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Scaled structures in late stages of microphase separation of binary paraffin mixtures
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Since the dynamic properties in paraffin mixtures are different from those in alloys and polymer blends,
paraffin mixtures are believed to be another class of substances establishing the ‘‘universality’’ of the dynami-
cal scaling behavior of phase separation. In this paper, the scaled structures of microphase separation in
paraffin mixtures are described using a scaling function based on a two-phase model with kinetics based on the
Cahn-Hilliard equation. It has been demonstrated that at the late stages of the microphase separation the scaling
behavior in the paraffin mixtures agrees well with the universal features predicted by the scaling function. The
scaled structures of microphase separation in paraffin mixtures can be directly calculated from the volume
fraction of the minority phase without any adjustable parameter.

PACS number~s!: 64.70.2p, 64.75.1g, 78.70.Nx
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I. INTRODUCTION

The kinetics of phase separation in mixtures have
tracted much attention@1–4#. Phase separation of mixture
on quenching starts from a homogeneous state and proc
through a series of heterogeneous states, as is the case
the liquid-gas phase transition in one-component system
with liquid-liquid and solid-solid phase separation in tw
component systems. Such phenomena include nuclea
spinodal decomposition, coarsening, and Ostwald ripen
The kinetic processes can generally be divided into two m
stages, depending on the degree of time evolution. In
early stages~including the nucleation and growth regime!,
there are dominant concentration fluctuations in a homo
neous phase, which lead to the creation of new phases. In
late stages, neither nucleation of new phases nor variatio
composition occurs, and the gradual aggregation of n
phases occurs. Finally, the entire system settles down
macroscopic two-phase state. The kinetics of phase sep
tion have been extensively studied in many systems, inc
ing binary alloys, binary fluids, polymer blends, glass
ferroelectric crystals, and magnetic materials@1–4#. The dy-
namical scaling behavior of late stages of phase separa
has been a focus of interest.

The dynamic scaling of phase separation indicates tha
late stages of phase separation are entirely controlled b
unique characteristic lengthj(t). A phase-separating syste
with scaling characteristics is considered to have a s
similar structure. At the experimental level, determination
whether or not the x-ray or neutron scattering function
structure factorS(Q,t) exhibits a dynamic scaling is an im
portant test. A direct consequence of the dynamic scalin
that the structure function follows a simple asymptotic b
havior at late stages of phase separation. Conservation
are known to be an important factor in governing the beh
ior of late stage kinetics. In practice, moments of the str
ture factorQn , the momentum transferQm corresponding to
the maximum value of the structure factor, or the radius
gyrationRg can be chosen as a unique characteristic len
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Dynamic scaling has been found in many different mixtu
and appears to be universal@1–4#.

Normal paraffin mixtures with different chain lengths a
among the simplest anisotropic molecular systems. A st
of microphase separation in paraffin mixtures is interest
because this system forms a bridge between conventi
substances and macromolecules. It is known that when
difference in carbon number of a binary paraffin mixtu
exceeds a certain value, a microphase is formed in a pe
of days at room temperature after slowly cooling or qui
quenching from the melt@5–9#. The microphase separatio
in paraffin mixtures takes place in a highly crystalline, a
isotropic solid and involves chain conformational orderin
What is more, it has been found that the process of
crophase separation in some binary paraffin mixtures is
ways accompanied by precipitation of some almost pure p
affin crystals@7–9#. Apparently, the microphase separatio
in paraffin mixtures has behavior not found in other syste
like alloys and polymer blends. For example, there is
so-called conformational ordering in alloys, while the pha
separation in polymer blends very likely occurs in an am
phous condition on quenching from the melt. Since the pr
erties and structures of paraffin mixtures are different fr
those of alloys and polymer blends, paraffin mixtures
believed to be another class of substances establishing
‘‘universality’’ of the scaling behavior associated with pha
separation.

We have studied the kinetics of microphase separatio
binary paraffin mixtures C30H62/C36D74 and C30D62/C36H74,
using small-angle neutron scattering~SANS! @7–9#. The
deuteration provides an isotopic contrast of the mixtures
SANS experiments. Since the volume of a deuterated pa
fin is different from that of its hydrogenous version, the de
teration alters the volume difference between the two co
ponents. Note that the main driving force for the micropha
separation in a binary paraffin mixture is the volume diffe
ence@5–9#. SANS data were taken from a number of com
positions and several temperatures inside the phase se
tion regions. In addition to the temperature and compositi
8234 ©2000 The American Physical Society
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vacancies and lamellar boundaries are believed to influe
the kinetics of microphase separation in paraffin mixtur
Two dynamic scaling functions were introduced to analy
the late stages of microphase separation in
C30H62/C36D74 and C30D62/C36H74 mixtures@9#. These scal-
ing functions were proposed by Marro, Lebowitz, and Ka
~MLK ! @10# and by Phaniet al. ~PLKP! @11#. Both MLK and
PLKP scaling models were obtained from computer simu
tions and appear to be a universal feature of late stage
coarsening kinetics. The late stages of microphase separ
in the C30/C36 mixtures agree well with the theoretical pr
dictions of MLK and PLKP scaling functions@9#.

It is worth noting that the MLK and PLKP methods d
not clearly give a composition dependence of the sca
function. It has been found from experiments@12–14# and
computer simulations@15–17#, however, that the morphol
ogy of a phase-separating system depends on the com
tion. Structural patterns of a phase-separating system
smaller volume fractions of the minority phase are cons
ered to be isolated clusters, whereas an interconnected s
ture is obtained at higher volume fractions of the minor
phase.

Fratzl and Lebowitz~FL! have presented a scaling fun
tion in terms of a two-phase model@18#. The physical picture
of the two-phase model is that at late stages of phase s
ration a system consists of two large domains which are
tially separated by a thin interface region. A theoretical
terpretation of the FL scaling function was further given@19#
both on the basis of asymptotic analysis@20# of the Cahn-
Hilliard equation@21# and on the hypothesis of asymptot
self-similarity. The FL scaling function has been succe
fully tested for many different systems@18#, including solid
alloys, polymer blends, liquid mixtures, and theoretical mo
els ~such as Ising and Ginzburg-Landau models! used in
computer simulations. The purpose of this paper is to p
form a quantitative test of the universality of the FL scali
function for the late stages of microphase separation in
affin mixtures.

II. EXPERIMENTAL DETAILS

C30H62 and C36H74 were obtained from Supelco~Belle-
fonte, PA! and the corresponding deuterated analogs, C30D62
and C36D74 were from MDS Isotopes~Montreal, Quebec,
Canada!. They had purity grades greater than 99.5%. T
deuterated samples had a manufacturer’s specification
cating a deuterium concentration greater than 99.0
C30H62/C36D74 and C30D62/C36H74 (C30/C36) mixtures, on a
mole/mole basis, were made from the crystalline hydroc
bons, which were melted together in an inert atmospher
the same silica ultraviolet absorption spectroscopy cells~1
mm thick! used for the subsequent neutron scattering exp
ments. The C30/C36 mixtures were left to interdiffuse for a
period of 1–2 days in the melt before quenching. Quenc
C30H62/C36D74 mixtures with mole ratios 4:1, 1:1, 3:8, 1:4
and 1:9 were made by dipping the cells into water at 27
The 1:4 C30H62/C36D74 mixture was also quenched to 26, 3
33, and 41 °C. The C30D62/C36H74 mixture was quenched to
20 °C. The experimental phase diagram of binary C30/C36
mixtures has been determined by Snyderet al. @22#. At the
compositions and temperatures used the processes obs
ce
.
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in the scattering should fall inside the microphase separa
region of the phase diagram.

The small-angle diffractometer~SAD! at the Intense
Pulsed Neutron Source~IPNS!, Argonne National Labora-
tory, was used for the neutron scattering measurements.
small-angle scattering of neutrons was detected using ti
of-flight ~TOF! analysis and wavelengths were in the ran
2,l,14 Å. Scattering data from the different wavelengt
were appropriately ‘‘binned’’ as a function of the momentu
transferQ54p sin(u/l), whereu is the half scattering angle
This not only allows the scattering function to be determin
over a wide range of the momentum transfer but also p
vides sufficient intensity for the patterns to be measured
relatively short time intervals. The other advantage of t
instrument for the present work is that, by binning differe
wavelength intervals in the time-of-flight spectrum, the sc
tering intensity can be generated using only particular wa
length bands. This allows the wavelength dependence of
scattering function to be determined and hence checks m
for multiple scattering and refraction. The neutron scatter
data were reduced using the standard programREDUCE and
normalized using a standard scatterer to absolute intens
~cm21!. Scattering patterns from quenched samples were
corded at 1 h intervals after quenching to observe the gro
of microphase separation in scattering patterns. Runs of u
14 h were used depending upon the kinetics. Any scatte
function was thus the mean scattering during the 1 h period
of observation.

III. RESULTS AND DISCUSSION

Figure 1 representatively shows the time evolution of
SANS intensity of the C30H62/C36D74 mixtures at 27 °C after
the initial quench from the melt. The scattered intensity w
plotted asIQ2 vs Q. Details of the temperature and comp
sition dependence of SANS patterns have been repo
@7–9#. Since the first scattering patterns were collected a
mean time of 30 min after quenching, the results obser
represent intermediate and later times of the microph
separation in the C30/C36 mixtures.

In the present work, the first moment of the structure fa
tor Q1(t) was introduced as a measure of the characteri
lengthj(t). Moments of the structure factorS(Q,t) are de-
fined as

Qn~ t !5
( QnS~Q,t !

( S~Q,t !

, ~1!

which is found to vary quite smoothly with time@23#. Quan-
titatively, the experimental criterion for the late stages can
obtained from the time independence ofQ2 /Q1

2. Plots of
Q2 /Q1

2 versus time were found to remain almost constant
different temperatures and compositions when the time
greater than about 270 min@9#. The FL scaling function was
therefore tested within the time ranges determined from
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plots of Q2 /Q1
2 versus time, although the scaling behav

was observed at much earlier times.
Phenomenological results and computer simulations s

gest that the scaling function has the form@23–27#

S~Q,t !5J~ t !F„Qj~ t !… ~2!

where F„Qj(t)… is a time-independent scaling function
one variable andJ(t) is the scaling factor, which is propor
tional to jn in n dimensions,

S~Q,t !}j~ t !nF„Qj~ t !…. ~3!

The structure factorS(Q,t) can be directly measured b
scattering techniques. There are various theories and sim
tions leading to different forms ofF„Qj(t)…. Fratzl and Leb-
owitz have constructed a normalized structure factorLn(x)
as the scaling functionF„Qj(t)… in the formula@18,19#

FIG. 1. The time evolution ofIQ2 versusQ for C30H62/C36D74

mixtures quickly quenched from the melt to 27 °C:~a! 1:1 and~b!
1:4. The first pattern was collected at a mean time of 30 min,
the increment was 60 min.
r

g-

la-

F„Qj~ t !…}Ln~x!5
anx4

x41cn
Pn~x!, ~4!

wherex5Q/Q1 in the present work. In three dimensions, t
scaling functionL3(x)5L(x) has the simple analytical form
@18,19#

P3~x!5
b3

b31~x2211d3!2 , ~5!

b35
4g2

~12g2!2 ~12d3!, ~6!

c35
d3

b32d3~12d3!
, ~7!

a35~11c3!~11d3
2/b3!. ~8!

There are two free parametersd3 and g in the FL scaling
function L3(x). The function has its maximum value 1 atx
51. The scaling functionL3(x) is proportional tox24 asx
→` and tox4 asx→0. The dependenceF(x);x24 at large
x is physically equivalent to Porod’s law@28#. For a two-
phase system, the validity of Porod’s law indicates a sh
phase boundary. In three dimensions, a deviation from
rod’s law is due to a diffuse phase boundary or the prese
of thermal density fluctuations. The dimension of a diffu
phase boundary could involve surface fractals@29,30#.

Since the parameterd3 has been empirically found to b
0.06, irrespective of the system@18#, the FL scaling function
has only one free parameterg for the fitting of experimental
data. The important feature of the FL scaling function is th
the parameterg is physically proportional to the interphas
surface per unit volume at a given volume fractionf of the
minority phase and could be a measure of the equilibri
morphology of a phase-separating system@8,19#. Accord-
ingly, the FL scaling function is determined by only on
parameter: the volume fractionf of the minority phase. The
f dependence of the scaling functionF(x) has been inter-
preted as a consequence of the hypothesis that the asym
cally self-similar ensemble of the interface configuration
completely determined by the volume fraction@19#.

Figure 2 shows representative plots of the scaling funct
L3(x) versusx at different values ofg for the 1:1 and 1:4
C30H62/C36D74 mixtures at 27 °C. It can be seen from Fig.
that the peak width of the scaling function decreases w
decreasingg. The peak value ofL3(x) was observed only
when the parameterg was greater than a critical value th
depends on the composition. Typical results are shown
Fig. 3. When the parameterg is greater than the critica
value, there are infinite choices ofg corresponding to
L3(x)51 for a given composition. In order to test whether
not there is composition dependence ofg in the present sys-
tem, aL3(x) value 0.998, which is marginally smaller tha
1, was chosen as a criterion for all scaling tests. Clearlyg
50.3 for the 1:1 C30H62/C36D74 mixture is smaller thang
50.7 for the 1:4 C30H62/C36D74 mixture atL3(x)50.998. In
other words, the peak width of the scaling functionL3(x) of
1:1 C30H62/C36D74 is narrower than that of 1:4
C30H62/C36D74 when the function just reaches its maximum

d
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It is noted thatg50.3 for the 1:1 mixture is comparable t
the g values for critical quenches atf50.5 @18#. The com-
position dependence of the parameterg predicted by the FL
scaling function is demonstrated for the present system.

Figure 4 shows the scaling behavior of the experimen
data of the 1:1 and 1:4 C30H62/C36D74 mixtures in terms of
Eq. ~4!. As seen, the curves are scaled excellently toget
The validity of the FL scaling function was well tested for a
compositions of the C30H62/C36D74 mixtures in meaningful
ranges of Eq.~4!. The scaling behavior was also tested fo
reverse pair, the 1:1 C30D62/C36H74 mixture. The results are
shown in Fig. 5. Again, all curves at the different late tim
fall precisely on top of one another. Note that theg value of
the 1:1 C30D62/C36H74 mixture is 0.4 atL3(x)50.998, which
is not much different fromg50.3 of its reverse pair, 1:1
C30H62/C36D74.

Figure 6 shows the temperature dependence of the sc
function L3(x) of the 1:4 C30H62/C36D74 mixture. The pa-
rameterg was chosen to be 0.65 since it was found to
almost independent of the quenching temperature atL3(x)
50.998. As can be seen from Fig. 6, the scaling behavio

FIG. 2. Plots of the scaling functionL3(x) versusx5Q/Q1 at
different values ofg for C30H62/C36D74 mixtures 630 min after
quenching from the melt to 27 °C:~a! 1:1 and~b! 1:4.
l

r.

ng

e

is

excellently obeyed at different temperatures. The same s
ing behavior was observed for all compositions in the pres
study. These results are consistent with the prediction
the FL scaling function does not depend on the tempera
for a given composition@18,19#.

A representative log10-log10 plot of L3(x) versus x is
shown in Fig. 7 for the 1:1 C30H62/C36D74 mixture at 26 °C.
A slope of 24 was obtained at largex from the plot, indi-
cating Porod’s law as predicted by the FL scaling functio
Porod’s law at largex is obeyed for all compositions an
temperatures in the present system. The observation of
rod’s law indicates that the lamellar size of the paraffi
becomes much larger than the thickness of the interface
the late stages of microphase separation. At smallx, a slope
of 4 was obtained from the log10-log10 plots. In terms of the
domain growth of the Cahn-Hilliard equation@19#, the de-
pendenceL3(x);x4 at smallx implies a local conservation
of the order parameter and symmetry.

The morphology of a phase-separating system can be
dicted from the FL scaling function@18,19#. A higher value
of g may be related to a morphology with spherical clust
of a minority component isolated in a matrix of a majori

FIG. 3. Plots of the maximum value ofL3(x) versusg for
C30H62/C36D74 mixtures 630 min after quenching from the melt
27 °C: ~a! 1:1 and~b! 1:4.
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component, whereas a lower value ofg could predict an
interconnected morphology of rods or plates. Clusters o
minority component may not be completely spherical b
cause of the anisotropy of the surface tension@19#. It is
known that the morphology of the microphase in paraf
mixtures is a well-ordered lamellar structure@5–9#. In par-
ticular, the microphase of the 1:1 C30H62/C36D74 mixture is
an alternation of lamellae of the two pure alkanes. If t
terminologies used in the FL scaling function are introduc
to the present system, the morphology of the microph
may be plausibly described as a platelike structure. T
lower g value of the 1:1 mixture corresponds to a high
interconnected morphology composed of alternative lam
lae, whereas the higherg value of the 4:1 or 1:9
C30H62/C36D74 mixture is associated with a morphology wi
lamellae of the minority components distributed randomly

FIG. 4. Plots of the scaling functionL3(x) versusx5Q/Q1 for
C30H62/C36D74 mixtures quickly quenched from the melt t
27 °C: ~a! 1:1, g50.3 and~b! 1:4, g50.7. The first patterns were
calculated at mean times of 330 and 270 min for 1:1 and 1
respectively, and the increment was 120 min.
a
-

e
d
e
e

l-

the matrix of majority components.
The parameterg is theoretically defined by@19#

g t5
limx→`@xn11L~x!#

*0
`@xn21L~x!dx#

. ~9!

g t can be calculated for three possible morphologies of
minority phase by simple geometric considerations. For
plate and spherical structures,g t can be calculated from@19#

g t5@p2f~12f!#21 ~10!

and

,

FIG. 5. Plots of the scaling functionL3(x) versusx5Q/Q1 at
g50.4 for the 1:1 C30D62/C36H74 mixture quickly quenched from
the melt to 20 °C. The first pattern was calculated at a mean tim
450 min, and the increment was 300 min.

FIG. 6. Plots of the scaling functionL3(x) versusx5Q/Q1 at
g50.65 for the 1:4 C30H62/C36D74 mixture quickly quenched from
the melt to different temperatures 26, 30, 33, and 41 °C.
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g t5F S 2p5

9 D 1/3

f1/3~12f!G21

, ~11!

respectively. Figure 8 shows the volume fractionf depen-
dence of the theoretical and experimental values ofg. The
volume fractions of the minority component in the C30/C36
mixtures were calculated from unit cell axes of the pure p
affins @31#. The volume fractions of C30H62 in the
C30H62/C36D74 mixtures are 0.460, 0.242, 0.175, and 0.08
respectively, corresponding to 1:1, 3:8, 1:4, and
C30H62/C36D74 mixtures. The volume fraction of C36D74 in
4:1 C30H62/C36D74 is 0.227. The volume fraction of C30D62
in 1:1 C30D62/C36H74 is 0.461, very close to the value fo
C30H62 in 1:1 C30H62/C36D74. The theoretical valuesg t are
0.58, 0.41, 0.54, 0.70, and 0.78 in terms of Eq.~10!, corre-
sponding, respectively, to 4:1, 1:1, 3:8, 1:4, and 1
C30H62/C36D74 mixtures. It is apparent that the theoretic
values g t in terms of the plate structure are close to t
experimental data but different from the experimental one
low volume fractions in terms of the spherelike assumpti
The results imply that the lateral dimension of lamellae
the minority phase is much smaller than the axial one.

FIG. 7. A log10-log10 plot of L3(x) versusx5Q/Q1 for the 1:1
C30H62/C36D74 mixture 570 min after quick quenching from th
melt to 26 °C.
.
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L
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,
9
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IV. CONCLUSION

In summary, the SANS experimental results indicate t
the late stages of the microphase separation of paraffin m
tures are in good agreement with the universal features
dicted by the FL scaling function. It has been demonstra
that, like alloys and polymer blends, the scaled structure
the paraffin mixtures depends on the volume fraction but
on the quench temperature. Porod’s law of the scaling fu
tion L(x) at largex and a dependenceL(x);x4 at smallx
are observed, indicating a two-phase morphology and a
main growth of the Cahn-Hilliard mode. The theoretical va
uesg t in terms of the plate structure assumption are found
be close to the experimental data, which allows the sca
structures of paraffin mixtures to be predicted from the v
ume fraction of the minority phase without any adjustab
parameter.

FIG. 8. Plots of the parameterg versus volume fractionf of the
minority component in the mixtures. Empty and filled squares r
resent, respectively, the experimental and calculatedg values of the
minority component in C30H62/C36D74 mixtures. The empty triangle
is the g value of the 1:1 C30D62/C36H74 mixture. The calculated
values ofg were obtained in terms of Eq.~10!. Filled triangles
represent the calculatedg values of the 1:4 and 1:9 C30H62/C36D74

mixtures in terms of Eq.~11!.
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