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Abstract

The prevailing low-temperature phase (7 =< 100 °C) has been studied in binary mixtures of very long n-alkanes CiyHass, CisaHang,
Ci94H300, Ca10Ha22, CoagHaoss CosgHsig and CpoyHsog. For alkane pairs with chain length ratio between 1.3 and 1.7 and molar ratios not too
far from 1:1, the lamellar structure is that of a superlattice. Its structure is determined by small-angle X-ray scattering (SAXS), backed by
calorimetry and wide-angle X-ray diffraction. One full repeat unit of the superlattice contains three crystalline layers; the two outer ones
contain both long and short molecules while the middle layer contains extended interdigitated tails of the long molecules protruding from the
two outer layers. This triple layer phase forms through a reversible transition on cooling from the semi-crystalline form (SCF) described by
Zeng and Ungar [Macromolecules, 34 (2001) 6945]. Both forms are solid solutions in which the disparate alkane chains are intimately mixed.
SCF consists of alternating crystalline and amorphous layers, the latter consisting of surplus length of the longer alkane. The transition
consists of the longer molecules from two adjacent crystal layers being pulled into the intervening space and crystallizing in the form of the
middle layer; at the same time the opposite ends of the chains are being aligned flush with the outer surfaces. © 2002 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Pure long chain normal alkanes [1-3] have been used for
the last 15 years as ideal models for studying polymer crys-
tallisation [4-9] and chain folding [10-14]. They are
chemically the most unspecific of the model compounds
used in the fundamental studies of crystalline polymers
[15]. It has been established that long alkanes have a lamel-
lar structure in the crystalline state, where the fold length of
molecules is usually the integral reciprocal of the full chain
length (IF form) with the chain ends and folds located at the
lamellar surface [10-12]. A transient non-integer form
(NIF) is found in the early stages of melt crystallisation;
this transforms subsequently to IF forms [13]. NIF has a
semi-crystalline lamellar structure, where only a fraction
of the molecules are integer folded and fully crystallised
while the other molecules traverse the crystalline layer
with their tails outside as cilia in the amorphous layer
[14]. The molecular arrangement in these lamellar
structures are drawn in Fig. 1.

* Corresponding author. Tel.: +44-114-222-5457; fax: +44-114-222-
5943.
E-mail address: g.ungar@sheffield.ac.uk (G. Ungar).

Considerably more research has been done on shorter
alkanes, up to 40-50 carbon atoms, partly due to their
easy availability. There has also been continuous interest
and extensive work on mixtures of short n-alkanes since
1931 [16], concerning crystal structure [17-26], thermo-
dynamics and phase diagrams [27-32], kinetics of crystal-
lisation [33], chain diffusion [34—36], defects, disorder [37—
41], etc. The boundary between stable and metastable solid
solutions of short binary n-alkanes has been given by C,; =
1.20C,, — 1.60, where C,/ and C,, are the carbon numbers of
the two components [42]. In all of the short alkane mixtures
studied, the carbon number difference allowed for solid
solution are not more than 10 (e.g. CsoHjgp + CeoHin
[19,20]), thus the inter-crystalline layers are normally
confined to only several CH, groups at the surface.

It is only recently that sufficient quantities of long chain
n-alkanes were synthesised [43] to allow a study of their
mixtures. One of the objectives of investigating mixed
long alkanes is to introduce polydispersity in a controlled
way and thus bridge the gap between the information we
have on monodisperse models and on polydisperse poly-
mers. Recent experiments on crystallisation of alkane
mixtures show interesting kinetic phenomena and enable
us to test certain hypotheses on the mechanism of polymer
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Fig. 1. Schematic representation of the molecular arrangement in different
lamellar structures in melt crystallised long chain n-alkanes. (a) Extended
chain form, (b) once-folded chain form, (c) transient non-integer folded
(NIF) form, (d) semi-crystalline form (SCF). (a)—(c): pure alkane, (d)
binary mixture.

crystallisation [7], ‘poisoning’ and ‘self-poisoning’ of
crystal growth faces, etc. [44].

We have undertaken a structural study of various binary
mixtures of pure long chain n-alkanes (CjyHos4, Ci62Hzo6s
CiosHz90, Ca1oHazz, CoagHags, CossHsig and CoosHsgp) using
small-angle X-ray scattering (SAXS), differential scanning
calorimetry (DSC) and Raman LAM spectroscopy. In the
first paper of this series [45], it was reported that most of the
binary mixtures form solid solutions in spite of the large
chain length differences (up to 100 CH, groups) between
the two components. Lamellar structure of the high
temperature form of the solid solutions was found to be
semi-crystalline. In this semi-crystalline form (SCF) only
the short molecules are fully crystalline; they pack in crystal
layers whose thickness 7. is determined by the length of
these molecules, appropriately corrected for chain tilt
(Fig. 1d). The longer molecules mix with the shorter ones
in the crystalline layers, but their surplus chain length,
protruding as cilia, remains amorphous. Crystalline and
amorphous layers, with thicknesses /7, and /,, alternate as
in the NIF structure in pure n-alkanes or, for that matter, as
in common semi-crystalline polymers. The role of the
folded chains in NIF is taken over by the shorter chains in
the case of SCF in binary alkane mixtures. Unlike the case
of NIF or the semi-crystalline chain-folded polymers, SCF
can be the thermodynamically stable phase in the high
temperature region [45].

As already noted [45], a reversible solid state transition
takes place at the low temperature end of the SCF range. In
the present paper, we report on the lamellar structure of the
low temperature phase. The primary method used is SAXS
and the proposed model is supported by the results from
thermal analysis. Additional evidence from vibrational
spectroscopy will be reported in the third paper of this
series. Selected results of this work have appeared in a
preliminary publication [46].

2. Experimental
2.1. Materials and sample preparation

The pure long chain n-alkanes were kindly provided by

Drs G.M. Brooke and S. Mohammed, University of
Durham. For details of synthesis see Ref. [43]. The alkanes
used in this work are CjHase, Ci62Hazs, CioaHz00, Co10Ha,
Cos6Ha04, CossHsig and CyoqHsgg. Mixtures were prepared by
weighing the alkanes and mixing them in a small glass test
tube and then melting them repeatedly for several minutes
under nitrogen followed by quench-crystallisation. Homo-
geneity of mixtures was ascertained by comparing DSC and
SAXS data obtained from different parts of a sample. Unless
stated otherwise, the final thermal cycle of a sample prior to
SAXS recording of the low-temperature phase consisted of
slow cooling (0.5 °C/min) from the high-temperature phase
through the transition, followed by annealing for approxi-
mately 10 h below the transition temperature (ca. 90 °C),
followed finally by cooling (1 °C/min) to room temperature.
The initial cooling rate for crystallisation of the high-
temperature phase depended on the alkane chain length
and composition; while it was kept just fast enough to
prevent solidus—liquidus separation of the alkanes between
the melting points of the two pure components.

2.2. Small angle X-ray scattering

The in situ SAXS experiments were performed on Station
8.2 of the Daresbury Synchrotron Radiation Source. The
beam was monochromatised and double-focused onto the
detector having a cross-section of 2X0.3 mm? in the
sample plane [47]. A high-count rate quadrant multiwire
detector was used and the sample to detector distance was
3.1 m. The capillary with the sample was held in a modified
Linkam hot stage with temperature control within 0.2 °C.
The beam was monitored with two ionisation chambers, one
in front and one behind the sample. All diffractograms were
corrected for uneven channel response by dividing them
with the response to homogeneous radiation of *Fe. This
also took care of the slice shape of the detector window,
allowing the resulting curves to be treated as if recorded
with a linear detector. The correction for positional non-
linearity of the detector was done using the first 22 orders
of diffraction from wet rat-tail collagen. Two third-order
polynomials, linked by matching their boundary values of
zeroth and first derivatives, were fitted to the inverse
collagen spacings for the two halves of the detector range.
A separate linearisation function was applied for each
experimental session. The sample-to-detector distance in
detector pixel units was calibrated using polycrystalline
sample of shorter orthorhombic n-alkanes with precisely
known unit cell lengths.

2.3. Differential scanning calorimetry

DSC experiments were performed on a Perkin—Elmer
Pyris-1 instrument. Samples were sealed in 10 mm alumi-
nium pans. Indium was used for the calibration of tempera-
ture and enthalpy. Temperature correction for isothermal
and cooling cycles was derived by extrapolation of the
heating rate dependence of the correction to zero or negative
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Fig. 2. Small-angle X-ray scattering curves recorded during cooling (a) and
heating (b) of a binary mixture of 1n-C;5Hz,6 and n-CyueHyo4 (1:1 by weight,
1.5:1 molar). The respective cooling and heating rates were 2 °C/min and
5 °C/min. Intensities are Lorentz corrected. Constant ¢ lines (¢ =
4 sin(6/A)) are labelled by their corresponding Bragg spacings (in A).

rates. Peak temperatures were corrected for thermal resis-
tance [48].

3. Results
3.1. SAXS analysis

3.1.1. Experimental diffractograms

Two sequences of SAXS curves of a CigHszye +
CoysHyos (1:1 by weight) mixture are displayed in Fig. 2.
Sequence (a) is recorded during cooling from melt and
sequence (b) during heating to the melt. The two sequences
are essentially reversals of each other with relatively little
hysteresis (10 °C). There are two distinct temperature

regions where SAXS spectra appear fundamentally differ-
ent: the high temperature region between 125 and 105 °C,
and the low temperature region below 100-90 °C. At high
temperatures the diffraction peaks are sharp and the inten-
sities decline steeply with increasing diffraction order. At
low temperatures more peaks are present, they are also
broader, and the change in intensity with diffraction order
does not follow an immediately recognisable pattern. Index-
ing of individual diffraction peaks is also not straightfor-
ward. Annealing over many hours and sometimes days did
not change the diffraction patterns of either phase to any
significant extent, except for some decrease in linewidth.

The lamellar structure of the semi-crystalline high
temperature phase (SCF) has been determined by SAXS
previously [45,46] and described briefly in Section 1 (Fig.
1d). The SAXS pattern of the low temperature phase is quite
complex. The diffraction peaks are broader and overlapping,
indicating a comparatively small coherence length as
expected from a phase formed through solid-state transfor-
mation. The possibility of the presence of more than one
phase complicates further the indexing of diffraction peaks.
The SAXS pattern also changes quite dramatically with the
ratio of molecular chain lengths and composition. In the
following we will concentrate on mixtures with a molar
ratio of approximately 1:1, which is found to be the ideal
composition for the superlattice structure as will be
discussed later.

From the semi-crystalline structure model of binary solid
solutions at high temperatures, it is expected that at lower
temperatures the amorphous layer would tend to crystallise.
It is thus possible that the solid state transformation around
105 °C is in some way associated with crystallisation of the
cilia. One of the potential options is separation of molecules
of different chain lengths and the formation of two types of
lamellar stacks. However this is not supported by experi-
ment, as we do not observe two series of diffraction peaks of
extended forms of the two components. Another possible
alternative is that the two molecular types segregate in sepa-
rate lamellae, which however form stacks with a random or
alternating layer sequence. The former would be analogous
to the model proposed by Dorset for Cs;gHg, + C36Hyy
[19,20]. However, neither option is borne out by the diffrac-
tion patterns.

Fig. 3 shows a typical small-angle diffractogram of the
low temperature form, in this case of a 1:1, w/w CigHzog +
Cyu6Hy94 mixture. It is not immediately obvious how the
strong diffraction peaks (210, 85, 60, 45 and 35 10\) should
be indexed. However, in addition to these major peaks there
are a number of weaker peaks and shoulders. After closer
scrutiny it was recognised that a spacing of 420 A gives a
good fit for most of the peaks mentioned, even if the 420 A
peak itself is not observed. The SAXS curve has been
resolved (using PeakSolve™) and as a result eight of the
first 12 orders could be identified with the following
Bragg spacings in A (underlined spacings indicate clearly
resolved peaks): 420, 210, 140, 105, 84, 70, 60, 52.5, 46.7,
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Fig. 3. Small-angle diffractogram of the 1:1, w/w mixture of C;5,Hs,6 and

Cyy6Hyo4 at room temperature. Experimental and peak-resolved traces are
shown. The components are labelled by their corresponding Bragg
spacings. They are all orders of the basic 420 A periodicity.

42,38.2 and 35. As seen in Fig. 3, a very good fit is achieved
and the peak positions are well in accordance with the
presumption of a structure with a 420 A period.

While the diffraction pattern has been indexed in a satis-
factory way, we now have to explain the unusually large
periodicity of 420 A, considering that the long spacings of
extended chain crystals of C;5Hjy and Cyy¢Hyoy are only
170 and 258 A. The intensity distribution among diffraction
orders is similarly unusual (the absence of the first order, the
strong diffraction orders 2, 5, 7, 9 and 12).

The information contained in the positions and intensities
of the SAXS peaks can be used to Fourier reconstruct the
one-dimensional projection of electron density and hence
obtain an insight into the structure of the low-temperature
form.

3.1.2. Reconstruction of electron density profiles

As the structure is that of close packed layers, with in-
plane layer dimensions many times larger than the layer
thickness, the diffraction pattern is determined by the one-
dimensional correlation function, as in most crystalline
polymers [49]. However, due to the highly periodic layer
stacking the SAXS function can be treated as a series of
discrete Bragg peaks. Therefore the small angle X-ray
diffraction is related to the one-dimensional electron density
profile normal to the lamellar stacks through Fourier series
summation. Furthermore, as the structure is centrosym-
metric, the profile E(x) is an even periodic function and its
corresponding diffraction amplitude A, can be expressed as

1 L
Ag= — J E(x) dx (1a)
LJo
L
a =2 J E(x) cos( 2mnx )dx, n>0 (1b)
L Jo L
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Fig. 4. Comparison of electron density profile E,(x) reconstructed from
experimental data (a) and Ex(x) from the best-fit model (b) for C;5,Hzp6 +
Coy6Hyoq (1:1, w/w) mixture. N = 12 Fourier terms (12 orders of diffrac-
tion) were used in both reconstructions.

where L is the overall period. Conversely, E(x) can be
expressed in terms of A, as:

Ex =Y 4, cos( 272” ) (2a)

n=0
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Fig. 5. Schematic representation of the molecular arrangement in (a) the
high temperature semi-crystalline form (SCF) and (b) the low temperature
triple-layer superlattice. In (a) the shorter chains are confined to the crystal-
line layer, while the surplus length of the longer chains protrudes forming
the amorphous cilia layer. In (b) the shorter chains are confined to the outer
two crystalline layers, while the surplus length of the longer chains coalesce
in the space between, forming the third thinner crystalline layer.

or if using only the first N terms, we define

N
Ex@ =Y A, cos( 212” ) (2b)

n=0

Experimentally we measure the intensity of the nth
diffraction peak I, (Lorentz corrected), which is equal to
A2, and its wavevector g,, which is equals to 2mn/L. Ideally

E@) = I, cos(qx + ¢), &, =0,m (3a)
n=0

Since it is impossible to measure an infinite number of
diffraction orders experimentally, an approximation can be
achieved with the first N orders

N

E@) = Eop@) = > /I, cos(qux + &),

n=0

d)n :O,TF

(3b)

The phase of the structure factor, represented by ¢, can
be determined with high degree of confidence in the present
case by trial and error. The electron density profile can thus
be directly reconstructed from the diffraction pattern via
Eq. (3b).

AE(x)
L, || ‘. ll L,
4 ZSZ ‘eSZ
T 0 T 7
sl Zsl

Fig. 6. Model electron density profile E.(x) used to fit the experimental
SAXS data.

With the intensities obtained by curve resolution, differ-
ent phase combinations were tried in the attempt to recon-
struct a reasonable electron density profile using Eq. (3b).
One of the reconstructions, with alternating amplitudes
+—-+—-—+ -+ —+ — + —), gives a promising
electron density profile, which is shown in Fig. 4a. Neglect-
ing the ripples caused by Fourier series truncation (see
below), this E.,(x) is approximately constant, except for
three narrow minima: a deeper one at x = =210 A and two
shallower ones at x = +30 A. These minima separate the
high-density continuum within each period into two outer
wide regions and another narrower region in the middle.

On the basis of the shape of E,(x), a working structural
model of the low temperature form is assumed as follows.
As illustrated in Fig. 5b, a repeat unit of the low temperature
form is assumed to contain three crystalline layers. The outer
two layers contain extended Ci4Hz,6 chains and the best
part of extended CyysHyg4 chains mixed together. The outer-
most surface of each of these layers contains only chain
ends, of both C¢H;3y and C,46Hy94 molecules. The protrud-
ing CyysHyo4 tails from these two layers interdigitate in the
centre and form the third, thinner crystalline layer.

Taking account of such an assumed structure and of the
E.x(x) profile in Fig. 4a, the model electron density profile
E(x) is constructed as shown in Fig. 6. The three high
density regions have thicknesses /. (end layers) and 7,
(middle layer). These three regions are separated by gaps
of lower density; the outer boundary gap is set twice as deep
as those bounding the middle layer, reflecting the assump-
tion that C,4sHyo4 chains bridge these latter gaps. The widths
of the deep and shallow gaps is, respectively, /; and /.
The thickness of all these regions and boundaries are used as
adjustable parameters in the calculation of model diffraction
intensities using Eqgs. (1a) and (1b), which are then fitted to
the experimental diffraction intensities observed. One
should note that since only relative diffraction intensities
were measured experimentally, the electron densities are
in arbitrary units; thus the best fit to experimental data
was sought with the only restriction being /g + 2/, +
2+l =420 A.

In Fig. 7b , the best-fit model is shown for the C 4, H3y6 +
Cou6Hyo4 mixture (1:1 by weight). On the left, the corre-
sponding calculated diffraction intensities are compared
with the experimental ones. It is evident that the triple
layer superlattice model can well explain both the unusually
long period and the relative intensity distribution among
diffraction orders.

Having validated the model in Fig. 6, we return to Fig. 4.
Fig. 4b shows Ej(x), which is the reconstruction of the best
fit model E(x) using the first N = 12 members of the cosine
series (Eq. (2b)), thus matching the number of N = 12
diffraction orders taken into account when reconstructing
the experimental density profile E.,,(x) (Fig. 4a). A compar-
ison between Fig. 4a and b shows that the main cause of
deviation of E,(x) from the model E(x) is truncation of the
series.
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Fig. 7. Comparison of experimental (&) and calculated ( .('Z) diffraction
intensities (a,b,c,d) using the corresponding model electron density profiles
(a’,b’,c’,d") consistent with the triple-layer superlattice for the low tempera-
ture phase of 1:1, w/w mixtures of (a,a") C 5,Hzp6 + Ca10Hana, £e = 159 A,
(=104, /4 =22A, £, =25A; (bb") CiuHazg + CosgHugs, Lo =
1574, £, =454, £, =194, £/, =19 A; (c,c') CiepHang + CassHs1s,
le=160A, £, =5TA, (=174, /, =18 A and (d,d") CpHyus +
CoroHums £e = 111 A, £,y = 56 A, /) = 22A, /, = 26 A. The intensities
of the even and odd orders are joined separately by lines to show the trend
of intensity change with diffraction order and also with the difference in
chain length. The chain length ratio » = ;/[; increases from 1.3 in (a) to 1.7
in (d).

The parameters of the best-fit model in Fig. 7b are
listed in Table 1—see entry for C;sHszog + CrygHuags.
The thickness of each of the end crystalline layers, 7, =
157 A, corresponds closely to the high-density layer
thickness in melt-crystallised extended chain C;gHsp,
which is 155 A [14,45]. This is 15 A short of the total
periodicity in pure CigHjzp. The thickness of the middle

crystalline layer 7, of 45 A should be compared with
the value of 88 A for the surplus CyyeHyo4 chain length
for 84 CH, groups corrected for the 35° tilt. Thus the
shortfall here is 43 A. Since the sum of the shallow dip
widths 27, = 38 A, it can be said that the inner bound-
ary layers, containing the bridging CysHyo4 chains, exist
at the expense of the middle crystalline layer. In other
words, the degree of crystallinity of the surplus CysHyo4
tails is comparatively low. This conclusion is upheld by
DSC and wide-angle X-ray scattering (WAXS) results
described later.

In order to validate the triple layer model further, the low
temperature form of three other binary mixtures were exam-
ined, two of which also contained C;sH;3y6 as the shorter
component. The mixtures are CigHzy + CpoHygpn (1:1.3
molar, 1:1 by weight), C5Hzp + CyrsgHs1g (1:1.6 molar,
1:1 by weight) and C;5,Hs46 + Co19H4p, (1:1 molar, 1.7:1
by weight). It was found that the same electron density
profile model, with different parameters, could also be
used in these systems to obtain a good fit with experi-
mental intensities. The comparison of experimental
diffraction intensities with those calculated from the
best-fit model are all displayed in Fig. 7 (intensity data
and fitting parameters are listed in Table 1). As expected,
the thickness of the crystalline end layers (/.) always
corresponds to that of the shorter component of the
mixture, while the thickness of the middle layer (/)
increases with the chain length difference. The chain
length ratio (r) of the components in alkane mixtures in
Fig. 7a—d increases, the values being 1.3, 1.5, 1.6 and 1.7.
In relative terms the two shallow dips systematically
move apart, resulting in the corresponding changes in
the diffraction pattern. The bars representing odd and
even order intensities are connected separately to bring
out the trend. In the limiting case of the two shallow dips
merging into one, i.e. for chain length ratio 1, the odd
diffraction orders would disappear.

A similar superlattice structure is also found in the
mixture Cig4H3gg + Cog4Hsog (1:1, w/w, chain length ratio
r=1.5).

It is notable from Fig. 2 that the width of the diffraction
peaks increases at the transition from the high-temperature
to the low-temperature phase. Using Scherrer formula the
coherence length decreases from 3.0 X 10° to 2.5 x 10° Ain
the case of the C;4H306—CrsgHyos mixture (1:1, w/w). The
estimate is based on the peak width of the first strong
diffraction, i.e. of the first order in the case of SCF and
the second order in the case of the triple layer form. The
integrated width was corrected for instrumental broadening
by deconvoluting the experimental peak from that of the
central beam recorded through a semi-transparent beam
stop. The decrease in coherence length is consistent with a
solid-state phase transformation. The significant increase in
peak width with increasing diffraction order in the low-
temperature phase (Fig. 3) indicates a considerable para-
crystalline distortion.
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Table 1

Intensity data (experimental and calculated from best-fit model) and parameters of the best-fit models for the superlattice in different alkane mixtures. The
model parameters are defined in Fig. 6. R is the reliability factor defined as (3, (|4, exp| — |A,, mod)*/ \A,,ﬁexp|2)”2

Sample Order Ci6Hzp6 + Co1oHunm

1.0:1.0, w/w;1.3:1.0

Cie2Ha + CasgHaos
1.0:1.0, w/w;1.5:1.0

CieoHaz + CasgHsig
1.0:1.0, w/w;1.6:1.0

CinHags + CojoHun
1.0:1.7, w/w;1.0:1.0

molar molar molar molar
Exp. Model Exp. Model Exp. Model Exp. Model
Diffraction intensities 1 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01

2 4.88 4.93 0.87 0.87 0.65 0.64 1.70 1.17
3 0.00 0.06 0.23 0.25 0.20 0.34 2.10 2.40
4 2.27 2.62 0.14 0.18 0.11 0.04 0.00 0.01
5 0.88 0.61 0.93 0.90 1.13 1.02 2.60 2.66
6 0.89 0.81 0.05 0.00 0.00 0.00 0.35 0.26
7 1.75 1.44 0.98 1.00 0.85 0.74 0.15 0.18
8 0.29 0.12 0.00 0.01 0.13 0.10 1.20 1.37
9 1.61 1.74 0.45 0.39 0.13 0.12 0.00 0.01

10 0.19 0.20 0.54 0.50 0.34 0.42

11 0.00 0.03 0.00 0.00 0.34 0.18

12 0.41 0.41 0.35 0.52

Parameters of model (10\) L 400 420 430 352

le 159 157 160 111

‘m 10 45 57 56

/1 22 19 17 22

s 25 19 18 26

R 0.115 0.150 0.123 0.123

3.2. DSC results

The relatively low crystallinity of the middle layer is
supported by evidence from thermal analysis. As shown in
Fig. 8, in the DSC thermogram of CisHjzys + CoysHyos
(1.5:1 molar; 1:1, w/w), a weak broad peak can be seen at
107 °C corresponding to the transition between the triple-
layer superlattice and the SCF. The measured heat of transi-
tion is only 12 J/g, which is no more than 5% of the total
enthalpy of melting; while according to our ideal model, the
heat of fusion related to this transition is estimated to be
around 40 J/g. The latter figure implies that the phase transi-
tion corresponds to melting of completely crystalline

endotherm

I I t : |
80 90 100 110 120 130 140
T(C) —»

Fig. 8. DSC heating thermogram of the Cyg,Hzp¢ + CoggHyoq mixture (1:1,
w/w). Heating rate 2 °C/min. Prior to the scan the sample had been cooled at
2 °C. The endotherms, in the ascending order of temperatures, correspond
to the following transitions: superlattice to semi-crystalline form (107 °C),
melting of the semi-crystalline form (125 °C), melting of extended chains
of CyyeHyo4 formed during the heating scan (127 °C).

surplus tails of C,4¢Hye4 molecules (the measured heat of
fusion of fully crystallised C,46Hyo4 in the extended chain
form is 260 J/g). As noted already in Section 3.1, the best-fit
electron density models also suggest a low crystallinity of
the middle layer since /,, values are only about half the
theoretical values for fully crystalline tails.

The low crystallinity of the middle layer is also supported
by WAXS recorded simultaneously with SAXS. During the
transition between SCF and the superlattice, the orthorhom-
bic crystal structure remains unchanged. There is little
change too in the intensity of the WAXS Bragg peaks,
which indicates that the change in crystallinity associated
with the transition is small.

3.3. Binary phase diagram

The transition temperatures between the high temperature
phase and the superlattice in mixtures of C;qHs and
C,46Hyo4 with different compositions are listed in Table 2.
The transition temperatures were determined by both SAXS
and DSC. The transition temperatures of the 1.5:1,2.8:1 and
3.5:1 molar mixtures are fairly close, 105 £ 2 °C, which is
only slightly lower than the melting point of CgHjs
(110 °C) [50]. This is consistent with the transition being
essentially melting of the middle layer consisting of 84 C-
atom long tails.

The above transition temperature data are used here to
extend to lower temperatures the binary phase diagram
CisoHzpe + Coy¢Hyos  which  had been constructed
previously in the high temperature region (T > 120 °C)
based on DSC and SAXS data [45]. The extended diagram
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Table 2
Transition temperatures 7, between the high and the low temperature phase

in CgpHzz6 + CoygHyos mixtures as measured by DSC and SAXS during
heating. Heating rates: DSC, 2 °C/min; SAXS, 5 °C/min

Component 33.3% 50.0% 60.0% 73.7% 77.8%
ratio (CgHso6

mol%)

T, (°C), DSC 119 107 103 104

T, (°C), SAXS 120* 118 108 105 105

* Metastable.

is shown in Fig. 9. Below the temperature range shown there
are no fundamental changes in phase relationships down to
room temperature. Below 118 °C the superlattice is the
stable phase of the system in a relatively narrow range of
compositions around the ideal 1:1 molar ratio. The limits of
tolerance of this phase are known only approximately. On
the right (excess Cjs,H3y) the superlattice phase is limited
by the close proximity of the steeply ascending SCF/
(superlattice + SCF) line. On the left (excess CysHyo4) We
can only say with certainty that mixtures with 33.3 mol% of
CigoHzys show additional SAXS peaks corresponding to
extended-chain C,4Hyo4. It must be recognised that it is
difficult to discern small amounts of an additional phase in
the SAXS spectra due to the broadness of diffraction peaks
at lower temperatures. Another conspicuous feature of the
phase diagram is the steep increase in the SCF-superlattice
transition temperature as the concentration of C;gpHjpg
decreases from 60 to 50 mol%.

135
Melt
130
C246+Melt
125 7Y ® -
1204 C246+SCF A
S joxl
= i
115 P SCF
C246 + P
110 4 Superlattice '8
)
T
105 igt .0 3
idi SCF +@ ™.
{1 Superlattice”
100 + +
0 0.2 0.4 0.6 0.8 1
C24a6H404 X C1e2H326

Fig. 9. Binary phase diagram of the CigHjo6 + CpygHyoy system. Full
circles: data from DSC; empty circles: data from SAXS; full triangle:
from DSC using lever rule as described in Ref. [45]. The part of the diagram
above 120 °C has already been described in Ref. [45]. Dashed lines are
determined with less certainty than full lines.

4. Discussion

In this paper we have focused on binary mixtures with a
chain length ratio from 1.3 to 1.7 and a component molar
ratio around 1:1. Under these conditions the triple layer
superlattice is found to be the low-temperature phase.
Under other circumstances in some binary systems there
are still other low-temperature forms, the structure of
which has not yet been solved. When the chain length differ-
ence is smaller, e.g. in the C4Hszps + CioyHzgp mixture
(1:1 molar ratio, chain length ratio 1.2), a distinct solid
state transition from the SCF has been found at a lower
temperature. However, the SAXS diffraction pattern of the
low temperature phase cannot be explained by the triple
layer model used above. The problem is further complicated
by the presence of different chain tilt angles in such
mixtures, e.g. it is observed in mixtures of CisHz and
CpeHaos (3:1 and 7:1 by weight) that a perpendicular
extended-chain form appears on slow cooling at lower
temperatures.

According to the superlattice model in Fig. 5b, the short
and long molecules of the two components are paired but
otherwise randomly positioned within the common layer
structure; they are not phase separated. A high degree of
crystallinity is thus maintained, close to that of the phase
separated extended chain crystal, while a high proportion of
the entropy of mixing is preserved at the same time.

It is interesting to consider the transformation mechanism
of the high temperature SCF to the triple layer superlattice.
We envisage that initially some local crystallisation takes
place in an amorphous layer of the SCF. This pulls in mole-
cules of the longer alkane until the chain ends at the opposite
side are flush with the outer surface of the two existing
crystalline layers. The driving force for this is crystallisation
of the middle layer. Once the first triple layer unit is thus
created, the transition spreads in a co-operative fashion. The
high degree of regularity in layer stacking is ensured by the
fact that once a significant number of cilia had been
removed from the outer amorphous layers, these become
non-viable for crystallisation as they lack the necessary
material for space filling. The transformation to the super-
lattice thus propagates by crystallisation of alternative
amorphous layers. On heating, the transition to SCF can
be regarded as melting of the thinner middle layers. This
frees up the molecules of the longer alkane to move long-
itudinally, acquiring additional entropy R In(n; — n,) (n, and
n, are the carbon numbers in the long and the short alkane;
see Ref. [45], Eq. (8b)). Hence an amorphous layer between
each crystalline layer in SCF.

An alternative potential structural model for mixtures of
Ci62Hza6 and CyyeHyoq was considered initially, as shown in
Fig. 10. We note that the chain length ratio of these two
alkanes is 2:3. According to this alternative model mole-
cules of CysHyo4 are folded asymmetrically into one third
(82 carbons) and two thirds of their length (164 carbons),
rather than into two halves as in the once-folded form
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Fig. 10. Alternative model of co-crystallised C;5,H306 + Coy6Hyos mixture
with CyHyos molecules asymmetrically folded. This model is not
supported by experiment.

(Fig. 1b). A pair of such CyysHyo4 molecules, with one fold
up and the other facing down, could be easily incorporated
into a C4,H3,4 lamella with smooth surfaces. Although such
a structure is shown to be incorrect in the case of the low
temperature form in the mixtures described in this paper,
asymmetric folding may not be completely ruled out else-
where. However, by failing to materialise in these, almost
ideal circumstances, the mode of chain-folded crystallisa-
tion where one molecule follows another within the crystal
lamella [13,51,52] has its credibility diminished. In fact in
all long alkane structures observed so far chain ends have
been segregated out to the crystal surface or to the
amorphous phase [15]. If at all viable, such a crystallisation
mode may have the best chance in polymers with interacting
ends, such as hydroxy-terminated poly(ethylene oxide) [53].

Moving to the binary phase diagram in Fig. 9, the role of
the superlattice can be formally compared to that of an
intermetallic compound in a metallurgical phase diagram,
or of a stable chemical complex in a chemical composition
diagram. Regarding the steep increase in the SCF-super-
lattice transition temperature between 60 and 50 mol%
Ci¢2Hszp6, our proposed explanation is the same as that
suggested previously [45] for the position of the phase
boundary SCF/(SCF + extended C,ysHyo4). It is due to the
steep increase in free energy of SCF arising from steric

(a) (b)

Fig. 11. Schematic drawing of the FE forms observed in pure Cy;gHyp, and
Ci9gH305 [55] (a) and in Cy5pHypye + CoygHyoq binary mixtures [56] (b). Two
triple-layer units are shown in each case. The pale lines in (b) indicate
molecules of C;yHye.

overcrowding at the crystal-amorphous interface as the
number of C,yHyos chains entering the amorphous phase,
with their expanded effective cross-section, reaches the
critical value (the ‘gambler’s ruin’ problem [54]).

In some of the solid solutions of short n-alkanes, i.e.
CioHer + C3Hra,  [22]  CioHgy + CyoHgo  [23]  and
CygHsg + C3Hy4 [27] superlattices or modulated structures
were found at ambient temperature. In most cases molecules
of different chain length are considered to crystallise sepa-
rately in different layers (micro-phase separation) and these
layers are then packed randomly or non-randomly [19,20].
Similarities can be drawn between some of the models
proposed [22,23] with our superlattice model, but the crucial
difference is that the two components in short alkane tend to
segregate rather than mix within the same crystalline layer.
Further studies are required in order to complete the picture
of alkane mixtures from short to long chains.

The triple layer form described here is to some extent
related to the ‘folded-extended’ or ‘mixed integer’ form
recently found in pure n-alkane C;;0Hs, [55] and in
CinHyye + CoueHygs mixtures (Fig. 11) [56]. CyioHan,
which had crystallised in the NIF state (Fig. 1c), transforms
isothermally or on cooling to the folded—extended (FE)
form rather than to the once-folded form as in the case of
Co46Hao4 and longer alkanes (Fig. 1b). The FE form is
another triple layer phase but with all three layers having
the same thickness. The role of the short alkane in the
present mixtures is taken up in the FE form by folded chains.
Thus the ratio of the effective chain lengths is 1:2. Accord-
ing to our model of the FE form, the folded chains are
located in the two outer layers. The overall repeat of this
superlattice is given by the sum of the lengths of an
extended and a folded chain, i.e. 1.5 chain lengths. A similar
structure exists in CiypHsye + CoygHygy mixtures where
CipHyye chains, which are half as long as those of
Co46Hao4, serve to fill any vacancy arising from irregular
packing of extended and folded chains of C,ysHyoq.

The existence of the FE form, where n-alkane molecules
with different fold conformation and different chain lengths
can co-crystallise, indicates that the upper limit of the chain
length ratio of miscible n-alkanes could go well above the
value of 1.7 observed in this work, where both components
are in the extended chain conformation. It is suggested that
n-alkanes with very different chain lengths can co-crystal-
lise, with the longer chains being folded once, twice or more
times. Experiments are underway to test this.

Finally, the triple layer structure, the high-temperature
SCF and the transition between them have a parallel in
secondary crystallisation and premelting of polydisperse
polymers. The formation of ‘dominant’ lamellae and subse-
quent formation of in-filling lamellae in the remaining
uncrystallised regions during spherulite formation have
been well documented [57]. Similarly, thin lamellae formed
during secondary crystallisation may melt at a temperature
significantly lower than the melting point of the bulk of the
material, causing broadening of the melting endotherm, a
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low ‘softening point’ and sometimes additional low-
temperature endotherms [58,59].

5. Conclusions

A triple layer superlattice is found to be the structure of
the low temperature phase of several binary solid solutions
of very long chain n-alkanes with a chain length ratio
between 1.3 and 1.7 and a chain length difference up to
100 °C atoms. One full repeat unit of the superlattice
contains three crystalline layers; the two outer ones contain
both long and short molecules while the middle layer
contains extended interdigitated tails of the long molecules
protruding from the two outer layers. In this phase, observed
generally below about 100 °C, crystallinity is high while
molecules of the two species are still mixed, thus energy
is low and entropy is high. The solid state transition from the
high temperature SCF to this low temperature superlattice
provides a good model for secondary crystallisation of poly-
mers, and the reverse of it a model for pre-melting.
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