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An intermediate surface hexatic phase between the liquid and the crystalline phases has been
found for the first time in a lyotropic lamellar liquid—crystal (LC) system. This phase is highly
unusual in that it has long-range six-fold bond-orientational order but liquid-like nearest-
neighbor positional correlations, and could represent a significant departure from our current
understanding of defect-mediated melting in two dimensions. Our result represents the first
report of an in-plane hydration force that is due to the existence of at least two water
molecules situated between a hydrated nitrate functionality and an imidazolium-based core in

adjacent molecules.

It is commonly known that there are three states of
matter — solid, liquid and gas. In three dimensions, the
crystalline solid melts directly into the liquid via a first-
order transition. What processes are involved when two-
dimensional (2D) systems melt? Theories of 2D melting
[1-3] suggest a mechanism in which a 2D solid could melt
through the dissociation of topological defect pairs. In
particular, Halperin and Nelson [2] predicted the
existence of an intermediate hexatic phase, with long-
range bond-orientational order (BOO) but short-range
positional order, between the 2D solid and the isotropic
liquid. Such a hexatic phase has been found in free-
standing thin films of several liquid-crystal (LC) materi-
als and in other 2D systems [4, 5]. This intermediate
hexatic phase has also been seen on the surface of
materials that do not exhibit bulk hexatic behavior [6],
and therefore may not be all that rare in nature.

It is generally expected theoretically [2] and observed
experimentally [5] that, the hexatic phase has long-range
BOO, and its positional correlations, while short-range,
should be much stronger than those in an ordinary
liquid. It has long been suspected but never demon-
strated that lyotropic lamellar bilayers that are common
in biological membranes, because of their intrinsic 2D
nature, should exhibit hexatic behavior. Employing a
unique transmission electron microscope (TEM) with
an environmental sample chamber, we have recently
discovered a new type of hexatic phase in hydrated
free-standing LC thin films [7]. This phase is highly
unusual in that it has only liquid-like nearest-neighbor
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positional correlations but nevertheless exhibits well-
developed BOO. The only previous suggestion to date
of possible hexatic behavior in a lyotropic system [§]
lacked direct evidence for the existence of BOO. Our
unexpected finding of this new hexatic phase stimulates
further investigations.

An amphiphilic 1-dodecylimidazolium nitrate salt
([C1,Hy5-imH][NO3]), which is known to exhibit
lyotropic LC properties in water [9], is used in our
study. The nitrate salt was first mixed with about 30%
distilled water to form a thin paste, which was then used
for film spreading. The films are typically a few bilayers,
and their thickness was determined using optical
reflectivity [10]. Films with thickness of up to ten
bilayers were drawn for electron-diffraction (ED)
measurements, but most of the results here refer to a
four-bilayer film only. The relative humidity (RH)
inside the hydrated specimen chamber was maintained
at over 90% and held unchanged, because the films
easily ruptured when RH was reduced to below 90%.
Above 25°C, the film was in the smectic-A-like L,
phase. Its ED pattern showed a diffuse ring of constant
intensity, indicating the liquid nature of this phase.
When the film was cooled to below 25°C, six symmetric
diffuse arcs coexisting with the diffuse ring appeared, as
shown in figure 1, signifying the occurrence of long-
range BOO on the surface bilayers while the interior
remained in the L, phase. This is very similar to
the smectic-4-hexatic-B surface-freezing transition
observed in thermotropic LC thin films [11-13], in
which a more ordered surface phase is found to grow
onto a less ordered interior in a layer-by-layer manner.
Subsequently, upon further cooling, the entire film
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Figure 1. Electron diffraction pattern from a four-bilayer
lyotropic LC film at 21°C under 90% RH.

underwent another transition at about 18.5°C to an
orthorhombic crystalline phase [7].

The intermediate surface phase, which we call the
lamellar hexatic liquid (Lyey), appears to be a novel
lyotropic LC phase. Its integrated ED intensity suggests
that the surface hexatic phase always has a thickness of
one bilayer in films of different thickness. The six-fold
azimuthal intensity modulation of this Ly, phase
denotes long-range BOO and can be analyzed to extract
the BOO parameter Cg [14]. The temperature depen-
dence of C¢ at 90% RH is shown in figure2(a). The
radial width of the L., phase is quite unusual in that
the six arcs due to the surface phase appear to be as
diffuse in the radial direction as the uniform ring due to
the interior liquid, suggesting a close similarity in their
positional correlations. In fitting the radial intensity
across the six arcs, we have found that a liquid-like
Lorentzian function was significantly superior to the
square-root Lorentzian (SRL) function. This is in
contrast to previous experiments on hexatic LC phase
[5], in which it was necessary to use the SRL fit as
suggested theoretically by the coupling between the
hexatic and positional orders [15]. Figure 3 shows the
radial scans and Lorentzian fits across the surface Ljqx
arcs and the interior L, ring at 21°C, yielding
comparable positional correlation lengths & of 15.1
and 11.9 A, respectively. The temperature dependence
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Figure2. Temperature dependence of (a) the BOO para-
meter Cg4 and (b) the in-plane positional correlation length & of
the surface L, phase.

of £ in the Ly phase is seen in figure 2(b), showing that,
even when Cg has reached a significant value of 0.5, &
increases only slightly (to <17/{%) from its value of 12 A
in the liquid phase. The values of ¢ in the Ly, phase are
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Figure3. Radial scan (solid circles) and Lorentzian fit (solid
line) across the surface Ly arcs at 21°C, yielding a positional
correlation length ¢ of 15.1 A. The fit (dotted line) across the
interior smectic-A L, ring at the same temperature with a ¢ of
11.9 A is shown for comparison. The in-plane wave vector ¢ is
normalized with respect to the intermolecular wave vector ¢,.
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significantly less than those found in other hexatic LC
phases [5]. Since our ED data ir}dicate an average
intermolecular distance of 10.1 A, which remains
unchanged with decreasing temperature, the positional
correlations in the Ly, phase appear to never extend
appreciably beyond nearest neighbors and are decidedly
liquid-like.

The L phase seen here appears to be quite different
from the hexatic phases that have been observed
experimentally [4, 5] or predicted in the theory of 2D
melting. According to the defect-mediated mechanism
of 2D melting [2], the occurrence of a relatively small
number of free dislocations in the hexatic phase
destroys long-range translational order but not long-
range BOO. The positional correlation length & is thus
related to the density of defects. It is generally expected
and also found experimentally in colloidal systems [16]
that the density of defects deep in the hexatic phase is
rather low, resulting in ¢ being significantly larger than
that in an ordinary liquid. In contrast, the L;.x phase we
reported here exhibits the unexpected coexistence of
well-developed BOO and liquidlike positional correla-
tions (or a high density of defects).

The fact that this discovery occurs in a lyotropic
system with a lamellar bilayer structure whose alkyl
chains have an interdigitated arrangement in the bulk
[9] leads us to speculate a possible role played by the
hydration force [17]. Since the diameter of the head
group of the nitrate salt molecule is about 5 A while the
actual in-plane distance between molecules is twice that,
there could be at least two water molecules intercalated
in between the hydrated nitrate ion and imidazole core
on the two ends of adjacent molecules, resulting in an
additional in-plane short-range repulsive hydration
force, which has been estimated in other lyotropic
systems to have a range of about one water molecule
(~2.5A) beyond the primary water shell [18]. Such
repulsive hydration force results in much weaker
correlations between the molecules of the lamellar
bilayer films, causing a liquid-like radial correlations
found in the Ly phase. Our discovery also represents
the first report of in-plane hydration force in lyotropic
lamellar bilayer systems. In addition, our experimental
results also suggest that the water molecules possessing
larger kinetic energy in between those bilayers could
have the chance of passing through the membrane-like
bilayer films via the osmosis process, which is directly
related to the hydration force [4, 19]. In lyotropic and
biological systems, water is always viewed as important
part of the entire system and also a necessary
component which interacts with those bilayers or other
biological materials at all times and thus easily affects
the structural arrangement of the bilayer films. Our

experimental results suggest that the intercalated water
molecules or the plausible passage [17, 18] of water
molecules through the membrane-like bilayers weakens
the interaction force between the molecules of these
bilayer films, and the resulting dynamic balance
causes the surface of these lamellar bilayer films to
exist in a state (see figure 1) qualitatively similar but
quantitatively different from the conventional 2D
hexatic and 2D liquid states reported previously in
many other LC films [5].

Our discovery not only reinforces the existence of
surface hexatic liquid in nature, but also further
provides important information about the composition
and organization of bilayers which are model systems
for biological membranes. Besides, it provides new food
for thought in regard to the location of the water
molecules in these bilayer membrane films. Moreover,
our unique environmental TEM can also open the door
to new research areas linking the disciplines of physics,
chemistry, biology, and medicine.
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