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Blends of normal alkanes form lamellar structures, when quenched from the melt,
in which the separation of the individual chains may be controlled by the chain-
length mismatch, molar composition, isotopic substitution and confinement. 2:1
C28H58:C36D74 mixtures have been investigated after subjection to a cooling rate
varying over three orders of magnitude and intermediate annealing prior to reach-
ing ambient. Quenching at 100�C=min yields similar behaviour to intermediate
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annealing between the pure components’ melting points. Slow cooling at 0.1�C=min
generates significantly greater ordering and behaviour comparable to that
obtained from annealing mid-way between the mixing transition and the C28H58

melting point.

Keywords: DSC; lamellar structures; n-alkane blends; SANS; SAXS

INTRODUCTION

There is considerable research effort aimed at investigating and con-
trolling molecular self-assembly. Indeed, this continues to be the prin-
cipal approach employed in the development of novel nanotechnology.
Typically the focus has been on functionalised molecules; however,
such self-assembly also occurs in non-functionalised molecules such
as saturated hydrocarbons. For example, when cooled from the molten
state to ambient temperature, mixtures of normal paraffins (Cn:Cm)
exhibit a wide range of solid state phase behaviour. For a certain car-
bon number (n-m), or equivalently chain-length mismatch, modulated
structures form in the solid state. In the simplest case, an equimolar
mixture of C30H62 and C36H74 (or C36D74) hydrocarbons will locally
demix to form a modulated lamellar structure of alternating chains
with a unit cell whose length corresponds to the sum of the long-
spacings of the pure components [1]. We have made extensive studies
on these materials and have shown that the repeat-spacing of the
resultant structures may be controlled, not only by variation of
the chain-length mismatch, but also molar composition, isotopic
substitution, quench depth and confinement [2–5].

In our previous studies, and those of other workers, the alkane mix-
tures have typically been quenched rapidly from the melt to prevent
macrophase separation. Here we report for the first time the effect
of cooling protocol on normal alkane mixtures. We have prepared
blends of C28H58 and C36D74 with a 2:1 molar ratio and studied them
after subjection to a cooling rate that varied over three orders in mag-
nitude with intermediate annealing prior to cooling to ambient. The
protocol is observed to strongly impact upon the microstructure and
indeed assists in greater ordering of the modulated demixed structure.

We have performed simultaneous small-angle X-ray scattering
(SAXS) and differential scanning calorimetry (DSC) studies on the
demixed systems as a function of cooling protocol. Their simultaneous
collection enables the temperature-dependent nanostructural changes
to be correlated with phase transitions. The data are further comple-
mented by small-angle neutron scattering (SANS) highlighting
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the separation of the individual chains via isotopic contrast and optical
microscopy indicating changes occurring on the macroscopic scale.

EXPERIMENTAL

The pure paraffins were purchased from Aldrich (C28H58, 99%) and
Cambridge Isotope Laboratories (C36D74, 98% at. D) and were used
as received. A 2:1 molar composition mixture was prepared and placed
in an oven for 15 minutes at 110�C, to allow the individual components
to mix. After air-cooling, the samples were roughly ground and placed
into modified DSC pans (see below). These samples were then
remelted in the DSC at a rate of 100�C=min and cooled into the solid
state following one of six cooling and annealing protocols (Fig. 1).

FIGURE 1 Schematic showing cooling protocols used in the experiments. Six
protocols were used: cooling from 100�C to 30�C at i) 100�C=min, ii) 10�C=min,
iii) 1�C=min and iv) 0.1�C=min. Two further samples were prepared using a
double quench from 100�C to 63.2�C (mid-way between the onset of the first
C28H58 transition and first C36D74 transition) and to 54.0�C (mid-way between
the onset of the first C28H58 transition and onset of the mixing transition).
Both samples were subsequently annealed and quenched to 30�C at
100�C=min.
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These were cooling from 100�C to 30�C at 100�C=min (referred to as
quenched), 10�C=min, 1�C=min and 0.1�C=min. Two further samples
were prepared using a double quench from 100�C to: a) a temperature
mid-way between the onset of the first C28H58 transition and first
C36D74 transition, or b) a temperature mid-way between the onset of
the first C28H58 transition and onset of the mixing transition. Both
samples were subsequently annealed and quenched to 30�C at
100�C=min. These transition temperatures were selected based on
initial DSC studies of the two pure components. The length of anneal-
ing time was determined as shown in Figure 1. All mixtures were aged
for 3 weeks prior to study with SAXS and DSC (except for sample i
which was studied after ca. 5 h). Optical micrographs of the samples
were taken (Zeiss Axioplan) following the completion of the cooling
procedure.

The SAXS measurements were performed on the new MPW6.2
station at the Synchrotron Radiation Source, Daresbury (United
Kingdom) and represent the first SAXS user experiments from the
new facility. The scattering vector, q, is defined as the difference
between the incident and scattered X-ray or neutron wavevectors.
For elastic scattering, q ¼ jqj ¼ (4p=k)sin h, where 2h is the angle
through which the radiation is scattered and k refers to the wave-
length of the radiation used. The range of q accessed in the SAXS
experiments was 0.009� q=Å�1 � 0.276 with k ¼ 1.4 Å. The angular
calibration of the quadrant SAXS detector was performed using an
orientated specimen of wet rat-tail collagen. To minimise radiation
damage to the sample a fast opening shutter was employed which
was controlled by the acquisition computer. The shutter was pro-
grammed to open for the collection of the SAXS snapshots and was
closed at all other times. SANS experiments were performed on the
SAND instrument at the Intense Pulsed Neutron Source, Argonne
National Laboratory (United States). Each sample, which had been
enclosed in a 1 mm thick quartz cell, was placed in an oven at 100�C
for 15 minutes prior to the cooling treatment.

The DSC measurements were performed on a DSC600 system
(Linkam Instruments, Surrey, England). The sample crucible
possesses a slit of 4 mm by 1 mm making it suitable for X-ray trans-
mission. The windows on the DSC experimental stage (which is
designed for use with an optical microscope) were removed and fitted
with mica windows for the SAXS measurements. The experimental
stage was vertically mounted to allow transmission of the X-ray beam
through the sample. Vertical orientation of the sample required the
use of a spring of low thermal mass to hold the DSC pan against the
heater plate. The DSC was calibrated with indium, tin, succinonitrile

96 E. P. Gilbert et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
9:

19
 2

2 
A

ug
us

t 2
01

2 



and biphenyl. Modified aluminium DSC pans (TA Instruments) were
used to hold the paraffin samples. Holes were punched in the base
and lid of the pans. A disc of cleaved mica (of slightly smaller diameter
than the pan base diameter) was placed in the base of the pan. The pan
was then filled with the roughly ground paraffin mixture and another
mica disc placed on top. After placing the lid on top the whole pan was
crimped; this process ensures that the mica discs seal the windows
punched in the pan (Fig. 2). The individual masses of the pan, mica
windows and paraffin sample were recorded. Samples were heated
and cooled with ramp rates of 1�C=min. The DSC and SAXS measure-
ments were performed simultaneously, with 6 second snapshots of
data taken every 30 seconds thus corresponding to data collection in
0.5 degree intervals.

RESULTS AND DISCUSSION

1. Pure Materials

The temperature-dependent SAXS and DSC from C36D74 and C28H58

are shown in Figure 3.
C36D74 exhibits three Bragg peaks, at 30�C, occurring at

0.133 Å�1(47.2 Å); 0.149 Å�1 (42.1 Å) and 0.161 Å�1 (39.1 Å). These

FIGURE 2 Schematic of modified DSC cell. The cell is composed of the alu-
minium pan and lid on the outside, followed by mica windows with the sample
material in the centre.
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may be attributed to the orthorhombic (002 reflection) and two
co-existing monoclinic (001) polymorphs of C36D74 respectively [6–8].
The monoclinic polymorphs exhibit a different temperature depen-
dence with intensity transferring from the less stable, higher q, MII

FIGURE 3 The temperature-dependent SAXS and DSC from i) C36D74 and ii)
C28H 58.
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to MI phase. There is a reduction in repeat spacing of the rotator phase
as it approaches the melting transition that is associated with chain
tilting from the orthorhombic form. The low angle scattering consist-
ently decreases with temperature and is associated with surface scat-
tering from crystalline domains. The orthorhombic and MII intensities
disappear at approximately the same temperature, indicating a high
degree of correlation, whereas the MI peak persists to higher tempera-
tures via a rotator transition until melting. In the DSC, an intense
melting endotherm is observed at 70.8�C. Two further endotherms
occur at 59.5 and 65.1�C; these are extremely weak, however, and rep-
resent approximately 5% of the total enthalpy. The origin of these
endotherms has not been investigated here although one is certainly
likely to be associated with an orthorhombic to rotator transition.

C28H58 exhibits two low temperature peaks at q ¼ 0.180 Å�1 (34.9 Å)
and 0.190 Å�1 (33.1 Å). These correspond to the triclinic and monoclinic
(MI) 001 reflections. The triclinic phase is the less thermodynamically
stable of the two low temperature polymorphs and this is evident from
the transfer of intensity from the triclinic to monoclinic forms with
increasing temperature. A monoclinic to rotator phase transition
occurs at 56.0�C at q ¼ 0.170 Å�1 (36.9 Å) with a corresponding
reduction in low angle scattering. A rotator to melt transition occurs
at 60.3�C. On cooling (not shown), no triclinic phase is present. In both
pure materials, there is a significant correlation between the peak
transition temperatures observed in the DSC with maxima in the
Bragg peak intensity.

2. 2:1 C28H58:C36D74 Mixture

Figure 4 shows optical micrographs of six 2:1 C28H58:C36D74 mixtures
differing only in their cooling protocol and its significant influence on
their crystalline morphology. On the macroscopic scale, the crystalline
domains increase in size and become less structured with decreasing
cooling rate. Annealing at 54.0�C produces a more ordered morphology
than 63.2�C. Simultaneous SAXS and DSC from the 100�C and
0.1�C=min samples and both double quenched samples are shown in
Figure 5 over the full instrumental q range.

From a cursory inspection of the DSC plots, it is evident that the
rapidly quenched sample gives rise to the most disordered structure;
it exhibits an additional endotherm whose transition is close to the
monoclinic to rotator transition observed for C28H58. The 63.2�C-
annealed sample, while not exhibiting this additional endotherm,
shows a strongly asymmetric lower temperature transition. The ratio
of the lower to higher-temperature endotherm areas is approximately
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1:4 in these samples. The slow cooled and 54.0�C-annealed samples
give rise to much sharper endotherms and the ratio of intensities
are approximately 1:2.5. Based on previous SANS studies, we may cer-
tainly attribute the lower temperature endotherm to a mixing tran-
sition above which the demixed lamellar arrangement is destroyed
[5]. Thus the greater ratio in the slow cooled and 54.0�C-annealed sam-
ples may be attributed to more extensive formation of the demixed
structure. We also note that the mixing transitions occur approxi-
mately one degree higher in these samples. In related studies, the mix-
ing transition has been shown to increase with aging time and is an
indicator of the extent of formation of the demixed arrangement [9].
Similar intensity and positional trends are observed for the melting
endotherm.

The melting transition for the mixture occurs close to the melting
transition for pure C28H58 for all protocols. The transition temperature
for the mixture is in reasonable agreement with the melting point
depression predicted using Schröder’s equation [10]. From the sum
of the transition enthalpies from the solid to melt states for the paraf-
fins and their corresponding melting points, we obtain a eutectic com-
position, xE, of 0.8:0.2 C28H58:C36D74 and a eutectic temperature, TE,
of 60�C [2,11]. We note that the composition investigated here is hyper-
eutectic relative to the predicted xE and a separate C36D74 component
is expected; however we observe no evidence for this in the SAXS.

FIGURE 4 Optical micrographs from 2:1 C28H58:C36D74 mixtures showing
influence of cooling protocol. The image size is 1.04 mm � 0.88 mm.
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FIGURE 5 Temperature-dependent SAXS and DSC from i) 100�C=min (aged
5 h), ii) 0.1�C =min, iii) 63.2 �C-annealed and iv) 54.0�C-annealed samples.
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Scattering occurs almost exclusively from q ¼ 0.12 to 0.18 Å�1; the
data are plotted over this shorter range in Figure 6 to show more
clearly the variation in peak shape and intensity with temperature.
The samples exhibit a consistent ordering behaviour in the SAXS as
in the DSC. For the rapidly cooled and higher-temperature annealed
mixtures, a broad peak is observed at 30�C with a peak intensity
corresponding to a 43.2 and 42.4 Å structure respectively. Conversely,
the 54.0�C-annealed sample exhibits a single sharp peak at ca. 41 Å
and the slow cooled sample a double peak with the lower angle feature
also at ca. 41 Å. These numbers are in excellent agreement with
Vegard’s Law (molar average of orthorhombic unit cell lengths) again
indicating that a more ordered structure has been formed [12]. The
larger d-spacings observed in the former two samples indicate the
formation of quenched-in voids. The higher q peak in the slow-cooled
sample is associated with a distance of ca. 40 Å. It is not possible to
unambiguously assign this peak to a second phase or a superstructure
peak as the behaviour of the higher order reflections has not been
probed over the experimental q range. For a separate phase, the

FIGURE 6 3D plots showing variation in SAXS for i) 100�C=min; ii)
0.1�C =min; iii) 63.2 �C annealed and iv) 54.0�C annealed samples.
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separation, Dq, between the peaks would increase with q; for a
superstructure, Dq would be constant with q. This will be resolved
in subsequent experiments.

While more extensive order is expected using a 0.1�C=min relative
to 100�C=min cooling rate, a comparison of the two annealed samples
indicates that maintaining the temperature a few degrees above the
mixing transition greatly assists in the production of a more ordered
modulated structure.

The variation in SAXS with increasing temperature is complex, yet
a consistent picture emerges. Below the mixing transition, the Bragg
peak associated with the demixed structure shifts to larger d-spacing
and reaches its maximum intensity at approximately the peak tran-
sition temperature. This may be attributed to a gradual mixing of
the chains and a disruption of the lamellar boundaries leading to an
increase in the number of voids. SANS data show that the extent of
demixing decreases, with decreasing quench depth, as the mixing
transition is approached [3,5]. At the same temperature, a second
higher q peak is apparent. Its intensity increases with temperature,
while its position also increases with temperature until reaching a pla-
teau below the melting transition. This lower d-spacing peak indicates
an apparent shortening of one or both of the chains either via the for-
mation of trans-gauche defects or a rotator phase. It is this chain modi-
fication that results in the destruction of the demixed phase.

The SAXS technique provides useful information on the ‘average’
lamellar chain structure but is far less sensitive to the modulated
arrangement of chains. This is due to the minor difference in X-ray
scattering length density between the components. The use of SANS,
when one of the chains is isotopically labelled, enables the separation
of protonated and deuterated chains to be easily determined. We have
made preliminary, fixed-temperature, SANS measurements using the
following cooling protocols: (i) quench to ambient (ca. 100�C min�1),
(ii) slow cool to ambient at 0.1�C min�1 and (iii) quench to 61�C, anneal-
ing for 11 h, followed by quenching to 25�C. The peak observed in the
SANS is characteristic of the average separation of the protonated and
deuterated chains [13] (Fig. 7). All samples show a characteristic spa-
cing associated with a separation of approximately 120 Å. This is in
excellent agreement with a hypothetical spacing based on a repeating
arrangement of two C28H58 chains followed by a C36D74 chain in their
characteristic orthorhombic packing arrangement (d ¼ 123 Å) [6,8]. A
comparison of the SANS data indicates more extensive formation of
the demixed structure from both the scattering intensity and peak
width in the slow cooled and low-temperature annealed samples. This
not only supports the SAXS, DSC and microscopy data but also
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enables the dimension of the demixed structure to be deduced; this
highlights the complementarity of neutron and X-radiation in these
studies.

CONCLUSIONS

Time-resolved SAXS and DSC have been performed in parallel and
correlated with optical microscopy and SANS. The data show that
the cooling rate and annealing protocol are of fundamental importance
to the demixed structure. Fast quenching (100�C=min) yields a similar
arrangement to that obtained from annealing at temperatures
between the melting points of the pure components. However, slow
cooling (0.1�C=min) yields a far more ordered structure and gives is
similar to that obtained from annealing at a temperature mid-way
between the mixing transition and C28H58 melting point.

The results from these experiments will be correlated with further
SANS studies, where the signal is monitored during temperature
ramping, and where it is possible to benefit from the large scattering
contrast between the protonated and deuterated components. We will
also be conducting NMR and quasielastic neutron scattering, as a
function of temperature to assist in our understanding of the extent
of chain motion and its role on the observed transitions.

FIGURE 7 SANS from 2:1 C28H58:C36D74 mixtures highlighting effect of cool-
ing protocol: quenched 100�C=min (crosses), slowly cooled at 0.1�C=min (open
circles) and two-step quenching from 100�C to 61�C (annealed 11h) and 61�C
to 25�C (closed circles).
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