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Abstract

X-ray surface scattering and surface tension measurements reveal surface freezing in molten mixtures of alkanes of two
different lengths. A crystalline monolayer is formed at the surface a few degrees above the bulk freezing temperature. The
structure of the monolayer has been determined on an angstrom scale. Two widely different patterns of behavior emerge,
which depend on the length difference of the two components, An. For small An the surface properties and structure vary
continuously with concentration. For large An, however, the variation is discontinuous, exhibiting surface segregation.
Furthermore, a new surface crystalline structure appears for a well-defined range of compositions and temperatures, and
surface freezing is completely suppressed for another range. A Flory-Huggins theory based on competition between
entropic mixing and a repulsive interaction due to chain length mismatch accounts well for the observed phenomena.

1. Introduction

Molecules residing at a free surface of a solid are less
confined than those in the bulk [1-4]. The consequently
larger entropy at the surface results in a lower melting
temperature at the surface than in the bulk. This so-
called surface melting phenomenon is a general predic-
tion of statistical physics and has been observed in nu-
merous systems ranging from ice [5], through metals [4]
to molecular crystals [6]. The opposite phenomenon,
that of surface freezing, where the surface solidifies at
a temperature higher than that of the bulk is much more
rare. In fact, prior to the discovery of surface freezing in
alkanes, it had only been observed in liquid crystals [7].
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Very recently we [8-10], and others [11,12], found
that pure monodisperse liquid normal alkanes
(CH3(CH,),_ ,CHj;, abbreviated as C,) also exhibit sur-
face freezing. Here a crystalline monolayer is formed on
the surface of the melt at temperatures of up to a few
degrees above the bulk freezing point. While this is
clearly a result of a delicate balance between the bulk and
surface free energies, the microscopic details of the phys-
ics underlying this effect are still unclear. To gain a better
understanding, we have studied the surface behavior of
liquid binary mixtures of n-alkanes, where the bulk free
energies can be tuned conveniently by varying the mo-
lecular lengths and the compositions. As we show below,
the new dimensions in phase space accessible to mixtures
not only help in understanding the basic phenomenon,
but may also induce new phenomena which do not occur
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in the pure components. Furthermore, alkanes in “real
world” applications generally exist in the form of mix-
tures [13]. Even “pure” alkanes are seldom monodis-
perse, and are usually laced with varying amounts of
similar shorter- and longer-chain molecules. Thus, the
study of alkane mixtures presented here is relevant not
only to basic science but also to applied science and
industrial applications.

As the surface freezing in alkane mixtures is closely
related to that in monodisperse alkanes, we now sum-
marize the results obtained for pure alkanes. The crystal-
line monolayer is formed at a temperature T, > T;,
where T, denotes the bulk freezing temperature. The
liquid—solid surface transition is first order. Once formed,
the structure of the monolayer remains invariant upon
further cooling down to bulk freezing at T;. The temper-
ature range of existence, AT = T, — T, of this surface
crystalline phase has a non-monotonic molecular length
dependence. It tends to go to zero for n < 16 and n > 52,
and has a maximum of about 3°C for n~ 20. The mono-
layer has a structure similar to that of the bulk Ry, rotator
phase [21], where there is long-range average positional
and orientational order, but no long-range order of mo-
lecular rotation along their long axes. The surface cry-
stalline coherence length is at least a few thousand A. For
chain lengths »# <30 the chains are stretched and
oriented normal to the surface, and packed hexagonally.
For n = 30 the molecules are tilted towards their nearest
neighbours, with the tilt angles increasing with » and
reaching 18° for C;¢. Further details are given in Refs.
[8-101.

In the study reported here, we show that surface
freezing occurs in binary mixtures of alkanes as well. As
in pure alkanes the surface freezing occurs via a reversible
first-order transition. The surface layer is always crystal-
line and a single monolayer thick. However, since the
interactions among alkane molecules and their affinity to
the surface differ with chain length, both the temperature
range of the surface crystalline phase and the surface
composition vary with the length difference An and bulk
composition. By varying the concentration in the bulk
liquid it is now possible to fine-tune the free energy
balance and obtain for a particular range a complete
exclusion of one of the components from the surface or
even a complete suppression of the surface freezing effect.
For mixtures with small An, the crystalline surface layer
is a uniform mixtures of the two components. For large
An, only one component of the bulk binary mixture
appears in the surface crystalline layer. We have studied
extensively two families of alkane mixtures, C0~Cs0 4 an
and Cig_a,~C36, where An ranges from 2 to 18. The An
dependence of the surface phase behavior is found to be
very similar for both families. These results are discussed
below in detail.

2. Experimental

Each sample was prepared by thoroughly stirring
a preweighed, molten mixture of commercial alkanes of
purity > 99%. The molten mixture was then poured
onto a clean silicon wafer mounted in a sealable cell, the
temperature of which was regulated to within 5 mK. The
surface structure of the liquid mixture was studied by
X-ray reflectivity (XR) and X-ray grazing incidence dif-
fraction (GID), using the Harvard/BNL liquid spectrom-
eter at beamline x 22B of the National Synchrotron
Light Source. The surface thermodynamic properties
were measured using the surface tension (ST) technique.
XR yields information on the electron density profile
normal to the surface [14], such as the thickness and
density of a surface film. GID measurements provide
information on the structure of a film within the surface
plane [15]. The orientation of the molecular chains is
obtained from the Bragg-rods (BR), i.e. the surface-nor-
mal dependence of the scattered intensity at the position
of each in-plane GID peak. The ST measurements, using
the Wilhelmy plate method [10, 16], provide information
on the excess free energy of the molecules at the surface
over those in the bulk. The formation of the layer at T, is
seen as a sharp change from a negative to a positive slope
in the surface tension 7(T) and the slope difference
A(dy/dT) increases linearly with the carbon number
n [10].

3. Results and discussion

Fig. 1 shows XR measured for the free surfaces of
monodisperse C;, and C;, alkanes and their equal vol-
ume mixture. At T > T, no surface layer is present, and
a monotonic fall-off with g, typical of an isotropic liquid
surface [17]. is observed for all samples. At temperatures
below T, but still above the bulk freezing temperature
T, (T; < T <T,), the XR curves for all three samples
exhibit pronounced modulations, indicating the existence
of a surface layer with an electron density different from
that of the bulk. The different modulation periods reflect
different average surface layer thicknesses D. The XR
data were fitted using a model assuming a layered
interface consisting of a slab of higher electron density
(representing the ordered (CH ), - , chains), and a lower-
density depletion zone at the layer-liquid interface (cor-
responding to the less dense CH; groups). This is the
same model used to fit the crystalline monolayers of the
monodisperse n-alkanes [8]. The fit yields the density
profiles shown in the inset. A 15% increase in the density
of the surface layer over that of the liquid bulk is found
for all mixtures. Note that D for the small An mixtures
(C3,—Cj3, in Fig. 1) is intermediate between those for the
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Fig. 1. X-ray reflectivities from the free surface of molten n-
alkanes C,, and C,, in their surface crystalline phase, and their
1:1 mixtures in both the surface crystalline and the higher-
temperature liquid phase. The solid lines are fits according to
density profiles shown in the inset. The reflectivities are shifted
for clarity by a factor of 4 cach.

two pure materials. This indicates that the mixture be-
haves similar to a monodisperse alkane of an intermedi-
ate chain length in this case. A similar behavior was
observed in binary mixtures of close homologues in sev-
eral liquid crystal families [18].

Figs. 2(a) and (b) displays the surface crystalline layer
thickness as a function of compositions for two typical
mixtures: Cig + C;6 representing the small An mixtures,
and C,¢ + Cs4 representing the large An ones. For the
first of these, the average D varies continuously and
monotonically with ¢3, (the volume fraction of C;4 in
the bulk liquid), between those of pure C;, and Cs4. This
continuous variation of D implies a continuous change in
the composition of the surface crystalline layer,
D = ¢=Dio + (1 — ¢°) D3, here ¢ is the C;4 concen-
tration in the surface crystalline layer and D;q and
D, are the layer thickness of pure C;, and C;g, respec-
tively. The solid curves represent the values of D esti-
mated from the theory discussed below, which is based
on the value derived for ¢ Since the entropy depends
linearly on the chain length [10], a linear relation is also
expected in the ST measurements between the thickness
D and the surface tension slope A(dy/dT )~ AS. This is
indeed observed, as shown in the inset of Fig. 2(a).

The large An C,—C;3¢ mixtures exhibit, by contrast,
a dramatically different surface behavior, as shown in
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Fig. 2. (a) For the C, -C, mixture series, the thickness of the
crystalline surface layer is plotted as a function of ¢,,. The solid
lines are the theoretical values based on the calculated surface
crystalline composition as discussed in the text. The inset shows
the thickness as a function of the entropy difference between the
liquid and crystalline surface phases as derived from the meas-
ured surface tension slope differences AS = A(dy/dT). (b) The
corresponding plots for the C,~C,, mixtures. The solid circles
denote the new surface phase. Surface freezing is absent in the
shaded regions.

Fig. 2(b). The thickness D varies discontinuously with ¢s.
It takes on three discrete values, shown in solid lines in
Fig. 2(b). For ¢4 > 80%. and ¢4, < 40%, D are those of
pure C,¢ and C;,, respectively. In both cases the surface
crystalline layer appears to consist of a single component:
either C,¢ or C36. For a range of ¢4, between 70% and
80% (the shaded region in Fig. 2(b)) the surface freezing
effect disappears completely. Finally, for 40% < ¢4,
< 70%, a new surface phase appears via a first-order
transition [19]. In this region D is even slightly larger
than that of pure Cs¢. A similar division into four re-
gions, with identical temperature boundaries is observed
in the surface tension measurements.

Tke GID measurements reveal that the in-plane order-
ing of the crystalline surface layers of the mixtures, other
than in the new phase, is the same as that in the corres-
ponding monodisperse phase. For example, for the ordi-
nary, ¢h, <40% surface crystalline phase in the
C,sC,¢ mixture, where the C;q segregates to the sur-
face, there exists only one resolution-limited GID peak at
q = 148 A=, as shown in Fig. 3(a). Bragg rod measure-
ments at the position of this peak show two maxima, one
at g.= 0 and another at g, =05A"1 (Fig. 3(b)). As
shown in Ref. [9] these are consistent with a hexagonal
packing of molecules tilted towards their nearest-neigh-
bors by 18, exactly as found for pure monodisperse Cse.
For the new surface phase, shown in Figs. 3(c) and (d) the
position ¢ of the in-plane peak remains the same
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Fig. 3. The in-plane diffraction peaks for the crystalline surface
phase of C, —~C,; mixtures in (a) the ordinary surface crystalline
phase ((15’26 < 40%), and (b) the new phase (40% < ¢‘26 < 60%).
Both peaks are resolution limited, indicating crystalline coher-
ence length in excess of a few thousand A. The corresponding
vertical, g, distribution of the intensity at the in-plane diffrac-
tion peak position, the so-called Bragg rods, are shown in (c) and
(d) for the two phases, respectively. For their discussion see text.

(Fig. 3(c)). However, the g, = 0 peak disappears and only
one peak at g, > 0 is detected (Fig. 3(d)). This is consis-
tent with a tilt towards next-nearest-neighbors. The
lower g, position of the Bragg rod peak as compared to
Fig. 3(b) indicates that the tilt angle is now decreased to
13.5°. This, in turn, should increase the layer thickness D,
as was indeed observed in the values of D derived from
the reflectivity measurements (see Fig. 2(b)). Note, how-
ever, that such a packing entails a second peak, of a much
lower intensity, along the Bragg rod at a higher g.. This
was not observed in the measurements. While this may
be due to the low intensity expected, in the absence of this
peak other structural models cannot be ruled out com-
pletely.

The measured quantities such as the monolayer thick-
ness D and slope difference A(dy/dT) are temperature
independent for Ty < T < T for a fixed concentration
¢46. However, for a concentration range of a few percent
around ¢’ ~40%, where the transition to the new phase
occurs, it is possible to tune the system between the usual
phase and the new surface phase by varying the temper-
ature. The transition to the new phase is invariably found
to occur at T, 2 69°C, for all bulk compositions. More-
over, the transition from the usual to the new phase was
also observed in other Cig + Ci6_,, mixtures with
An > 10, with the transition always occurring at the same
T new = 69°C, independent of An and concentration within
the allowed range. Therefore, it is proposed that
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Fig.4. For C,, + C,,_,, mixtures, with An varying between
4 and 18:(a) The temperature range of existence of the crystalline
surface layer, AT, as a function of the liquid bulk composition.
(b) The slope difference of the surface tension, A(dy/dT) , as
a function of liquid bulk composition. The lines connecting the
points for each mixture are guides to the eye, and the dashed line
marks the region where surface freezing does not occur. The
solid symbols denote the new surface phase discussed in the text.

T ew = 69°C is the transition temperature intrinsic to the
C;, surface crystalline layer, independent of the underly-
ing liquids, whereas the surface and bulk freezing temper-
atures T, and T are determined by the bulk liquid
compositions. This new surface phase will occur only
when Tp.. > T, and be inducible by temperature vari-
ation only when T, > T, > T¢ [19]. Since T, and
T; are dependent on, while T, is independent of the
bulk composition, the volume fractions at which the
transition between the new and normal surface phases
occurs is different for different families of mixtures.

The temperature range of existence of the surface cry-
stalline phase, AT, is shown in Fig. 4(a) versus the bulk
composition for different mixtures. A dramatically differ-
ent behavior is observed for small and large An. For
An < 9, AT is practically constant, with a slight enhance-
ment in the 20% < ¢ < 40% range. For An > 9, how-
ever, AT changes abruptly with bulk composition, and
there exists a region where surface freezing is suppressed
completely (i.e. AT = 0). This region increases with in-
creasing An. This behavior results from the fact that the
¢ dependence of the two transition temperatures T and
T are very different for these An.

The difference in the slope, A(dy/dT), of the surface
tension y(T ) below and above T is the entropy loss AS
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of the surface layer in the transition from liquid to cry-
stalline [10]. In monodisperse alkanes, A(dy/dT) in-
creases linearly with the carbon numbers. In mixtures,
they are displayed in Fig. 4(b) as a function of the bulk
composition for samples of various An. For mixtures of
An <9, A(dy/dT) changes continuously between the
values of the two pure components. Continuous inter-
mediate values of A(dy/dT) imply continuous changes in
the composition of the surface crystalline layer. For mix-
tures of An > 9, A(dy/dT)takes on the discrete values of
the pure components, indicating that predominantly
only one component is present in the surface crystalline
phase. These single component surface phase regions are
separated from one another by a region where the surface
freezing is suppressed. This could result from frustration
due to the competition between closely matched surface
segregation affinities of the two species. In a narrow
region just outside this no-freezing region, A(dy/dT)
takes on values which are even larger than the largest of
the two pure components’ values, as marked by the solid
symbols in Fig. 4(b). This is the region of existence of the
new surface phase discussed above in the context of the
X-ray measurements. The surface tension slope change
A(dy/dT) at this transition is consistent with entropy
change AS from a rotator to crystal phase transition,
which occurs at ~73°C in bulk Cz¢ [21]. We, therefore,
speculate that the rotational degree of freedom is frozen
out at this transition.

The phase behavior described above, and, in particu-
lar, the pronounced An dependence, can be accounted for
extremely well by a Flory—Huggins-type theory of the
binary mixture [19]. This theory describes the system
energetics by basically two competing interactions: the
entropic mixing and the repulsive interaction due to
chain length mismatch [22]. The first of these drives for
a uniform mixing of the two components. The second
tries to minimize the contact between ordered chains of
different lengths, i.e. drives for phase separation of the
two components. The equilibrium state is determined by
the balance of the two. The repulsive interaction due to
chain length mismatch was taken to be proportional to
(An/i)?, where 7 is the average chain length. Other ingre-
dients determining the phase boundaries are the proper-
ties of the pure components and the composition of the
bulk liquid mixture. The model then uses these to obtain
the coefficient of the repulsive interaction, the surface
freezing temperature and the composition of the crystal-
line surface and bulk phase at freezing. This simple ther-
modynamic model was found to describe quantitatively
the overall phase behavior, including the transition tem-
peratures and the surface and bulk compositions. The
prediction for D is given as a solid line in Fig. 2(a) and can
be seen to be in good agreement with the measurements.
The theory accounts, in particular, for the fact that for

Anji~9/32~0.3 the surface crystalline layer changes
from a mixed, continuous behavior to a segregated,
discontinuous one. Further details will be published
elsewhere [19,20].

This is the first molecular-resolution study of the phase
diagram of the free surface of a liquid binary mixture, to
the best of our knowledge. It reveals several rare or
unique phenomena in these systems such as surface
freezing, a new surface phase and a surface phase
transition between two distinct crystalline structures. An
was found to tune the system between two dramatically
different behavioral patterns. Further studies, over a lar-
ger range of chain lengths and on different materials are
in progress to elucidate the surface phase behavior in
chain molecules and its relations with the phase behavior
of the bulk.
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