6& for different times. From these

#  2Fpeak “ curves there appears to be an initial crystal population with a

Peak area, arbitrary units
oL

LD;it‘;‘f“taka melting point intermediate between the 2F and 3F melting
ﬁ ek points. As crystallization proceeds this splits into two peaks
\ \ , , corresponding to a 2F and a 3F crystal population (at ca 85
0 200 400 600 800 1000 1200 and 79C, respectively). With further crystallization, the
(b) Time, minutes area of both of these peaks grows concurrently. After

approximately 30 min, the 3F peak starts to become smaller,
its melting peak moves to marginally lower values, and the
_ , , _ , _ 2F peak becomes larger. Finally, at very long times, the 3F
Fig. 2. (a) A series of DSC curves showing the dissolution behaviour of a . . .
0.18% (w/w) solution of GyHseg in toluene crystallized for different peak has (_:ompletely dlsappea_red, I_ea_vmg a smgle peak
lengths of time at 7%. The dips at the beginning of the first two curves ~ COrresponding to the 2F material. Similar behaviour was
are due to slight errors in the subtraction of the baseline, which tend to be observed for crystallization at 8Z. At higher crystalliza-
accentuated in this region, they are not due to crystallization on heating. tion temperatures the 3F material was very unstable with
The times refer to Iength of isothermal grystalllzapon. (b) The varlat'lon in respect to 2F material and rapidly transformed into it. At
endotherm area on melting after crystallizing for different lengths of time at o . .
75°C. The dashed line represents the total endotherm #rea2F peak CryStalhzatlon tempe_ratgres belowEbit was not p055|blg
area, O—1F peak area. The times refer to |ength of isothermal tO reaCh the CrySta”IZ&tIOI’] temperature bEfOre CrySta”IZ&-
crystallization. tion had initiated. As we are interested primarily in
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Fig. 4. A series of TEM micrographs and their corresponding DSC traces, illustrating thickening from 2FtaHd5Ga) the DSC trace corresponding to (b),
the sample was crystallized for 55 min afZ8(b) a TEM micrograph showing a large, unthickened aggregate of 2F crystals; (c) the DSC trace corresponding
to (d), the sample was crystallized for 26 h at@8(d) a TEM micrograph showing a crystal thickened from the 2F to the 1F crystal form. The scale bars

represent Jum.

isothermal crystallization, lower temperatures were not still a matter of some debate [8—10]. Indeed recent work [5]

studied. using in situ X-ray diffraction experiments suggests that
The presence of an intermediate melting point, between even the apparently non-integrally folded states are in fact

that normally observed for 3F and that observed for 2F integer folded, but with relatively low crystallinity. It there-

crystals, at early stages of crystallization could suggest thefore seems most likely that the intermediate peak observed

presence of material that is not integer folded. Works exam- at the start of crystallization is due to the transformation of

ining crystallization from the melt have often reported crys- 3F to very imperfect 2F material on heating.

tals that have thickness not corresponding to any integral

folded state, these are usually transient states that occu 2 TEM study of thickening from 2F to 1F

during crystallization, with the fully crystallized materials

adopting crystals with thicknesses that correspond to inte- Fig. 4 shows a series of TEM micrographs ofgfls9

grally folded states (allowing for any chain tilt that may be isothermally crystallized for different lengths of time in

present)—although the exactness of the integer folding is the temperature region where isothermal thickening from
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Fig. 5. A series of high magnification TEM micrographs of crystals thickened from the 2F to the 1F crystal form. (a) A lightly thickened region df aleeysta
arrow marks a small region of thickened material surrounded by unthickened material. This sample was crystalligetbat-856 h. (b) The central region
of this micrograph shows a long ribbon of thickened material isolated from unthickened crystal. (c) A densely thickened region of a crystal). élo¢ aaie(T
from the same sample as shown in the DSC trace in Fig. 4c. The scale bars represent 1

the 2F to the 1F form occurs, and their corresponding DSC trace corresponding to Fig. 4d. The morphologies that occur
melting curves. on thickening between the 2F and 1F forms are quite varied,
Fig. 4a shows the DSC trace taken on melting 2F crystals so we show a series of higher magnification images in Fig. 5
before they had been held for long enough to thicken, with a to illustrate the variety of morphologies we have observed.
TEM micrograph of the same sample, prepared in the sameFig. 5b and c are from the same preparation as Fig. 4d. Fig.
manner, shown in Fig. 4b. It is apparent that the material is 5a is from a different but similar preparation so the corre-
heavily aggregated, which was generally found to be the sponding DSC trace is not shown. In the bottom right hand
case at these crystallization temperatures. The often verycorner of Fig. 4d an area is shown where the boundary of the
large aggregates usually maintain a crystallographic crystal briefly follows a flat, apparently crystallographic
shape, suggesting that there may be register between adjaplane. Such regions are occasionally seen but are not typi-
cent chain folded layers. Fig. 4d shows a crystal that hascal. Fig. 5a shows a crystal that still contains large areas of
partially thickened from 2F to 1F. Fig. 4c shows the DSC unthickened material. Fig. 5b shows an unusually large
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Heat flow

73 78 83 88 93 98
Temperature, °C

Fig. 6. TEM micrographs, and their corresponding DSC trace, showing unthickened 3F crystalsief,CThe sample was crystallized for 5 min at66The
low region at the start of the DSC trace is due to the instrument settling down at the start of heating. The scale bars regresent 1

piece of thickened material that is not in a matrix of unthick- process has not left any indication of the initial crystal
ened material. Fig. 5¢ shows a densely thickened region inmorphology. The initially formed crystals have clearly
which the non-crystallographic, rough nature of the bound- fallen apart on thickening. In no case were there signs of
ary of the crystals is particularly apparent. It was found that, preferential thickening at the edges of the lozenge shaped 2F
in all cases, small amounts of 2F material were present crystals. Also, and of particular significance, the final thick-
amongst the thickened material. In the samples which ened morphology does not consist of large expanses of
were only partially thickened, some entirely unthickened thickened material with crystallographic faces, as found
crystals were also found, although it was not clear if these for the thickening of GogHsgg [17] in SOMe cases.
had formed on quenching or had not yet started to thicken. The thickened material consists of narrow strips which
From the micrographs of crystals thickened from 2F to wander, almost at random, through a matrix of unthickened
1F, a number of features are apparent. The thickening material. The lateral surfaces of these thickened regions
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Fig. 7. A series of TEM micrographs, and their corresponding DSC traces, showgtsdethickened from the 3F to the 2F form: (a) shows the DSC trace
corresponding to (b) and (c), the sample was crystallized for 16 h &t@Gg15) shows a large aggregate in which it is clear that the thin layers visible with the
TEM have thickened to leave picture frame crystals; (c) shows a close up of a lozenge shaped picture frame crystal; (d) is the DSC trace correspathding to
f. The sample was crystallized for 16 h at’68

appear rough on a very fine scale. However, it is apparent (very probably facilitated by the highly aggregated, multi-
from, e.g. Fig. 5a and c, that the thickening process canlayered nature of the crystal population), neighbouring
preferentially follow crystallographic planes through the chains have a considerably lower barrier to thickening and
crystal. Also, the thickened regions usually branch at may start to unfold along the existing 1F surface. New 2F
approximately crystallographic angles, suggesting that the chains are now adjacent to a 1F surface and able to thicken.
barrier to thickening is lower along certain crystal axes. However, as the 1F crystal is thicker than the 2F crystal, a
It is particularly striking that the thickened material reduction in the top surface area of the crystal must occur on
consists, in all cases, of very narrow regions separated eithetthickening, leading either to solid state diffusion of the
by unthickened material or by voids. The width of these chains towards the thickened region or to considerable
thickened regions seems fairly constant (20—30 nm) andbuild up of strain in the lattice, or most probably, to a
no marked impact of the actual thickening rate or crystal- combination of both. It may be that, once some critical
lization temperature was found. It is worthwhile speculating lattice strain is reached there is no longer any driving
about the formation of this characteristic width of the thick- force for unfolding, the reduction in free energy, caused
ened material. As the thickened material exists in a matrix by the reduction in the total surface free energy, is balanced
of unthickened material, thickening most probably occurs by the increase in free energy due to the higher enthalpy of
through a solid state process. Once a nucleus of thickenedthe strained lattice. In that case unfolding might stop until
material is formed, presumably through random fluctuations the lattice strain could be relieved by the diffusion of chains
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Fig. 7. (e) a thickened truncated lozenge crystal; (f) a slightly higher magnification image of a thickened truncated lozenge crystal in whidtitithe dend
structure of some the thickened material is clearly visible; (g) a higher magnification image showing the dendritic structure of some the thiekiethed ma
from a sample crystallized for 16 h at%7 (the DSC trace is closely similar to that shown in (a)). The scale bars repregemnt 1

towards the thickened part of the crystal. It might then be folding, planes containing all the stems of a chain giving a
easier for a new thickened region to be formed than for the smaller barrier to motion than planes in which adjacent
thickening of the initial region to continue in the lateral stems usually come from different chains.

direction. This would imply that the unfolding is occurring One way to approach this problem more rigorously may
in the planes perpendicular to the thickened lines that we be to treat it as an example of diffusion limited growth, in
see. From the different angles observed between the thick-which “growth” of the thickened region can only occur by
ened regions, it appears that most of the thickening is occur-the solid state diffusion of “holes”, i.e. missing stems, away
ring along 100 planes, and to a lesser extent within 010 andfrom the thickened nucleus. In this case a dendritic structure
110 planes. This implies, from the above discussion on the might be expected to occur, as is frequently seen in diffusion
impact of lattice strain on thickening, that chain diffusion limited growth, and this would have a characteristic length
within the 100 plane is considerably slower than within the scale dependent on the coefficient of diffusion. The unthick-
other planes. This may relate to the direction of chain ened crystal matrix will naturally impose a directionality on
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Fig. 8. A series of TEM micrographs showingg@sgo crystals thickened from the 3F to the 2F form in glassware. The sample was crystallizé@ &68 h.

(a) A thickened lozenge shaped crystal, clearly showing the preferential thickening of the sector boundaries and the “picture-frame” out&naeimer(b)
thickened lozenge shaped crystal, which originally consisted of multiple layers. The preferential thickening of the sector boundariesilsrag&(c) stnd

(d) higher magnification images of parts of thickened lozenge shaped crystals in which both the dendritic structure of the central region anchtite somew
irregular, but still crystallographic, structure of the “frame” are clearly visible. The scale bars represent 1

the diffusion, resulting in the characteristic crystallographic 2F material are seen. An example is indicated by an
angles observed. However, this explanation might imply a arrow in Fig. 5a. This shows that it is possible for
temperature dependent width of the thickened material, asthe nucleation of a thickened zone to occur away
the temperature would strongly influence the diffusion coef- from the edges of the crystal. This is in contrast to
ficient. This has not been observed. Further work, combin- the inferences drawn from the thickened morphologies
ing the formalisms of diffusion limited growth with the seen for GogHags Where it was proposed that thickening
presence of a crystalline matrix, may prove fruitful in under- initiated at the “tip” of a crystal [17].
standing some of the textures observed. In the above we have made the assumption that thicken-
Another important observation regarding the thicken- ing occurs without the deposition of additional material
ing between 2F and 1F forms is that, in a number of from the solution. In the case of thickening from 2F to 1F,
cases, small thickened regions entirely surrounded byover the temperature range studied (i.e. several degrees



J.K. Hobbs et al. / Polymer 41 (2000) 8761-8773 8771

below the temperature at which we believe primary growth found when polyethylene single crystals are allowed to
to occur in the 1F form), 80—90% of the alkane has crystal- thicken on heating in solution [23,24]. But, in contrast to
lized (as measured by the area of the DSC peak on melting)thickened polyethylene, the centre of the frame contains a
before thickening occurs. After thickening this “crystalli- dendritic structure resembling the material found on thick-
nity” increases to 90—-95%. We are, at present, doing further ening from 2F—1F. This inner dendritic region frequently
work to find if the uncrystallized portion of the 2F material contains material that has preferentially thickened along the
exists as free chains in solution or as dangling cilia, parts of sector boundaries of the parent crystal. Narrow thickened
chains the rest of which have crystallized. In either case, theregions can be seen passing from the sector boundaries
amount of material available to assist in the thickening by towards the thickened “frame” roughly following the 110
crystallizing from the solution is minimal. It is therefore crystallographic plane. In many cases a characteristic width
likely that solid state diffusion plays a role in controlling is apparent, particularly in areas such as that shown in Fig.

the rate of thickening. 8c, again 20—30 nm being typical. However, also in contrast
to the 2F—-1F case, large expanses of thickened material are
3.3. 3F to 2F thickening present not only in the “frame” regions but also in the

central area of many thickened crystals. It may be that the

Fig. 6 shows TEM micrographs of 3F (possibly mixed presence of multilayers allows the diffusion of chains not
with 2F material that crystallized in that form—see the only from within a single lamella but also between adjacent
discussion of the DSC traces above) crystallized in the lamellae. This would enable the problems with solid state
DSC. Fig. 6a shows the corresponding DSC trace. Fig. 7 diffusion limiting lateral dimensions to be overcome.
shows a set of pictures of thickening between 3F and However, a similar level of aggregation was found in the
2F crystals prepared in the DSC. Fig. 7a shows the DSC initial population of 2F crystals before thickening to the 1F
trace corresponding to Fig. 7b and c. Fig. 7d shows the form, but no large expanses of thickened material were
DSC trace corresponding to Fig. 7e and f. The crystals observed without a roughness on the scale of the character-
shown in Fig. 7e and f have a truncated lozenge form istic width.
and will be discussed in more detail at the end of Returning to the outer part of the thickened crystal—the
Section 3. Fig. 7g shows a close up of a crystal “frame”—anumber of subsidiary features are apparent. The
prepared in a similar manner to those shown in Fig. outer edge of the “frame” is not entirely flat but has frequent
7e. Fig. 8 shows a series of TEM micrographs illustrat- steps, sometimes with screw dislocations at the re-entrant
ing the thickening process observed on transformation corner. The inner edge does not have a consistent nature. In
from 3F to 2F crystals in glassware. It was found that some areas it is flat, in others it resembles the dendritic
the morphologies obtained in glassware were consider-structure of the central region. The width of the frame
ably clearer than those obtained in the DSC. This was varies, which is in marked contrast to the “picture-frame”
presumably due to the delicate nature of the structurescrystals observed in the non-isothermal thickening of poly-
involved (recall that the preparation method for TEM ethylene in solution [24].
from DSC pans involves vigorous shaking which could  “Picture-frame” crystals have generally been associated
disrupt the structure while the preparation method used with thickening due to a process of melt re-crystallization
for glassware does not). In all the samples studied the occurring on heating from the crystallization temperature.
level of aggregation in the initial crystal population was Thinner material is thought to dissolve, primarily at the
high, although isolated crystals were occasionally found. edges of the crystal, although in some cases from the central

The morphology formed on thickening from the 3F-2F region [24]. This material is then re-deposited in the more
form is strikingly different, in some ways, from that stable, thicker form. The process of dissolution and subse-
described above for thickening between 2F and 1F forms. quent re-crystallization continues until the thinner parts of
It is first worth noting that, in the early stages of growth, the crystal are entirely replaced. In the case of the alkanes, it
thickened crystals were not observed even when both 3F ands possible that during crystallization, as the concentration is
2F DSC peaks were present. This implies that the 2F peakreduced, a sufficiently low concentration is eventually
was due to thickening on heating although it may be that two reached such that the 3F crystal form is no longer
crystal populations were present, one of which contained stable—this was the mechanism suggested to occur in
only 3F material and one consisting of 2F material. Refs. [16,22]. In this case subsequent growth can only
Secondly, in marked contrast to the 2F—1F case, after thick-take place in the more extended form. This is, therefore,
ening no clear case of both 3F and 2F material co-existing in the isothermal analogy of the non-isothermal situation
the same crystal was observed. Why this should be is notfound in polyethylene. However, this would require the
clear, although we note that the lateral strain induced by melting temperature to be strongly concentration dependent
3F-2F thickening is significantly less than that caused by at low concentrations, which is contrary to our previous
2F-1F thickening. observations [4]. This system may be behaving differently

The thickened crystals frequently have a very striking from the other alkanes we have studied, but it seems
morphology, resembling the “picture-frame” crystals unlikely.
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In the present study an alternative mechanism is also has been studied by both electron microscopy and DSC. For
possible. As the 3F crystal grows the solution concentration the electron microscopy study, samples were prepared in
is reduced. After some time a concentration may be reachedDSC pans to allow direct comparison with previous DSC
at which the 3F form is no longer the fastest growing and studies and in order to obtain a full understanding of the
subsequent growth will be in the 2F form. Growth of the 2F samples’ thermal histories and crystallization behaviour
form will then continue in an outwards direction, with before the morphologies were examined. Although the
further thickening occurring backwards, towards the centre morphologies were not always as clear as those of crystals
of the crystal, presumably through a solid state mechanism.prepared using conventional techniques in glassware, it has

Finally, the “picture-frame” morphology may occur as a allowed us to make a rigorous connection between the
result of the additional freedom given by the presence of the different experimental techniques.
crystal edge—chains in this area will have considerably Different crystal morphologies have been observed when
more freedom to move, and hence form into energetically thickening occurs between different folded forms. On thick-
favourable crystallographic shapes, giving the flat outer ening from twice-folded to once-folded crystals, the initial
edge observed. From the morphologies alone it is not possi-crystal shape is lost and a fine, dendritic structure results in
ble to differentiate between these different possibilities. which the thickened regions, with a characteristic width of

20-30 nm, exist in a surrounding matrix of unthickened
3.4. A comment on truncated lozenge shaped crystals material. We have suggested that the characteristic width
is caused by the interplay of solid state diffusion and the
lattice strain caused by the reduction in top surface area. At
lower temperatures, when thickening occurs from three
times folded to twice-folded forms, the initial lozenge
shape of the three-times folded crystals is maintained after
thickening, “picture-frame” crystals are formed, but with a
Fine web of thickened material within the frame.

In Figs. 7e, f and 6b we have shown truncated lozenge
shaped, three times folded crystals. However, untruncated
2F lozenge shaped crystals are found to grow at higher
temperatures, as shown in Fig. 4b. Also, in some cases it
appears that it is possible to grow both truncated and untrun-
cated lozenges in the same sample, as seen from compariso

of Fig. 6b and c. This is in clear contrast to the behaviour =\ oo o rough, dendritic type, thickened crys-
{glzjgggéns Eglsyf)teheyrllepoinvéht?)r(laaetr(]jeep%rr?jggfgricr)r:atrzll;/ntc)?tter?etals in _both of the cases studied, i_s in marked contrast to the
N . . behaviour found on the thickening of §Hzs0s between
absolute crystalllzathn temperature, with progres_swe_ly once-folded crystals and extended crystals. In that latter
larger 100 faces being observed as the crystallization case the thickened morphology frequently consisted of

Lemhpe.raturg IS mcreass:ﬁ t[25]. Vt\/ed hlave observed S'.m'laraggregates of 110 lozenge type crystals interconnected by
ehaviour in GueHas, With truncated lozenges appearing narrow regions, usually with straight, crystallographic

as the temperature of the growth rate minimum between edges. It has therefore not been possible to draw direct

1.F an_d exte_nded chain crystals is appro_ached. This bEha'parallels between the different thickened morphologies
viour is, at first glance, somewhat surprising.

found in the present work and in the previous study. The

We suggest that the apparently anomalous observation Ofrelation between the present study and the previous work on

truncated lozenges may be due to the presence of the growt . . . o
rate minimum 1g'he terr): erature de eadence of the g3owthrb198H398 will be discussed in more detail in a subsequent
. P P 9 publication in the light of further results on the thickening of

rate of the different crystallographic faces need not be the
same—it has been suggested that a difference in theC246H492 between 1F and extended crystal forms [18].

temperature dependence of growth rates on the 100 and
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