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We report the observation from monolayers of eicosanoic acid in the Lj; phase of three distinct out-
of-plane first-order diffraction peaks, indicating molecular tilt in a nonsymmetry direction and hence the
absence of mirror symmetry. At lower pressures the molecules tilt in the direction of their nearest
neighbors. In this region we find a structural transition, which we tentatively identify as the rotator-

herringbone transition L,;-L,,.

PACS number(s): 61.30.Gd, 68.15.+¢, 64.70.Ja, 68.18.+p

I. INTRODUCTION

Monolayers of amphiphiles are important in colloids,
detergents, and biological membranes [1]; as an essential
step in the fabrication of Langmuir-Blodgett films [2];
and as a system of choice for investigating the structure
and thermodynamics of systems of low dimensionality
[3,4]. Since the exact computation by Onsager of the
thermodynamic properties of the Ising model, it has been
known that phase transitions, impossible in one-
dimensional systems, are possible in two dimensions.
Nelson and Halperin [3,4] have shown more recently
that, in addition to analogs of bulk gaseous, liquid, and
crystalline solid phases, two-dimensional phases may
display a previously unrecognized type of organization.
This organization, called hexatic, is therefore characteris-
tic for lamellar systems. A rich polymorphism in mono-
layer systems was in fact reported long ago by Stéllberg-
Stenhagen and Stenhagen [5]; however experimental and
conceptual difficulties have meant that its validity has
only recently been confirmed by using grazing-incidence
x-ray diffraction (GID) [6,7]. Hexatic monolayer phases
have now been unequivocally demonstrated [8,9], and
they include the room-temperature monolayer phases of
many biologically and technologically interesting amphi-
philes.

One related topic that has attracted attention for a
long time is the influence of chirality on monolayer ther-
modynamics [10-12]. Chiral monolayer packings have
been reported in two recent atomic-force-microscope
studies of monolayers deposited on solid substrates
[13,14]. In the first of these, the substance was the race-
mate of an unusual ladder molecule, and the observations
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were interpreted as its demixing into pure enantiomers.
The second report [14], involving a nonchiral molecule,
associated the chirality with the presence of specific me-
tallic counterions. Here we report GID measurements
indicating the existence in water-surface monolayers of a
chiral packing of nonchiral molecules in the absence of
counterions. The measurements also indicate the ex-
istence of a phase transition, which we tentatively identi-
fy as the herringbone-rotator transition.

II. EXPERIMENT

The present measurements were made over a 24-h
period at Beamline BW1 at HASYLAB, DESY, Ham-
burg, Germany. The measurement setup has been de-
scribed previously [15-17]. Eicosanoic acid (>99%
pure) was purchased from Aldrich and made up into ap-
proximately 1-mM spreading solutions using P.A. grade
chloroform from Merck. The subphase was in all cases
ultrapure water, purified by using a Millipore desktop
unit.

A monolayer was spread at the beginning of the mea-
surement period and all the measurements were carried
out on this monolayer without respreading. A hydrophil-
ic slab under the monolayer damped capillary waves in-
duced by mechanical vibrations. The horizontally propa-
gating fan beam from the synchrotron was confined verti-
cally, using slits so as to illuminate slightly less than the
full trough width, and deflected downward using a quartz
mirror at 0.85 of the angle for total external reflection.
At regular intervals the vertical position of the trough
was adjusted to center the beam laterally, and if the spec-
ular reflectivity fell below 0.96, the water level relative to
the hydrophilic slab was adjusted.

The trough was moved horizontally every few hours to
expose new areas of the monolayer to the beam. The hor-
izontal distribution of the diffracted x rays was deter-
mined by scanning a Soller collimator (consisting of many
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parallel vertical plates), and their vertical distribution
was determined using a vertically resolving linear
position-sensitive detector mounted behind the Soller col-
limator in the plane of incidence and normal to the line
joining the center of the beam footprint on the water sur-
face and the detector center [18]. The accumulated
position-resolved counts were corrected for polarization,
footprint, powder-averaging (Lorentz factor), and dis-
tance effects. The Yoneda-Vineyard peak [19] was used
to determine the detector position corresponding to the
waterline, but otherwise all values within twice the angle
of total external reflection were discarded.

The whole set of corrected intensities was least-
squares-fitted to a sum of model peaks paired symmetri-
cally above and below the plane of the water surface, plus
a linear background. Each model peak was Lorentzian
parallel to the water and Gaussian normal to it [20]. In
the case of three peaks, the z coordinates of the peaks
were restricted by the relationship Q,,=Q,,+0,;, where
peak 1 is the one with the largest Q,. In the case of only
two peaks, the restriction was changed to either
Q,1=2Q,, or Q,,=0, as appropriate. These two possibili-
ties correspond to molecular tilt in next-nearest-neighbor
(NNN) or nearest-neighbor (NN) directions, respectively
[21].

III. RESULTS

The nine different surface conditions investigated, to-
gether with their best-fit peak parameters, are listed in
Table I. Three qualitatively different diffraction patterns

were observed. Typical examples of each are shown in
Figs. 1-3, which are plotted on the same scale to simplify
comparison. Each is a contour plot of the corrected in-
tensities as a function of the scattering vector com-
ponents Q,, (abscissa) and Q, (ordinate). The set of all
best-fit parameters from all the surface conditions is
given in the table.

The plot of Fig. 1 corresponds to the run at 3.5 mN/m
and 21.1°C. Two peaks can be seen, one of them with its
maximum essentially in the plane of the water surface,
characteristic for tilt in the direction of the nearest neigh-
bor, just as reported for docosanoic acid under similar
conditions. The peak intensity of the in-plane peak is ap-
proximately twice that of the out-of-plane peak.

On the assumption of two Gaussian-Lorentzian peaks,
one in the plane of the water surface, the normalized
value of y? for the best fit to this data set was 2.20. A fit
with three distinct peaks originating from the one crystal
packing led to no significant decrease of the best-fit x2.
Similar results were obtained from two other measure-
ment runs at low surface pressures but different tempera-
tures. Nevertheless, there was a significant qualitative
difference found in the low-pressure data sets. Figure 2
corresponds to 4.8 mN/m and 24.4°C. It can be seen
that the in-plane peak in this case is much less intense.

Figure 3 shows a contour plot of the corrected intensi-
ties from the run at 14.9 mN/m and 25.7°C. Three
peaks, labeled A4, B, and C, are clearly evident. Three
tests were performed to check whether peak A at (1.43,
0.50) could have originated from a collapsed monolayer.
First, the best-fit normalized ¥? in both cases was calcu-

TABLE 1. Best-fit peak parameters for all surface conditions investigated: temperature T; surface
pressure 7; peak intensity I; peak coordinates Q,, and Q, and their widths.

AQXy AQZ
T T I Qy . Q, . (FWI;H:VII) (FWI;IM)
(O (mN/m) (arb. units) (rad A ) (rad A ) (rad A ) (rad A ) x?

15.8 4.5 491 1.459 0.000 0.018 0.27 2.44
304 1.436 0.642 0.049 0.26

21.1 3.5 708 1.462 0.000 0.016 0.28 2.20
364 1.391 0.713 0.046 0.26

24.4 4.8 66 1.474 0.000 0.012 0.25 1.30
339 1.427 0.630 0.040 0.26

314 5.4 39 1.477 0.000 0.019 0.41 1.30
327 1.421 0.587 0.036 0.26

23.8 14.9 463 1.487 0.036 0.027 0.26 1.58
446 1.479 0.451 0.037 0.25
39 1.449 0.415 0.137 0.61

25.7 14.9 513 1.492 0.071 0.027 0.29 2.05
516 1.479 0.428 0.032 0.26
99 1.427 0.499 0.041 0.27

274 14.9 477 1.492 0.025 0.023 0.29 1.79
526 1.474 0.442 0.030 0.26
55 1.431 0.478 0.051 0.34

29.4 14.9 404 1.493 0.087 0.022 0.31 1.59
490 1.473 0.424 0.030 0.27
156 1.426 0.511 0.016 0.30

313 15.0 348 1.493 0.111 0.022 0.20 1.76
412 1.469 0.419 0.034 0.29
296 1.426 0.531 0.010 0.15
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FIG. 1. Contour plot of the corrected diffraction intensity vs
in-plane and out-of-plane scattering vector components Q,, and

Q, radians. A7 at 3.5 mN/m and 21.1°C.

lated. On the assumption that peak A is a collapsed-
monolayer peak, Y? was 3.04, whereas on the assumption
that the three peaks originate from the one packing, the
value decreased to 2.12. Second, the peak widths were
considered. The best-fit widths (full width at half max-
imum, FWHM), of the A peak were (0.04, 0.26), which is
quite comparable to those of the other two peaks,
whereas a collapsed monolayer should give significantly
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FIG. 2. Contour plot of the corrected diffraction intensity vs
in-plane and out-of-plane scattering vector components Q,, and

Q, radians. A" at 4.8 mN/m and 24.4°C.
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FIG. 3. Contour plot of the corrected diffraction intensity vs
in-plane and out-of-plane scattering vector components Q,, and

Q, radians. A" at 14.9 mN/m and 25.7°C.
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FIG. 4. Plots of the peak intensity / and in-plane component
Q,, of the scattering vector as a function of temperature T for
each of the two peaks in the low-surface-pressure series: circles,
in-plane (nondegenerate) peak; squares, out-of-plane (degen-
erate) peak. The dashed lines in the Q,, plot indicate the half-
maximum points. The worst-case standard deviation of the
nonsystematic error due to Poisson counting statistics in the
upper I plot is equal to the symbol line thickness; and in the
lower Q,, plot, equal to one-quarter of the graph line thickness.
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TABLE II. Lattice and tilt parameters extracted from Table I for all surface conditions investigated.

T T Ay Tilt Distortion
(°C) (mN/m) (A2 6 B £ )
15.8 45 19.377 27.649 0 0.09962 0
21.1 3.5 19.479 31.099 0 0.0903 5 0
24.4 4.8 19.575 26.784 0 0.0706 1 0
31.4 5.4 19.661 19.433 0 0.05949 0
23.8 14.9 19.912 21.841 3 0.0455 7
25.7 14.9 19.859 17.329 8 0.0350 8 17
27.4 14.9 19.861 18.317 6 0.03546 17
29.4 14.9 19.851 17.068 11 0.02916 13
31.3 15.0 19.833 16.663 15 0.0256 8 5

smaller peak widths: the greater thickness should lead
directly to narrower width in the z direction and indirect-
ly, via the higher dimensionality, to longer-range order in
the plane. For example, in the case of docosanoic acid
[22] the widths are (0.007, 0.1). Finally, since the equilib-
rium spreading pressure of fatty acids on water corre-
sponds essentially to the expanded-to-condensed transi-
tion, which in docosanoic acid near ambient temperature
occurs below 1 mN/m, a collapsed monolayer is expected
to remain collapsed upon reducing the pressure. Howev-
er, the third peak disappeared without a trace upon re-
ducing the surface pressure to S mN/m.

Figure 4 shows the variation of peak intensities and
in-plane peak positions for the four low-surface-pressure
data sets showing NN tilt. Between the conditions of
Figs. 1 and 2, the intensity of the in-plane peak changes
by a factor of more than 10 over a 3-K temperature
range. The discontinuity in this parameter is most
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FIG. 5. (a) A perspective cartoon of a two-dimensional lat-
tice of rodlike molecules including the plane of the molecular
heads and the plane normal to the chains. The parameters of
Table II are illustrated by (b) a cutaway view showing the mag-
nitude £ and azimuth o of distortion normal to the chains; (c) a
éutaway view showing the magnitude 6 and azimuth B of the
molecular tilt; and (d) a cutaway view showing the six nearest
neighbor azimuths, a weighted average of which is the origin for
the measurement of w and 3.

marked, but significant discontinuities in the other three
curves are also apparent, indicative of a phase transition.
Table II shows parameters extracted from the peak
coordinates given in Table I. A,  is the cross-sectional
area normal to the chains; 6 and B are the magnitude and
direction of the molecular tilt with respect to the average
NN direction; £ and w are the magnitude and direction of
the distortion perpendicular to the chains, defined in
terms of the ellipse drawn through each of the six nearest
neighbors of a given molecule. If its major and minor
axes are a and b, respectively, then
E=(a’—b?)/(a’+b?), while w is the direction of its ma-
jor axis, with respect to the same average NN direction
[21]. Figure 5 shows these quantities on a perspective
view of a cartoon monolayer lattice of rodlike molecules.

IV. DISCUSSION

In all recent GID studies of amphiphilic monolayers in
which diffraction peaks were observed, it has been as-
sumed that the molecules are essentially packed in a
two-dimensional lattice with a coordination number of
six. This is justified because it is the dominant mode of
packing for aliphatic chain derivatives [23]. The present
results are consistent with this idea. The vertical peak
widths are always approximately equal to 0.25 rad A:l,
implying a correlation length in the z direction of 25 A.
This is essentially equal to the thickness of the mono-
layer, indicating that the molecules are behaving like rig-
id rods. In the general case, a lattice with sixfold coordi-
nation gives rise to three low-order peaks. Symmetries of
the lattice may reduce the number observed in a powder
pattern to two or even one, by causing them to become
degenerate, i.e., to overlap.

Again following common practice, the intensities were
not fitted directly to the parameters of a lattice. Instead,
the x, y, and z coordinates of the peaks were fitted. The
choice of possible coordinates could, however, be restrict-
ed because a two-dimensional lattice is fully described by
three parameters (two sides of the unit cell and the in-
cluded angle) and the molecular tilt is fully described by
two (the tilt magnitude and direction with respect to the
unit cell vector a). In the general case, three peak posi-
tions are described by six parameters, so that there must
be a relationship between them, which is readily shown to
be Q,;=Q,,+Q,;. The simplified relationships in the
case of two peaks result from setting Q,;=@,; (NN tilt)



53 CHIRAL AND HERRINGBONE SYMMETRY BREAKING IN ... 671

or Q,;=Q,, (NNN tilt).

All the observed peaks have an appreciable in-plane
width AQ,,. Although an ideal crystal in two dimensions
does not have true long-range order, but only quasi-long-
range order, leading to power-law-profile diffraction
peaks instead of delta functions, the FHWM of its peaks
should still be essentially equal to the diffractometer reso-
lution. This has been found to be the case in the CS
phase, which in eicosanoic acid monolayers occurs [24] at
high surface pressures below 15°C. Peak broadening is
often interpreted as arising from a polycrystalline texture.
In this interpretation, the average domain size is extreme-
ly small, of the order of tens of lattice spacings. Howev-
er, it is known from optical observations [25] that domain
sizes are much larger, of the order of millimeters, and
that the crystal orientation may vary continuously within
the domains. This behavior is characteristic for hexatic
mesophases. In many respects hexatics resemble crystals,
but they differ in that the hexatic lattice possesses a finite
density of thermally generated dislocations.

In light of the identification of the present phases as
hexatic, in-plane peak widths are characteristic for, and
provide information about, the lattice defects of the ther-
modynamic ground state. It would be interesting to in-
terpret the significant variations of the 4 peak width in
the high-pressure series. Unfortunately, while some pro-
gress has been made in interpreting the peak profiles of a
hexatic with upright cylindrical molecules [26], the
analysis is still incapable of handling the cases of tilt and
herringbone order.

Three distinct peaks were observed at the higher sur-
face pressure for all temperatures in the range 23.8 to
31.3°C. This has implications for the monolayer phase
symmetry. A hcp lattice of untilted rods has six planes of
mirror symmetry perpendicular to the water surface, but
the fact that intensity maxima occur for nonzero Q,
means that the molecules are tilted, ruling out all but the
plane containing the molecular axes. The absence of de-
generacy rules out even this one, so that the structure is
chiral. The monolayer symmetries at the two pressures
are therefore different, and there must be a phase transi-
tion at an intermediate value of surface pressure.

This observation of different phase symmetries between
the low-pressure and high-pressure conditions is support-
ed by the previous report of an isotherm kink in this re-
gion of the generalized phase diagram of long-chain am-
phiphiles. It was most distinct in mixtures of docosanoic
acid and ethyl eicosanoate, but there were traces of its oc-
currence above 28°C in pure docosanoic acid [27,28].
The kink occurs at approximately 10 mN/m, almost in-
dependent of temperature over the range 28-35°C. Con-
sidering that similar features in eicosanoic acid occur at
temperatures approximately 10°C lower, this fits well
with the present observations. It indicates that the
present high-pressure phase is the L | phase of Bibo, Kno-
bler, and Peterson [27,28].

Two other distinct triclinic subcell packings of mono-
layers have been reported. The one reported by
Viswanathan, Zasadinski, and Schwartz [14] in mono-
layers on a solid support has a cross section normal to the
chain axes of less than 18.4 A? and a distortion of more

than 0.20 in a near-NNN direction. The chiral mono-
layer structure reported by Leveiller ef al. [29] shows a
cross section of 18.6 A2 and a distortion of 0.15 in a
near-NN direction. Packings with essentially identical
subcells of both types are known for crystals of bulk ali-
phatic chain derivatives [23]. Both subcells are nearly
mirror symmetric, and the monolayer chirality is related
to the tilt in a nonsymmetry direction. The chain cross
section in the present case is greater than 19.8 A? and the
distortion is less than 0.03, identifying it as a rotator
phase. There is, in fact, a close correspondence with the
parameters of the chiral Ry phase of the long-chain al-
kanes [30,31].

The present results indicate a limit to the validity of
Pasteur’s argument for racemic segregation. In this argu-
ment, the lack of mirror symmetry in a molecular pack-
ing indicates that packing consists only of a pure enantio-
mer. Certainly, Pasteur’s argument is quite valid for
three-dimensional crystalline solids. Unfortunately, it is
clear from the present results, where the constituent mol-
ecules are not chiral, that it is inapplicable for two-
dimensional mesophases. We concur with Viswanathan
et al. [14] that the occurrence of a chiral phase cannot be
interpreted as proof of racemic segregation. In racemic
mesophase systems, the amounts of each enantiomer in
each individual phase will not be equal, but this imbal-
ance may be far from complete segregation.

The present results on a metal-free system indicate that
metal ions are not essential for chiral symmetry breaking.
In fact, a closely related structure is found in the alkanes
that do not even have headgroups. Clearly, the metal
ions influence the packing adopted by the system, but
they are not an essential component.

Figure 4 provides evidence of the occurrence of a
second phase transition. We tentatively identify it with
the herringbone-rotator transition predicted by Kaganer,
Indenbom, and Loginov [32,33]. Their Landau analysis
of monolayer phases indicated that there should be two
distinct NN-tilted phases, symbolized as L,, and L,,,
which should show herringbone order and disorder, re-
spectively, of the molecular zigzag planes. The transition
between them should occur at approximately constant
temperature, almost independent of surface pressure.
Such a constant-temperature feature is apparent in a
number of reported phase diagrams [27,34]. Figure 6
shows a possible topology, consistent with the isotherm
data, for this region of the (#,T) phase diagram of
eicosanoic acid monolayers.

It may appear incorrect to identify the structure at
temperatures just above the transition as a rotator phase
because the distortion £ of its unit cell differs from zero.
However this is exactly the situation observed by Levelut
[35] in bulk smectic-BH phases at temperatures just
above the transition to the smectic-E phase. By analysis
of the diffraction pattern, Levelut was able to demon-
strate the existence of an extremely fine and rapidly fluc-
tuating pattern of herringbone-ordered domains with a
characteristic size of up to 40 lattice spacings. The corre-
lations of these herringbone fluctuations decay exponen-
tially with increasing separation, meaning that the order
is only short range, so that the macroscopic phase sym-
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FIG. 6. Possible topological relationships in the (7, T) phase
diagram between the three phases observed in the present inves-
tigation, shown shaded, and known adjoining phases. The dots
indicate the approximate relative positions of the measurement
points.

metry is hexagonal. However, the fluctuations give rise
to structure in the powder pattern similar to that expect-
ed from a polycrystalline texture of a rectangular crystal-
line packing. Unlike a polycrystalline texture, the nano-
domains of herringbone order in the smectic-BH phase
are in thermal equilibrium. The finite linewidth is a prop-
erty of the thermodynamic ground state, and there is no
tendency to anneal toward a state of long-range transla-
tional order. The present observation of nonzero £ in a
tilted rotator phase parallels the observations of Shih
et al. [36] in upright monolayer phases.

The reproducibility of the present measurements is as
good as the best normal practice. The peak intensities
were affected by slow beam damage: the diffracted inten-
sities just after moving the trough to expose a new area of
monolayer were typically 10% more intense than just be-
fore. It has been assumed that the present measurements
yield the intensities expected from a powder pattern with
perfect orientational disorder. Because the trough could
not be rotated, it was impossible to estimate the extent of
departure from this assumption.

It is conceivable that the peak positions might also
vary. This has in fact been claimed by Schlossman et al.
[37], who observed a tetracosanoic acid monolayer at
constant area; under one condition they reported progres-
sive variation of the structure from tilted to upright to
tilted again with characteristic times of days. This shift
of peak positions must be distinguished from the univer-
sally observed relaxation of area at constant surface pres-
sure, which is most probably related to a morphology
change (“sintering”). The present monolayer was held at
each surface condition of temperature and surface pres-
sure for at most two hours.

There are nevertheless two arguments for the

significance of the present results. First, even in experi-
ments on dedicated equipment, it is unusual to observe
the one monolayer for more than a few hours. The phase
diagram of tetracosanoic acid reported by Stenhagen
[24], showing two triple points close to room tempera-
ture, is consistent with the initial behavior observed by
Schlossman et al. [37]. Hence the short-term behavior is
reproducible and is of considerable relevance to normal
monolayer work. Second, there are grounds for believing
that the long-term results of Schlossman et al. are not
characteristic for a monolayer of pure tetracosanoic acid.
Their subphase was not purified immediately before use
but was transported to the synchrotron in borosilicate
glass containers [38], in spite of a report by Albrecht [39]
that the properties of monolayers change over a period of
hours on such a subphase but not on pure water. Peter-
son and Russell [40] found related slow changes in a
monolayer on a subphase in contact with soda-lime glass,
which in a subsequent publication [41] were traced to the
action of metal ions.

While the solubility of borosilicate glass is of the order
of 1 uM, it should be noted that Langmuir and Schaeffer
[42] reported distinct differences in the properties of fatty
acid monolayers after minutes in the presence of 50 nM
Cu?®* or 20 nM AI’Y solutions, at which concentrations
the time for diffusion of a monolayer to the surface is
measured in hours. This can be explained by strong com-
plexation [43] between the metal and the headgroups.
The specific structures of some of these complexes have
been determined [44,45]. To conclude, it is possible that
the relaxation times reported by Schlossman and co-
workers [37,38] merely represent the diffusion to the sur-
face of some constituent of borosilicate glass, probably
metal ions. In fact, in all studies in which the monolayer
is kept at constant surface pressure and the deionized
subphase has been in contact only with fluoropolymers,
there has been no relaxation of diffraction peak positions.

V. CONCLUSION

It is ironic that, since the fatty acids are the “classical”
amphiphiles, investigated by a variety of methods for
over a century, they are often believed to be so simple as
to be of little interest. The present measurements, cover-
ing a relatively limited range of surface pressure and tem-
perature, have revealed three distinct phases in a region
previously believed to be uniform. It is only four years
since the GID confirmation of the many phase distinc-
tions reported by Stenhagen in docosanoic acid in the vi-
cinity of room temperature, and only two years since the
discovery of the Overbeck-Mobius phase at room temper-
ature in the most extensively studied fatty acid of all, oc-
tadecanoic. We believe that the fatty acids and other
simple amphiphiles will reveal yet further subtlety of
behavior. There is evidence that this, or similar, behavior
is generic for all aliphatic chain compounds, so that the
present discoveries have wide implications, most likely
including the sensitivity of biological membranes to their
environment.
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