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A small-angle X-ray scattering (SAXS) study was conducted on melt-crystallized long-chain n-alkag¢sé

C1oH 390 and GugH 404 The main objective was to clarify the structure of lamellar crystals with the layer period a
non-integer fraction (NIF) of the period of extended-chain crystals; the NIF form is the product of primary chain-
folded melt crystallization (Ungar, G. and Keller, Rolymer 1986,27,1835) and it transforms subsequently to

one of the integer folded forms. The extended-chain form crystallized from melt was also studied. Electron density
profiles along the layer normal were reconstructed by inverse Fourier transformation using discrete diffraction
intensities. The profiles were compared with the data computed from models. The best fitting models consist of
alternating high- and low-density layers with relatively sharp boundaries. The high-density layers, representing
the crystalline regions, have thicknesses which closely match either the calculated thickness of extended-chain
layers with 38 chain tilt (for the extended-chain form) or half that value (for the NIF form). In the extended-
chain form a low density intercrystalline layer is observed with thickness between 1 and 3 nm, depending on chain
length and temperature. In contrast, the non-crystalline layer in the NIF form is 6 to 8 nm thick. It has constant
density and is truly amorphous, as indicated by the close match between SAXS and DSC crystallinities, which are
less than two thirds for the as-formed NIF structure. While less than half the chains are folded in the latter
structure, those that are have a fold in the middle (‘integer folding’). Non-folded chains traverse the crystal layer
only once, while their uncrystallized ends (cilia) comprise the amorphous layer. Within the crystalline layer of the
NIF form chains are tilted at 35The fraction of folded, fully crystallized chains increases with decreasing
temperature at the expense of the amorphous layer, resulting in a reduction in amorphous layer thickness and
overall lamellar periodicity (lamellar ‘thinning’)© 1998 Published by Elsevier Science Ltd. All rights reserved.

(Keywords: polymer; oligomer; monodisperse)

INTRODUCTION Cheng and Chéfi also showed the presence of NIF as the
primary form.

The main purpose of the present work is to determine
the structure of the NIF form and to explain the process of
formation of chain-folded alkane crystals from the melt.
Here we also investigate extended-chain crystals as
reference. We limit our study to the NIF form in the most
accessible rangey2 < Lyr < Lo. The information on this
NIF form, available from our previous studies on alkahes
can be summarized as follows.

Since the first synthesis of monodisperse long n-alkaries
their physical behaviour has been studied extensively, as it
was recognised that these model polymer materials hold
important clues for a better understanding of polymer
crystallization and structure. Folded as well as extended-
chain lamellar crystals were obtained. It has been shown that
mature crystals have fold lengths equal or very close to
integer fractions (IF) of the extended-chain lerfgth This

is in contrast to the behaviour of polydisperse polymers
where lamellar thickness changes continuously with crystal- (1) The SAXS long period. is significantly different from
lization temperatureT.’. Quantized values of lamellar the values corresponding to either extendég) (or
thickness were also found in oligo(ethyleneoxide) frac- once-folded I(¢/2) chain crystals, even if correction
tions in the pioneering studies in this area by Kovacs and for chain tilt (see later) is applied.

co-worker§. However, early real-time small-angle X-ray (2) The first-order diffraction intensity is considerably

scattering (SAXS) experiments on long alkanes crystal- higher than those of extended or once-folded chain
lizing from the melt have shown the long period corres- crystal forms. In contrast, higher order diffraction
ponding to primary crystal formation to be a non-integer lines are weak and were rarely observed in the time-
fraction (NIF) of the long period for extended-chain crystals resolved experiments.
Lo>. Primary NIF crystals with a long period value (3) NIF is always the primary form to appear in melt
betweenL andL 2 were found to transform subsequently crystallization of long alkanes in the temperature
to IF forms either via thickening (to the extended form) range delimited roughly by the respective melting
or thinning (to the once-folded form witth = L/2). points of once- and twice-folded chain forms. It is
More recent work on poly(ethyleneoxide) fractions by unstable and normally disappears if the material is kept
at elevated temperature, either by transforming to
*To whom correspondence should be addressed extended-chain or to strictly once-folded chain crystals.
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(4) Both diffraction intensity and the long period of NIF quadrant multiwire detector was used and the sample to
were found to decrease with time, and this time effect is detector distance was 3.1 m. The capillary with the sample
compounded by decreasing temperature. The lamellarwas held in a modified Mettler hot stage with temperature
surface disorder, which is responsible for the compara- control within 0.£C. The beam was monitored with two
tively high diffraction intensity, was therefore consid- ionization chambers, one in front and one behind the
ered to be partially kinetic in origin and partially of sample. All diffractograms were corrected for uneven
guasi-equilibrium nature; the latter was indeed found channel response by dividing them with the response to
to be partially reversibfe. homogeneous radiation of Be This also took care of the

(5) There were indications that a portion of the NIF form slice shape of the detector window, allowing the resulting
could in some cases be preserved at room temperaturecurves to be treated as if recorded with a linear detector. The
by quenching. However, on cooling to room tempera- correction for positional non-linearity of the detector was
ture, the long period of that part of the material which done using the first 22 orders of diffraction from wet rat
remains in the NIF form decreases continuously tail collagen. Two third-order polynomials, linked by
towards the value for perpendicular once-folded matching their boundary values of zeroth and first
chains. Since it is not known whether the chains are derivatives, were fitted to the inverse collagen spacings
perpendicular or tilted to the lamellar surface in the for the two halves of the detector range. A separate
NIF form, the above observation could not be inter- linearization function was applied for each experimental
preted unambiguously. It is significant, however, that session. The sample-to-detector distance in detector pixel
the longitudinal acoustic mode (LAM) frequencies units was calibrated using polycrystalline samples of a
obtained from Raman spectra of such samples wereseries of shorter orthorhombic n-alkanes with precisely
always found to correspond to IF straight stem lengths, known unit cell lengths.

i.e. tolg or I¢/2, wherel, is the length of an extended
chairf- Reconstruction of electron density profiles
The large number of small-angle diffraction orders
observed (se€&igure 1) indicate that the electron density
profiles normal to the lamellar stacks (EDPs) are highly
periodic. Furthermore, since the systems under study are
centrosymmetric, EDPs, represented her&(@}, are even

functions. We writeE(X) = E(x+ nL), andE(X) = E( — X).

E(x) and the diffraction amplitudeA, are therefore related

by Fourier transformation as follows:

The NIF form clearly plays a key role in the early stage
of melt-crystallization of chain-folded long n-alkanes. It
is believed to hold important clues about primary and
secondary crystallization processes in polymers. However
the detailed structure and molecular organisation in the NIF
lamellae have remained unclear.

Recently we were able to obtain time-resolved SAXS
data of better quality than in the original wdfk The
improvement is primarily due to the development of high = = 27NX
count rate quadrant detectors at the SRS at Daresbury. The EQ= D Ajcoda)= > A, COS( T) @)
increased signal-to-noise ratio enabled us to perform n=0 n=0
detailed analysis of high-order SAXS intensities. In the
present work we derive electron density profiles (EDP) L
normal to the layers using inverse Fourier transformation. A= }J E(x) dx @)
The pure NIF form of alkane n-GgH.e, was studied, LJo
together with the extended-chain form of several long
alkanes. The EDPs obtained lead to a new realisation that 5 (L )
the as-formed stacks of NIF lamellae possess surprisingly . wNX
thick cilia-dominated amorphous layers interlaced between o= L J'oE(X) COS( ) < (n>0)
crystalline lamellae which themselves are of integer once- . . . .
folded chain thickness. Based on this structural model, H€rédn = 4= sind/is the wave vector of theth diffraction
general properties of the NIF form and their relevance to P€aK, whichis also related to the perioth the real space as

crystallization behaviour of long-chain molecules are Qn = 2L . . .
In our experiment the detector captures diffraction orders

3

discussed. )
n = 1,2,..N. If we take E5(X) as the electron density
profile reconstructed fromN experimental integrated

EXPERIMENTAL Lorentz-corrected intensitids, we have:

Materials = 1A, (4)

The long-chain n-alkanes used in this work were kindly
provided by Drs. G. M. Brooke and S. Mohammed, £ N N 27X
University of Durham, under the auspices of EPSRC. For E- (9= Z An COGX) = Z An C°5<T> ®)
details on the synthesis see &f.Melting temperatures n=0 n=0
were determined by DSC. Samples for X-ray diffraction The choice of phase, i.e. in this centrosymmetric case the
experiments were kept in thin-walled borosilicate glass choice of sign of the structure factéy,, does not represent

capillaries. a serious problem here. We recall that the structure factor
. A(q) is a productA(q) = G(q)H(q) of the form and lattice
Small angle X-ray scattering (SAXS) factorsG(q) and H(q), respectively. The form facto®(q),

Thein situ SAXS experiments were performed on Station being the Fourier transform of a simple, relatively narrow
8.2 of the Daresbury Synchrotron Radiation Source. The densigy gap function representing the non-crystalline
beam was monochromatized to a wavelength of 0.1608 nmlayer', is expected to be a reasonably slowly varying
and double-focused onto the detector having a cross-sectiorfunction ofg on the scale of the reciprocal lattice periodicity
of 1 X 0.3 mn? in the sample plarfé. A high count rate 2x/L. This is particularly true for extended-chain crystals,
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Figure 1 SAXS diffractogram of extended-chain,{gH 494 crystallized by cooling from melt at @/min. Recorded at 12€. Intensities are Lorentz
corrected

where all of theN diffraction orders are expected to have of a particular model with experimental data could be tested

the same phase. within the L/N resolution limit.
] Three shapes of EDP models were used to fit the
Calculation of models experimental data. The first one is a simple two-phase

To relate the experimental reconstructed EDPs to model with a ‘rectangular’ profile (Model 1-+igure 2
structure models and evaluate the effect of truncation on top):
E5(x), several model shapes of EDP functions were least-

squares fitted to the experimental diffraction data. The " {Eo —L/2<x<L2
model that fitted best was then represented\bffourier Ef (x)= ) _ _ 9)
terms AY [equations (6) and (7)] and the simulated 0 for otherx in the first period
‘truncated’ model density profil& ' (x) was reconstructed
by inverse transformation [equation (8)]: There is an abrupt change in density between alternating
L layers whose thicknesses drgandL,. As will be shown
AM — 1 J' EM () dx (6) below, we can improve the fit in some cases by introducing
LJo a transition boundary layer of thicknekswith a constant

density gradierif, or introduce a disorder factor to round off
the boundary. Thus we arrive, respectively, at our Models 2

Mo 2 J" M 27nx (‘trapezoidal'—, equation (10)Figure 2, bottom) and 3
An = L oE () cos L dx (n>0) ™ (‘rectangular—Gaussian’, equation (11)):

Ey (—Le+L)2<x<(Le—Lg)/2
EM00 = Eo(x+ (Lc + L)/2)/Lg (—Le+Lg)2<x<(—Lc+Lg)/2 (10)
Eo((Le + Lg)/2 — X)/Lg (Le—Lo)/2<x<(Lg+Ly)/2
0 for otherx in the first period
N EY (x) = EY' (%) ® [exp( — X%/262)/(\/ 270)] (11)

ET(x) = Z A COS<27mX>, N is highest order (8) Only values for the first period are given in
n=0 L equations 59) to (11) for simplicity. The factor
[exp(— X¥/26%)/(\/27w0)] in equation (11) represents
By comparing the experimental EDP and the truncated thermal-like disorder (cf. Debye—Waller factor), with
model EDP reconstruction&5(x) and E'(x), compliance describing the root-mean-square fluctuation.
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Figure 2 Model electron density profilesE!") normal to layer planes.

Top: Model 1 [‘rectangular’, equation (9)]; bottom: Model 2 [‘trapezoial’,

equation (10)]
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Figure 3 Reconstructed EDP of extended-chaingflsg at room
temperature: - - -, best fitting Model 1 density profile;
experimental E5); W, reconstructed from best fitting Model EY)

RESULTS

Extended-chain form

To test the electron density reconstruction method, we
studied the extended-chain form of three melt-crystallized
alkanes: GgHazs CiodHszge and GugHags In order to
obtain this form the alkanes were cooled sufficiently
slowly, which in the case of §¢H 494 means 0.8C/min or
less. SAXS diffractograms were recorded at different
temperatures and EDPs were then reconstructed using
corrected relative intensities. Good match was obtained
between experimental profilesEf) and the truncated
Fourier sums E") corresponding to at least one of the
models. An almost perfect fit, using Model 1, is shown in
Figure 3 for extended-chain crystals of,6H390 at room
temperature. The fitting parameters are listedlable 1
Close correspondence betweghandE' implies that the
structure is accurately represented by the model within
experimental resolution, which is of the order of 1 nm. Since
the width of the density gap for ;Hzg0is only 1.4 nm, this
means that the actual shape of the gap could only be
approximated.

The reconstructed EDPs and the results of their fitting
to models support the structural concept of the extended
form**17 whereby the long alkanes crystallize in layers
with their molecules fully extended. The gap in the model
EDP (14 Awide in the case of gHzs and CoHz90—
Table J corresponds to the lower density lamellar surface
layers containing chain ends and interlamellar free
volume'®. Furthermore, as indicated bef8remolecular
chains are tilted at 35with respect to the layer normal,
which means that the basal planes of the lamellae are {201}.
For all melt-crystallized extended-chain alkanes in the
present study, lamellar thicknesses calculated on the basis
of this tilt angle (i.e. the molecular chain length times
cos 35) are within one angstrom of those measured
experimentally, sedable 1

Absolute diffraction intensities have not been measured
in the present work and therefore the electron density
fluctuations cannot be put on an absolute scale directly.
However, absolute intensities were measured in a previous
study of long alkanéd, including melt-crystallized
extended-chain ¢gHsge In the following comparison we
shall assume that the structures of the surface layers of
CogH 305 and GieH 3o are identical. In ret? the extrapola-
tion method by StroBP was used to determine the electron
deficit per unit area of the interlayer. In terms of our present
EDP models, this is equivalent to determining the inte-
grated area of the density gap profile in absolute units. Thus,
for example, assuming rectangular shape of the density gap
(Model 1), we will then be able to calculate the depth
of the gap in absolute units since we know both the area
of the rectangle (from ref) and its width L, (from
the present work). The measured electron deficit of

Table 1 Experimental long period and fitting parameters (crystallipeand intercrystallinel, layer thicknesses) for melt-crystallized alkanes in the
extended-chain form, using Model 1 (‘rectangular’)

ExperimentalL (A) Calculated. (,&)a L (A) La (,&)
Cig2H306 (r-t.) 170 170.4 156 14
CioH390 (r-t.) 203 203.8 188 15
C1oH390 (12C°C) 208 203.8 182 26
CoagH a4 (r-1) 258 258.0 232 26
CoagH 404 (122C) 258 258.0 226 32

#The formula used isin(X 1.272+ 2) X cos 35, wheren is the number of C atoms in the molecule
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Figure 4 Reconstructed EDP of extended-chaimf8 390 at 120C. (a)

Model 1: - - -, best fitting Model 1E"); ————————, experimental
(EF); - - -, reconstructed from modek ). (b) Model 3: - - -, best fitting
model EM); , experimental EF); W, reconstructed from

model €

Table 2 Fitting parameters for melt-crystallized alkanes in the extended-
chain form, using Model 3 (convoluted rectangular—Gaussian), for case

where this model gives a better fit than Model 1 (for explanatidn,@inde
see equations (9) and (11); is the gap width at half height)

Experimental

L (A) LA oA LA
CieH 390 (120°C) 208 10 5 20
CoseH 404 (I’t) 258 7 6 21
CoadH 04 (122C) 258 9 8 28

0.66 electrons/A of a 104.9°Athick interlayer means a
deficit of 0.044 electrons/A For polyethylene this corres-
ponds to a density deficit of 0.13 g/émThe density of

the intercrystalline layer in melt-crystallized extended-chain
CioH3g0 is therefore equal to crystalline density minus

density deficiency, i.e. 1.08 0.13= 0.87 g/cnt, assuming

9 1
81
74
61
-
3 51
3
w 47
34
21
7 4
0 + + + + + +
- U 1 U
-21 1 .
-160 -120 -80 -40 O 40 80 120 160
z (4)
Figure 5 Reconstructed EDP of extended-chains, at room
temperature (cooled from melt at @3min): - - -, best fitting Model 1
(EM); ————, experimental EF); — - —, reconstruction from
Model 1 E)

density part of the gap assuming Model 2. For comparison,
a density of 0.85g/crhis normally taken to represent
amorphous polyethylene. The ratig/(L, + L) = LJL
is 7.3% for melt-crystallized extended-chainigagg
at room temperature. In the case of a semi-crystalline
polymer this value is considered to represent the amorphous
fraction.

Figure 4 shows the experimental, calculated and fitted
model density profiles for alkane;§H 390 heated to 12,
i.e. 6C below the melting pointrigure 4ashows the fit of
EE to the rectangular model (Model 1), whikigure 4b
shows the fit to the rectangular—Gaussian convolution
model (Model 3). The fit to Model 1 is not as good as at
room temperature, and Model 2 does not improve the
situation. However, Model 3 clearly gives a better fit. This
means that the edges of the EDP become rounded, i.e. that
crystalline density begins to decrease already at some
distance from the crystal surface. Further, it can be seen
that, compared to the situation at room temperature, the
interlayer density gap becomes wider—see dlsble 1
These effects can be attributed to equilibrium surface
disordering’~*° involving end-gauche and other non-

s planar conformers of chain erfds* Rounding of the

electron density profile is observed in all presently studied
alkanes at high temperature. Comparing bedtYiprofiles
obtained with Model 1 for GHsgp at room temperature
and at 120C, the width of the density gap increases from
15to 26 A As the equivalent parameter in Model 3 we take
the overall width of the gap at half heighf’; for C,94H3g0at
120°C this value is 20 A—seeTable 2

Compared to alkanes jgH 3,6 and GgHagg the inter-
lamellar gap width for GuH494 is larger, both at room
temperature and at higher temperatures. Also, the match
betweenEF andE' for Model 1 is poorer than in the case
of the two shorter alkanes—sé&ggure 5 However a good
match is obtained with Model 3 (seBable 29, meaning
that the interface has a more rounded density profile.
The amorphous fraction is best approximated by the value
of L,//L (Table 3, which is 8% at room temperature and

Model 1. The same value also applies to the constant11% at 122C.
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Figure 6 Time-resolved SAXS diffractograms of,&H 494 recorded during cooling from melt at@/min

exotherm
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Figure 7 DSC cooling scan of g¢H 494 from melt at the rate of Z/min,
showing the NIF crystallization exotherm. Sample is held in a glass pan

NIF form

As shown previous& below 122C Cy4eH 494 Crystallizes
in the non-integer folded form, rather than the extended-
chain form. We fountf that cooling from the melt at a
rate of 2C/min is sufficiently fast for extended-chain

resolution. At room temperature the former peak reduces
both in intensity and in spacing still further. These two
reflections have previously been assumed to arise from
co-existing perpendicular and tilted near-integer once-
folded forms of GugH4es”? (the calculated lamellar thick-
nesses for these two phases are 15AAd 129 A
respectively, assuming a tilt angle of “3tor the latter);
however, there has been no other direct evidence to support
this assignment. The low-temperature diffractograms show
broad overlapping features which cannot be easily resolved.
Work on this problem, which also involves mixed alkanes,
is currently in progresé.

A DSC cooling scan was recorded withpy/gH4494 under
conditions equivalent to those of the SAXS experiment. The
sample was held in a glass DSC pan and the cooling rate was
2°C/min. Glass was chosen rather than the more commonly
used aluminium because it has been noted previdtigly
that the material of the pan has a significant influence on
crystal nucleation. The thermogram is shownFigure 7.

As can be seen, the crystallization exotherm is narrow and
it covers the temperature range of the appearance, rapid
increase and part of the more gradual decrease in intensity

crystallization to be bypassed completely for samples held of the NIF diffraction peak seen iRigure 6. The exotherm

in glass capillaries. A series of consecutive SAXS
diffractograms recorded during cooling obfgH 494 at this
rate is shown irFigure 6 Peaks corresponding to the NIF
form first appear at 12C at a Bragg spacing of between
190 and 200 AThe intensity of the first diffraction order
reaches a maximum at 1°IB, then decreases rapidly while
the peak position shifts continuously to lower spacings.
NIF peaks begin to split around 1T At the end of the
cooling run at 60C, the positions of the two overlapping
first-order reflections correspondltespacings of 168 And
132 A respectively, as determined by numerical curve
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can be associated with ‘primary’ crystallization. Significant
changes continue to occur in the SAXS pattern well beyond
the end of the exotherm, i.e. below EC7 In line with
analogous polymer terminology, we refer to these subse-
guent changes as ‘secondary’ crystallization.

As can be seen iRigure 6, a series of sharp higher orders
of the fundamental NIF reflection can be seen in the early
stages of theZ/min cooling SAXS run. We were therefore
able to integrate the intensities of the clearly resolved NIF
peaks in the temperature range from 4190 11TC and
then perform the inverse Fourier transformation of their



Lamellar structure of n-alkanes: X. Zeng and G. Ungar

T=118C

-160 —-120 -80

0 40
z (4)
Figure 8 Comparison of experimental electron density profile§) (of
the NIF form at 118C and 111C. The horizontal dashed line is drawn at
approximately half the plateau height, emphasizing the coincidence of the
widths of the plateaux and hence of the thickness of the crystalline layers at
the two temperatures

amplitudes and retrieve the EDPs of the NIF form. Two of
these EDPs are shown togetherHigure 8 These profiles
have a central high-density plateau like those of the
extended-chain (and once-folded ctéjrform. However,
they also have aonspicuously large density gahich is in

the region 70 to 80 An width. Furthermore, although these
two EDPs have different period lengths, the difference
actually arises from thdifference in gap widthThe central
plateau, presumed to represent the well crystallized layer,
does not change in width, which is about 114 Bhe
striking fact about this particular value for the plateau width
is that it is almost exactlyne half of that of the (tilted)
extended-chain forn226/2= 113 A — seeTable J). This

AVAY.

60 —120 -40

E (a.u.)

-160 120 -80 -40 0, = 40
x (4)

coincidence strongly suggests a unique relationship between

NIF and the once-folded form of LgH 494
In order to reproduce the EDP of the NIF form as

faithfully as possible, all three EDP models were tried on --

the diffraction data irFigure 8 The fitting parameters for
all three models are listed ifable 3 A comparison of

experimental EDP and those calculated using Models 1 and

2 are displayed irFigure 9aandb respectively. Model 2
clearly gives a very close fit, somewhat better than Model 1.
The result using Model 3 is very similar to that for Model 2
and is therefore not shown here. It is clear that the ripples in
EF match very well those ifE" in the flat regions of the
model, which confirms that they are artefacts of truncation.
Thus a further significant conclusion that can be drawn from
results of model fitting is that, with the exception of a thin
transition layer of thicknesks,, crystalline and intercrystal-
line layersboth have a constant density

Taking account of experimental error, all three models
give an identical division between crystalline and non-
crystalline layer thickness—sdeable 3* The non-crystal-
line layer thickness is unexpectedly large and is in fact

*Note that in the case of Model 2 (‘trapezoidal model’) the crystalline and
non-crystalline layer thicknesseg andL , each contain half of the transi-
tion layer thicknesd .—see equation (10) anfigure 1 Hence, as with
Model 1,L. + L,=L.

Figure 9 Comparison of reconstructed EDPs fop, 404 cooled from
melt at 2C/min, recorded at 12C (NIF form) with model. (a) Model 1:
-, best fitting Model 1EM); ————— experimental £); — - —,
reconstruction from modeE("). (b) Model 2: - - -, best fitting modeE");

, experimental EF); W, reconstruction from modeE(")

comparable to that of the crystalline layeFhe boundary
between the crystalline and the non-crystalline layer is
distinct and rather sharp. According to Models 2 and 3
which give a close fit with the experimental EDP, the
thickness of the transition layer (Model 2) or the disorder
factor (Model 3) is very small (less than 15 Avhile the
thickness of the non-crystalline layer overall is 70 to 80 A
The question arises as to the nature of the non-crystalline
layer. We do not know its density since we have not
measured absolute scattering intensities. In the present case
there is no previous information on integrated electron
deficit that we could use as in the extended-chain case.
However, the fact that the density of the intercrystalline
layer is constant over a thickness of 7G#ongly suggests
that we are dealing with a truly amorphous (liquid-like)
phase. This conclusion is substantiated by the results of
DSC cooling scan of @gH.04 (Figure 7). Well before the
temperature of 1TC is reached, the primary crystallization
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Table 3 Experimental long period and fitting parameters (sub-layer thicknesses) for the NIF forpddf,&z (;&)

Model 1 (A) Model 2 (A) Model 3 (A)
Temperature®C) ExperimentalL (A) L La L. La Ls L La o
118 191 111.2 79.8 111.3 79.7 4.3 111.3 79.7 1.8
111 181 114.2 66.8 114.2 66.8 13.9 114.2 66.8 5.8

exotherm is complete, but the heat evolved is only 179 J/g. crystals at room temperature. Itis interesting to mention that
This represents only 179/293 61% of the heat of fusion  analysis of absolute SAXS intensities showed the electron
of fully crystalline polyethylene and matches well thgl . deficit of the interlamellar gap to be larger (0.66 electrons/
+ Ly value of 63% for the NIF form at £C (seeTable 3 A?) for the tilted melt-crystallizeéxtended-chaiform than
andFigure 9. The almost perfect coincidence of DSC and for the perpendicular solution-growmne-folded form
SAXS crystallinities strongly supports the idea that the low- (0.40 electrons/A), both measured at room temperatire
density layers in the NIF form are truly amorphous, thus
not participating in the melting process. Accordingly, the
NIF form in pure n-alkanes hasemi-crystalline structure
consisting of distinct alternating crystalline and amorphous
layers

As temperature in the SAXS cooling scan ofs 494 IS
decreased from 118 to 131, while the total lamellar _
thickness L decreases by 10,Athe thickness of the I
crystalline layer L. actually increases slightly—see
Table 3 Thus the reduction in the overall NIF spacihg
referred to previously as lamellar thinnthglearly arises
from thinning of the non-crystalline interlamellar layer i.

NIF FORM

Structural model of the NIF form

The new information relevant to the structure of the NIF
form can be summarized as follows.

NIF form has asemi-crystalline structureonsisting of
distinct alternating crystalline aremmorphoudayers.

At the completion of primary crystallization NIF form is
characterised by unexpectedlgw crystallinity for a
DISCUSSION monodisperse alkane. In the case g 494 the crystal-
Extended-chain form line fraction is less than two thirds.

The end-surface disorder in extended-chain crystals jji.
may appear high, judging by the thickness of the density
deficient interlamellar layer (width of the electron density
gap) of 1-3 nm—sedables 1 and 2However, it must
be remembered that, while surface disorder responsible
for this gap may be the equilibrium disorder at high
temperatures, the equilibrium disorder at room temperature
is much lower than that observed in the present samples. We
know that the stable form at room temperature is one with
the chains perpendicular to the layers, and this is the form

The thickness of the crystalline layér, is to a first
approximation constant with temperature or time. Under
the conditions of the present experimehigis exactly
equal to one half the crystalline layer thickness in the
tilted extended-chain form

iv.

The reduction in lamellar spacingwith decreasing tem-

in which long alkanes crystallize from solution, both in the
extended and in the chain-folded forffisAs the solution-
grown perpendicular crystals are heated above 80=,38e

perature and increasing time is due entirely to the
decrease in thickness of the amorphous layer

From the above information, derived from the analysis

chains begin to tift’, in line with the analogous behaviour
of shorter n-alkand§222° Solution crystallization of
alkanes is usually carried out at or below this temperature
hence perpendicular chains. Thermally induced end-grou
disorder is considered responsible for chain tilt. A tilt of 35
allows adjacent chains to be shifted longitudinally by one
repeat unit, thus preserving crystallographic register in the
crystal interior, while allowing a greater surface area for
the disordered chain ends.

Chain tilting is irreversible: perpendicular crystals will
transform to tilted crystals on heating, but perpendicular
crystals are not recovered on cooling because chain mobility
is low at low temperatures. Since melt-crystallization in the
extended-chain form always takes place at temperature
where tilted chains are stable, all melt-crystallized long
alkanes will have tilted chains at any temperature. This (1) The same post-crystallization effects (the appearance of
work has shown it to be true even for NIF crystals. The same amorphous layers and their subsequent reduction)

of Fourier reconstructed electron density profiles, we arrive
at a structural model of the NIF form according to which a

' lamella consists of a central crystalline layer sandwiched
Ppetween amorphous layers. There could in principle be two
possible interpretations of what constitutes the crystalline
and the amorphous layers. According to tfiest, the
crystalline layer consists of fully crystallized once-folded
chains, the amorphous phase being made up of trapped
uncrystallized liquid; the isothermal lamellar ‘thinning’
process would, accordingly, correspond to migration of the
liquid out of the interlamellar layers, then to its coalescence
in separate domains and their subsequent crystallization.
This interpretation is improbable for a number of reasons, of
Swhich we mention only three.

also applies to chain-folded cryst#i$’ and often also to
polydisperse polymers. Thus, as chain tilt is frozen in melt-

grown crystals at room temperature, so is end-surface

disorder. This explains the comparatively high surface
disorder, i.e. wide interlameller gap, in extended-chain
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would also be seen in extended-chain crystallization;
however, whenever extended-chain form crystallizes
directly from the melt the integer lamellar spacing is
obtained immediately, with a comparatively small
change with temperature and no isothermal change.
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extended-chain crystals, it is still 14 ¢hort of thely2 =
(Lo/2)cos 38 = 129 A theoretical value for tilted once-
folded GyudHaes We attribute the I(¢/2) — L, = 14 A
shortfall inL. to the non-crystalline fold surface (two 7 A
thick surface layers), and hence for the purpose of the
present calculation we take the remainling (Lo/2) = 181

@ — 129 = 52 A of the amorphous layer thickness to
represent the uncrystallized halves (cilia) of the non-
folded chains. Ifx is the mass fraction of folded-chains,

1+x Lo/2

®) © @

Figure 10 Schematic representation of molecular arrangement in andx = 0.49. Thus approximately half the molecules in the
different lamellar structures in melt-crystallized long-chain n-alkanes: (a) NIF form at 112C are folded and traverse the crystal layer
attachment of two molecules on adjacent positions on the growth face of a twice, while the other half traverse the crystal layer only
NIF _ctystal; (b) extended_-chain lamella (side view); (c) NIF lamella, gnce. At the higher temperature of :EﬂZBanangous calcu-
;:(;)Igzstilr?%g;rlrm:e)rft(:)rr)rlstallme core and outer amorphous layers; (d) once- lation gives a folded-chain fractionof o_nly 0.42.

The present model of NIF structure is also supported by
Raman LAM experimenfs®® which have consistently
shown the straight, i.e. crystalline portions of the chains to
have lengths that are integer fractions of the extended length
lo. Thus, for example, a sample ofxfgH4q4 Obtained by
rapid cooling of the melt showed a LAM frequency exactly
twice that of the extended-chain alkane, even though we
now know that its SAXS.-spacing of 156 Acorresponds to
a frozen NIF structure with the crystalline chain portions
tited and not to the IF structure with perpendicular chains.
Nevertheless, the LAM frequency still correspondd 4@
since the straight stem length of both folded and non-folded
molecules is half the chain length. A detailed real-time
Raman study is to commence shortly on the present alkanes.

(2) With increasing supercooling, crystallization rate
increases. Therefore more uncrystallized liquid would
be expected to remain trapped between the lamellae.
Provided the crystal core thickneks remained con-
stant, this would result in an increaselinvith increas-
ing supercooling, an effect which has not been
observed. In fact, to a certain extent, the opposite is true.

(3) While inisothermal annealing experiments NIF spacing
always decreases irreversibly, a reversible increake in
and a large reversible increase in diffraction intensity
are observed with increasing temperafir&eversible
thickening of amorphous layers, suggested by these
observations, cannot be explained by the presence ofggmation and thinning of NIF lamellae

trapped liquid. Figure 10a illustrates our proposed mechanism of

The second interpretation of the present results is formation of a NIF lamella. During crystal growth a chain
considerably more plausible and is consistent with all the attaches half its length to a growing crystal randomly along
present experimental data. According to it only some of the its length. For a chain with C-atoms the number of allowed
molecules are once-folded and have both their halves within longitudinal positions i3V/2, since the crystal thickness is
the crystalline layer. Other molecules are only half-crystal- half the chain length. However, if the chain is to fold back
lized, traversing the crystal layer only once. They are not and have its other half crystallized, its starting position must
folded and have their non-crystalline halves as cilia, be at the crystal surface. Since the entropic barrier for the
forming the amorphous layers. The structure is drawn random, or NIF, attachment is lower than that for a direct
schematically inFigure 10c The crystalline chain stems regular IF attachment by the amouktn(n/2), irregular
are tilted within the crystal layer, hence the thickness of the deposition is significantly faster and, provided the resulting
crystal layer corresponds to half that in the (tilted) extended- conformation is stable at the given crystallization tempera-
chain crystals. Accordingly, in the non-integer form, those ture, NIF rather than IF crystals develop. There is a
chains that are actually folded maintain integer folding possibility of subsequent rearrangements of an attached
even if they may be in the minority (see below). Such a NIF molecule leading to a fully crystallized once-folded
structure enables a clean separation of crystalline andconformation. However, it is likely that these are hampered
amorphous phases along a sharp and smooth boundaryby other molecules occupying the neighbouring sites—see
According to the new model the term ‘non-integer folding’ Figure 10a Nevertheless, as is well known, in order for a
is somewhat misleading since where there is chain folding lamella to grow to infinite lateral dimensions at least half
it is in fact of the integer type. the crystallized stems have to end or fold back on reaching

Assuming this model we can make a crude estimate of the crystal surface for steric reasons. This requirement
the fraction of folded molecules from the knowledge of the alone must favour once-folded chains above the odds based
volume ratio of amorphous and crystalline fractions and purely on attachment statistics. Indeed, as derived above,
applying the values for crystalline and amorphous densities even in the as-crystallized NIF form chain-folded molecules
for polyethylene, i.e. 1.00 and 0.85 g/énrespectively. make almost half of the total number.

However, first we have to take account of that part of the It may appear surprising that near the melting point NIF
amorphous fraction which is due to the fold surface, since form and the once-folded IF form differ very little in
even if there were no cilia the crystallinity would be less stability. Their melting points differ by no more than a
than 100%; this is true also for extended chains—see couple of degrees, a subject we shall be dealing with
previous section. We note that although the measled elsewheré®. At lower temperatures the IF form becomes
value for NIF of 114 Ais half theL. value measured for relatively more stable and the process of thinning of the
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lamellae as well as their conversion to IF structure takes consequently, obtained a better understanding of the process
place (see also réj. A detailed analysis of the changes at of melt crystallization of folded chains. We found that
lower temperatures is currently being undertaken. Our the NIF form has a semi-crystalline structure consisting
present view of the mechanism of ‘lamellar thinning’ is of distinct alternating crystalline and amorphous layers of
based on the find that the reductionlinis entirely due to a  constant density. The thickness of the crystal layer is half
reduction inL, Thus the process is believed to involve that in the extended-chain form. In the as-formed NIF
rearrangements of the half-crystallized molecules and structure less than half the chains are folded. Those that are
crystallization of the cilia within the existing crystal layer. fold in the middle (‘integer folding’). Those chains that
An increase in the fraction of fully crystallized chain- are not folded traverse the crystal layer only once, the

folded molecules results in a reductionlipand the overall uncrystallized half, in the form of loose ends or cilia,
periodL. Ultimately the IF form is obtained-+~igure 10d comprising the amorphous layer. The crystalline/amorphous
Preliminary results of ongoing work suggest that the two boundary is sharp and the chains are tilted in the crystalline
second-order diffraction peaks inyfgH 494 cooled at 2C/ layer at 38 to the layer normal.

min at low temperature Higure 6 do not represent In the NIF form the fraction of folded, fully crystallized

the perpendicular and the tilted once-folded forms. Rather, chains increases with decreasing temperature, which is
the former diffraction appears to represent the remnant of accompanied by lamellar ‘thinning’, i.e. reduction in the

the (tilted) NIF form. overall lamellar periodicity. This thinning comes entirely
- from the depletion of amorphous layers. The same process is
Spherulitic growth and NIF form believed to be responsible for isothermal thinning observed

It has been reported recently that extended-chain crystal-previously. The separation of the crystallization process
lization of n-CyHsgg produces single crystals or twins, into primary lamellar formation and subsequent slow
whereas chain-folded crystallization yields spherufttes  crystallization of cilia is believed to be relevant to the
Morphological studies on melt-crystallized nwgH sos>> well recognised process of ‘primary’ and ‘secondary’
were more ambiguous about the lack of spherulites in crystallization in polymers.
extended-chain crystallization. Bassettal 3! suggest that Reconstruction of electron density profiles for melt-
molecular cilia are responsible for the development of crystallized extended-chain alkanes showed the inter-
spherulites; lamellar repulsion and splay are caused bylamellar density deficient layer (density gap) of the order
entropic elasticity of the cilia. Our present study would of 1.5 nm in thickness for ¢ Hz4s and GgqHszgg at room
appear to lend support to this idea, since a high proportion of temperature and 2 nm for sggH 44 while close to the
cilia is shown to be present in the NIF form, which is the melting point these thicknesses were of the order of 2 nm
precursor to any melt-crystallized chain-folded alkane. and 3 nm, respectively. Fitting of intensity data to different
However, we have recently observed distinct spherulites models reveals a sharp crystal boundary iE34s and
in CosHaes crystallized in the extended-chain form. CigH390 at room temperature and a more rounded density
Furthermore, as there are known instances of spherulitic profile in other cases.
morphology in a wide range of materials, some of which are  The Fourier reconstruction method is now being applied
known not to involve cilia, alternative explanations for to more complex cases of low-temperature transformations
spherulitic growth should not be overlooked. The effect of and to alkane mixtures.
cilia on morphology is now being investigated further.
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