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Surface freezing of a crystalline monolayer has been observed at the free surface of liquid binary

mixtures of normal alkanes by x-ray and surface tension measurements.

Two dramatically different

behaviors are found for the monolayer properties depending on An, the difference in the components’

carbon numbers.

For small An, the variation with temperature and concentration is continuous.

For large An, the variation is discontinuous, exhibiting surface segregation and 2D structural phase
transitions. A theory based on competition between entropic mixing and a repulsive interaction due to
chain length mismatch accounts well for the observed phenomena.

PACS numbers: 68.10.-m, 61.25.Em, 64.70.Dv, 82.65.Dp

The reduced dimensionality at an interface has a strong
influence on the phase behavior of matter and may induce
phenomena not observed in the bulk [1]. Binary mixtures
provide an additional degree of freedom which can lead to
prewetting, surface enrichment, and surface layering [2],
all studied extensively on macroscopic and mesoscopic
scales. Angstrom-scale studies of binary mixture surfaces
are very few. The recently discovered surface freezing
of a crystalline monolayer at the liquid/vapor interface of
n alkanes [CH3(CH3),—2CHj3, or C,] [3—-6] may further
induce novel phenomena in binary mixtures by altering
the subtle energy-entropy balance of the bulk. The bulk
properties of such mixtures have been the subject of much
interest [7] since the alkanes exist as mixtures in most
“real-world” situations.

We have extensively studied two families of alkane
mixtures, C,9-C20+a, and Czg—a,-C 36, where An ranges
from 2 to 10. As for pure alkanes, a crystalline surface
layer is found to form abruptly at T, above the bulk
freezing temperature Ty. The An dependence of the
surface phase behavior is found to be very similar for
both families. As typical examples of small and large An
behaviors, we present here results for two mixture series
C30-C36 and Cy-Cje.

Vigorously stirred molten mixtures of commercial al-
kanes of purity =99% were poured onto a substrate
mounted in a temperature-regulated cell. The free sur-
faces of the mixtures were studied by x-ray reflectiv-
ity (XR), x-ray grazing incidence diffraction (GID), and
surface tension (ST) measurements. XR yields informa-
tion on the electron density profile normal to the surface
[8]. GID measurements provide information on the struc-
ture of a film within the surface plane [9]. The orienta-
tion of the molecular chains is obtained from the Bragg
rods [9], i.e., the surface-normal dependence of the scat-
tered intensity at the position of each in-plane GID peak.
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The ST measurements, using the Wilhelmy plate method
[6,10], provide information on the excess free energy of
the molecules at the surface over those in the bulk. The
formation of the layer at 7 is seen as a sharp change from
negative to positive slope in the surface tension (7).
The measured XR for pure C;, and C;4 and their equal
volume mixture is shown in Fig. 1. AtT > T (curve d),
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FIG. 1. X-ray reflectivities from the free surface of molten

n alkanes Cjp, Ci4, and their 1:1 mixture in their surface
crystalline phase (I > T > Ty), and from that of the 1:1
mixture in the surface liquid phase (7" > Ty). The reflectivities
are each shifted by a factor of 4 for clarity. The solid lines are
fits corresponding to the density profiles in the inset.
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when no surface layer is present, a monotonic falloff with
q.. typical of an isotropic liquid surface [11], is seen for all
samples. At lower temperatures Ty < T < T (a—c), the
XR curves for all three samples exhibit pronounced mod-
ulations, indicating the existence of a surface layer with
an electron density different from that of the bulk. The
different modulation periods results from different aver-
age 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
(CH3),,—> chains], and a lower density depletion zone at
the layer-liquid interface (corresponding to the less dense
CH; groups). 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 C;3-C3¢ mixture is intermediate between
those for the two pure materials. We show in Fig. 2(a)
that the average D varies continuously and monotonically
with <,bé0 (the volume fraction of C;, in the bulk liquid),
between those of pure Csq and C 36, implying a continuous
change in the composition of the surface layer. A simi-
lar variation is found for the difference A(dy/dT) in the
slopes of the surface tension y(T) below and above Ty,
shown in Fig. 2(b), supporting the same conclusion.

By contrast, the C,4-C3¢ mixtures exhibit a dramati-
cally different surface behavior. D shows discontinuous
behavior with ¢£6, as seen in Fig. 2(c). For q{)éé > 80%
and qbéﬁ < 40%, D are those of pure C,4 and C 54, respec-
tively. In both cases the surface crystalline layer appears
to consist of a single component: either C,5 or C34. For
a range of ¢é6 between 70% and 80% no surface freez-
ing is observed. Finally, for 40% < ¢é6 < 70%, a new
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FIG. 2. For the C3,-C 3 mixture series, (a) the thickness of the
crystalline surface layer, (b) the slope difference of the surface
tension between the surface crystalline and liquid phases. The
solid lines are based on the surface crystalline compositions
calculated according to Eqgs. (1) and (2). (c) and (d) are the
corresponding plots for the C,-C 36 mixtures. The open circles
in (c) and (d) denote the new surface phase. Surface freezing
is absent in the shaded region.

surface phase appears, in which D is even slightly larger
than that for pure C;4. The surface tension results, sum-
marized in Fig. 2(d), also show clearly these four sur-
face phases. Discrete A(dy/dT) values, very close to
those of pure C;4 and C,4 are observed for ¢£6 < 40%
and ¢56 > 80%, respectively. Note that the biggest slope
change is for the new, anomalous-D phase.

Another novel effect is observed for a concentration
range of a few percent straddling the phase boundary at
qﬁé(, ~ 40% in C,-C3 mixtures. For all phases, at any
fixed ¢, only a single crystalline surface phase is observed
as the temperature is lowered from T to 7. By contrast,
in this range it was found possible to effect a transition
between the usual and new surface phases by varying
the temperature. This is clearly seen by measuring the
reflectivity at a fixed g,, as shown in Fig. 3, where the
formation of the ordinary C ;¢ surface crystalline layer [4]
is marked by an abrupt jump of intensity at 7, = 70.0°C.
Another jump at 7 =~ 69.0°C marks the transition to
the new surface structure, which persists down to Ty =
68.5°C. The surface tension measurements in the same
figure also show these transitions. The first change of
slope at 70.0°C marks the first order liquid-to-crystalline
surface phase transition [6]. Its magnitude is roughly that
expected from bulk data [12] for the entropy change upon
a liquid-to-rotator phase transition in a monolayer. The
second slope change at 7 = 69.0°C, marks the transition
to the new, anomalous-D phase discussed above. Its
magnitude is close to the entropy change observed at
bulk rotator-to-crystal transitions, where the rotational
degrees of freedom freeze out [12]. This unique surface
crystalline structure can appear because the bulk 7 is
much depressed here as compared to pure C .

X-ray GID and Bragg rod measurements show that
except for the new surface phase the structure of the
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FIG. 3. The reflected intensity at g, = 0.22 A~ for a Cy-

Cs mixture with ¢ = 41% and the surface tension of
another sample with similar compositions. The formation of
the crystalline surface layer at T, = 70°C and the transition
to a new surface crystalline structure at 7,, = 69°C are clearly
seen as jumps in the reflected intensity and slope changes in
the surface tension. At bulk freezing T, = 68.4°C, the surface
becomes macroscopically rough and the reflected intensity
drops considerably.

1333



VOLUME 75, NUMBER 7

PHYSICAL REVIEW

LETTERS 14 AucGust 1995

surface layer in mixtures is similar to that of pure
alkanes [5]: hexagonal packing, with vertical molecules
for n < 30 and tilted towards nearest neighbors for
n = 30. The tilt angle increases with n and reaches
18° for Css. GID peak widths are resolution limited
for all samples, indicating crystalline coherence lengths
=1000 A. For the new phase, the Bragg rod data suggest
that the tilt angle has decreased from 18° to only 13.5°,
thus increasing D, and the tilt direction has changed
from nearest to next-nearest neighbors. This structural
transition is first order, whether induced by concentration
or temperature variation.

The dichotomy between large and small An behavior
extends also to the measured ¢ dependence of Ty and
Ty, shown in Fig. 4. For small An [Fig. 4(b)] both vary
in parallel, so that AT = T, — Ty, the existence range
of the crystalline surface phase, is practically constant
[Fig. 4(a)]. For large An, however, the two temperatures
vary differently [Fig. 4(d)] and large variations in AT
with concentration result [Fig. 4(c)].

The features observed in our measurements can be ac-
counted for by the general thermodynamics of binary mix-
tures [13], based on the properties of the pure components
[6]. The free energy F' of a mixture of N*/ moles of
C,, molecules and M/ moles of C,, molecules, where
i = I, c (liquid, crystalline) and j = b, s (bulk, surface),
can be written generally as [14,15]

F = Nf, + Mf,, + kpT[NIn(¢p) + MIn(1 — ¢)]

+ kTxY(N + M)p(1 — &), (1)
where the indices i,j were dropped for clarity. Here
frm = &nm — TSypm is the free energy of a C,,, mol-
ecule in a pure melt (S is the entropy, € the internal en-
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FIG. 4. (a),(c) Existence range AT = T, — T for the surface
crystalline phase, (b),(d) and surface T;(e) and bulk 7y (o)
freezing temperatures for the mixtures, respectively. The solid
lines in (b),(d) are the fits based on Eqs. (1) and (2). The
dashed lines are the calculated lower boundaries of the bulk
liquid-solid coexistence regions. Shading marks the range
where surface freezing is absent, separating the Cy-rich from
the Cs¢-rich surface crystalline phases.
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ergy), the logarithmic term accounts for the entropy of
mixing, and the last term accounts for the repulsion due
to the mismatch of the chain lengths of the two species
[14—18]. In the liquid phase, ¢ = nN/(nN + mM) is
the volume fraction, the repulsive interaction is negli-
gible (y = 0), so that the mixing entropy is dominant
[12]. In the crystalline phase ¢ = N/(N + M) is the
mole fraction. Since now all molecules are aligned par-
allel and chains of different lengths are packed at ran-
dom into layers, the repulsive interaction (y > 0) due to
chain mismatch is considerable. This repulsive interac-
tion favors phase separation, whereas the entropy favors
random mixing [13]. For small mismatch y < 2, the
mixing entropy is dominant and a mixed homogeneous
crystalline phase of a definite composition forms. For
large mismatch y > 2, however, the repulsive interaction
dominates and phase separation into C,-rich and C,,-rich
domains occurs [16]. The interaction coefficient y must
increase with the chain mismatch [12,17,18]. Based on
symmetry considerations, it is expected to be proportional
to (An/n)?, withw = (n + m)/2.

The bulk solid-liquid coexistence requires that the
chemical potentials (3F /0N and 0F/oM) for each com-
ponent be equal in the two phases. This yields two equa-
tions from which the coexistence temperature 7y and the
crystalline concentration ¢ at coexistence are solved in
terms of the liquid concentration ¢*?, the pure component
properties, and the interaction coefficient y. x was ob-
tained by fitting these analytic solutions to the measured
bulk 7r as a function of ¢? [solid lines in Figs. 4(b)
and 4(d)]. In turn, ¢°? was calculated as a function of
¢!’ based on the fitted y. This ¢’ vs ¢*? relation
determines the lower boundary of the bulk liquid-solid
coexistence region [dashed lines in Figs. 4(b) and 4(d)].
We find that the bulk interaction parameter is well fitted
by x? = 18(An/m)'® for all the mixtures studied, con-
sistent with the expectations in the last paragraph. For
small An where y < 2, ¢? varies continuously with
'Y, Here the crystalline phase is always richer in the
longer chain species than the liquid phase. For large An
where y > 2, ¢°? is almost everywhere close in compo-
sition to one of the pure single components; i.e., the long
and short chains phase separate.

Similar analysis is applied to the surface solid-liquid
coexistence. However, here we need to relate the surface
liquid concentration ¢’° to the experimental control
parameter—the bulk liquid concentration ¢’*. Invoking
the equality of the chemical potentials of the surface and
bulk liquids we can write [14]

(f)l’s 1 - ¢l’5 (7n - 'ym)A
b7 = pip SXPL T
b0 1 — ¢ kT
— m)?

(n — m
nm

+

(" — ¢”’)>, )

where vy, , are the surface tensions of pure C, , melts
and A is the area per molecule. At a given temperature,
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vn decreases with n as y, = a(T) — bn~2/3, with b =
65.4 dyn/cm [6,12]. Thus the surface tension term in
Eq. (2) drives a slight surface enrichment of the shorter
component in the liquid surface phase. However, since
the difference is small and continuous, the general phase
behavior is very close to that of the bulk. The solid
lines in Figs. 4(b) and 4(d) fit the data very well,
yielding a surface interaction parameter y* =~ 14(An/n)?,
close to the bulk y” obtained above. We obtain A =~
110 and 70 A? for the Czg-an-Cs¢ and Cyp-Cao+an
series, respectively. While this clearly reflects changes in
packing efficiency, the exact interpretation of these values
is unclear. Using the crystalline surface compositions
¢ obtained to interpolate linearly between the layer
thicknesses and slope changes of the pure materials yields
the solid lines in Figs. 2(a) and 2(b), in reasonable
agreement with the measurements.

In essence, the discussion above indicates that when
both bulk and surface are liquid the surface composition
is determined by that of the bulk through the equality of
the bulk («”) and surface (u*) chemical potentials of each
component. The bulk and surface differ in composition
since u® includes a surface tension contribution. The
difference vy, — 7y, determines, through Eq. (2), the
(small) deviation of the surface composition from that
of the bulk. The bulk (surface) composition in the solid
phase, is determined, again, by the requirement of equal
chemical potentials for each component at coexistence
Ty (Ty). Since the mismatch term is nonzero in the solid
but =0 in the liquid, it has a strong influence on the
composition of the solid, and, in particular, on whether or
not phase separation occurs. As the mismatch energies,
liquid compositions, and pure component coexistence
temperatures are different at the surface and the bulk,
the resultant mixture coexistence temperatures and solid
compositions will also differ for the bulk and surface.
To conclude then, the liquid bulk composition and pure
component properties control the phase behavior at the
surface, and the surface tension difference y, — 7y, has
only a minor influence.

We believe that this is the first molecular-resolution
study of the phase diagram of the free surface of a liquid
binary mixture. In addition to the novel surface freezing
phenomenon seen in the pure components, the bidisperse
n alkanes studied here exhibit a new surface phase
and a phase transition between two distinct crystalline
structures. A simple thermodynamic model, where the
mixing entropy is balanced by a repulsive interaction due
to chain length mismatch, An, was found to account
quantitatively for the overall phase behavior, including
the transition temperatures and the surface and bulk
compositions. An was found to tune the system between
two dramatically different behaviors. Further studies,
over a larger 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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