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1. Introduction

Chirality (originated from the Greek word “cheir”,
meaning “hand”) is an expression of nature, which
is observed in its various forms. Traditionally, a lack
of symmetry is considered to be the signature of
chirality. In nature, diverse macroscopic objects such
as hands, animal organs, biological organisms, and
macromolecules, as well as microscopic objects such
as molecules, are chiral. From a molecular point of
view, molecules with equal atomic composition (same
molecular formula) could be superimposable (homo-
meric; identical) or non-superimposable (isomeric;
structural isomers). Of these two categories, the
isomers could be of the same constitution (stereoiso-
meric) or of different constitutions (constitutionally
isomeric). All stereoisomers have the same constitu-
tion, but they could be either non-superimposable
mirror images (enantiomers) or not related by mirror
image relationship (diastereoisomers). The enantio-
mers are chiral objects. A chiral molecule is non-
superimposable on its mirror image. Thus, a molec-
ular structure having no reflection symmetry is
considered to be chiral or dissymmetricl. Such a
molecule lacks a o plane (a mirror plane, through
which the reflection of all atoms makes a three-
dimensional arrangement, indistinguishable from the
original). A chiral molecule could be asymmetric
when it additionally lacks n-fold axes of symmetry
(Cp; n > 1). An asymmetric molecule belongs to point
group C;. A common example of such a point group
is a carbon atom to which four different groups are
attached. A detailed account of chiral elements is
available in the standard literature.® Topological
concepts are also applied to understand the chirality
of molecules.? However, the topic of chirality is as
broad as its abundance in nature, and we refer to
the literature for various aspects of molecular chiral-
ity.>? In the present review we will confine ourselves
to the chirality expressed by (one or more) asym-
metric carbon atoms as commonly observed in natu-
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ral and synthetic amphiphiles as well as its mani-
festation in mesoscopic aggregates of such molecules.
Molecules containing asymmetric carbon centers
can rotate the plane of polarized light. These mol-
ecules are referred to as optically active.® It was
pointed out by van't Hoff 45 and Le Bel® that the
rotation of plane-polarized light by a solution of chiral
molecules is due to the presence of an asymmetric
carbon atom. Pasteur discovered that chiral mol-
ecules exhibit optical isomerism.” However, few dis-
symmetric molecules do not show detectable optical
activity, so the term “optical isomer” is a misnomer.
A century later J. M. Bijvoet determined the first
absolute configuration (the actual arrangement of
atoms in space) of a chiral molecule using X-ray
analysis. Understanding the absolute configuration
seems to be essential for enantiomeric drug tech-
nology.®~1! Due to the continued interest in chiral
chemistry, the crystal structures and physical prop-
erties of several enantiomeric molecules as well as
the racemates have been studied in great detail.*?
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Although it is easy to observe that chiral objects
are abundant in nature, a closer look into the details
of organization present in their structures reveals an
interesting correlation. Chirality is operative in many
biological systems at both microscopic and macro-
scopic levels. Common examples are proteins and
their constituent amino acids and nucleic acids and
their constituent sugars as well as membranes and
their constituent lipids and membrane proteins. In
each case, both the basic building block and the
architecture formed by such blocks are chiral. How-
ever, most important to note is that these biological
units lose functionality when their chiral structures
are altered. In most cases, only one enantiomer is
biologically active. Why nature prefers only one
enantiomer remained a puzzle. The small energy
difference between the two enantiomeric forms poses
a further challenge to understand this famous prob-
lem of homochiral evolution.'3~7

Understanding the reason for chiral preference
shown by nature has also practical applications.
Single enantiomeric drugs constitute >30% of the
total therapeutic drugs used in recent years.® 1!
Enantiomeric drugs constitute >50% of total sales
in particular classes such as cardiovascular, antibiot-
ics and antifungals, hormones, and cancer- and
hematology-related drugs. Consequently, an under-
standing of the orientation and distance-dependent
interaction due to the chiral structure of the mol-
ecules in the biomimetic and biomolecular systems
is expected to be helpful in designing drugs in a more
effective way. The growing use of enantiomeric drugs
draws our attention to another fact. The structure—
function relationship in nature is so powerful that
when a functional disorder manifests in the form of
a disease, it can be handled in many cases only by
using a molecule of a specific chiral structure. Con-
sequently, the importance of understanding the role
of chirality can hardly be ignored. As mentioned
before, various biomolecular and biomimetic systems
are chiral. Chirality in proteins is observed to origi-
nate from geometrical as well as topological fea-
tures.'® Geometrical (Eucledian) chiral features ob-
served in proteins are the asymmetric tetrahedral a
carbon atom of L-amino acids, twisted peptide chains,
helices, cylindrical packing of helices, etc. The topo-
logical properties of an object are related to its
invariant features with respect to particular types
of general transformations such as continuous de-
formation (object cannot be torn and rejoined during
the transformation). Suggested chiral objects, which
may be found in proteins, are links, loops, knots, and
graphs. Although it is easy to find the correlation
between the geometrical chiral features at the lower
level of structural hierarchy (such as L-stereochem-
istry of the individual amino acids) and at the higher
level (such as right-handed twist in extended polypep-
tide chains), it is less clear-cut to follow such a
correlation in the case of topological chirality. We
refer to the literature for further details.*® In the case
of nucleic acids, the molecular chirality of the sugar
units may be related to the origin of the specific
handedness of A-, B-, and Z-DNA strands. Bilayers
composed of cholesterols develop chiral helical struc-
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tures, which gradually change into gallstones under
disordered physiological conditions. Understanding
the origin of such chirality effects are of fundamental
importance. However, all of these biological systems
are inherently complex. Biomimetic systems could be
used as simple model systems in which such chiral
effects are well-known but can be studied much more
easily compared to their biological counterparts.

Monolayers are simpler systems (they are two-
dimensional systems, and one degree of freedom is
reduced, compared to the corresponding three-
dimensional systems), and the understanding of the
effect of chirality is expected to be relatively simpler
in these systems than in the corresponding three-
dimensional systems. Due to the fundamental im-
portance of understanding the chirality-dependent
interactions in biomolecular assemblies, monolayers
are used as biomimetic systems to study the struc-
tures and properties of several chiral surfactants in
recent years and past. Even in simpler systems such
as monolayers, chirality manifests itself in several
ways. It is now well-known that mesoscopic domains
are formed in monolayers in the condensed phase as
detected by various optical techniques'®?® and such
domain shapes could be chiral (anisotropic). The
underlying lattice structure in these monolayers
could also be anisotropic (for example, oblique) and
hence chiral. Further chiral effects can be observed
in the discriminating behavior of enantiomeric or
diastereomeric pairs in the z—A isotherms.?%2? Pref-
erence of interaction between enantiomeric pairs of
the same type or between the opposite enantiomers
is also observed. In some cases, such preference of
molecular interaction is strong enough to lead to the
segregation of separate domains composed of only one
type of enantiomeric molecule. Detailed understand-
ing of such diverse chirality effects in monolayers is
emerging only recently.

Due to the fundamental importance and ongoing
intense activity in this area, several excellent reviews
have appeared on the various morphological features
of monolayers at the air/water interface of am-
phiphilic assemblies. Many of the amphiphiles stud-
ied are chiral. Méhwald reviewed the phospholipid
and phospholipid—protein monolayers at the air/
water interface.'® Knobler reviewed the experimental
and theoretical aspects of the monolayers of fatty
acids and phospholipids.?® The review by Arnett,
Harvey, and Rose covered the early studies of the
chiral recognition in monolayer systems.?* McConnell
reviewed the structure, shape, and phase transitions
in lipid monolayers at the air/water interface.?
Vollhardt reviewed the morphological features of
chiral and achiral amphiphiles probed by recent
optical techniques.?*ab Vollhardt recently discussed
the morphology of monolayers at the air/water
interface.?* Kaganer, Méhwald, and Dutta reviewed
the results obtained from recent experimental tech-
niques as well as theoretical methods.?® Recently, the
Lahav and Leiserowitz groups reviewed the results
of X-ray crystallographic studies in various mono-
layers including chiral systems.?® Harris, Kamien,
and Lubensky recently reviewed the fundamental
physical aspects of chirality with reference to liquid
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crystal systems.?” However, no review was devoted
so far to the topic of the present review, namely, the
effect of molecular chirality on biomimetic Langmuir
monolayers.

In the present review we discuss the various
experimental and theoretical results concerning the
monolayers composed of chiral molecules as well as
their microscopic interpretations. With this end in
view, we have organized the review as follows. In the
beginning we discuss various experimental studies
such as pressure—area isotherm measurements, opti-
cal studies (Brewster angle microscopic studies and
fluorescence studies), and grazing uncidence X-ray
diffraction studies in different chiral monolayers in
sections 2, 3, and 4, respectively. In these sections
we focus on the experimental results, which demon-
strate interesting chirality effects. In sections 5 and
6 we discuss the continuum theories and molecular
theories of chiral monolayers. Various chiral dis-
crimination effects are observed in chiral monolayers,
and these topics are discussed in section 7. Finally,
we conclude in section 8.

2. Experimental Results Obtained from Surface
Pressure—Area Isotherm Measurements in Chiral
Monolayers

Thermodynamic conclusions on the phase behavior
of amphiphilic monolayers can be drawn considering
the surface pressure—area (7—A) isotherms at dif-
ferent temperatures. The 7—A isotherms are usually
recorded using a computer-interfaced film balance
with a Wilhelmy-type pressure measuring system.
Neglecting details, three general single-phase states
can be distinguished, namely, the fluid [gaseous,
liquid-expanded (LE)], condensed [liquid-condensed
(LC)], and solid (S) phases. Three characteristic
shapes of generalized 7—A isotherms representative
of respective temperatures or alkyl chain length can
be measured.?*®> The most interesting type of 7—A
isotherm shows a nonhorizontal plateau region after
a kink point in the isotherm characteristic for a first-
order phase transition from the fluid to the condensed
phase. The plateau represents a two-phase coexist-
ence between the fluid and the condensed phase. The
lower the temperature, the lower is the surface
pressure of the plateau, but the more extended is the
area covered by the plateau. The transition to the
solid monolayer phase is usually indicated by a kink
in the steep part of the isotherm. At temperatures
low enough and long-chain amphiphiles, the two-
phase coexistence region exists already at a surface
pressure x ~ 0; that is, this is the second general type
of isotherm. In this case, the 7—A isotherm does not
allow the exact determination of the first-order phase
transition point. Oppositely, at temperatures high
enough, a continuous increase of the surface pressure
with decreasing area per molecule suggests that over
the whole area range no phase transition to the
condensed or solid phase occurs. This third type of
isotherm is not of interest for studies of the mono-
layer characteristics.

The stereochemical effects on the monolayer phase
behavior are small when the intermolecular separa-
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tion is large.?! Consequently, the effects due to the
chirality of the molecule are expected to be dominant
in the condensed phase compared to the fluid (gas-
eous or liquid expanded) phase. With increasing
temperature or decreasing surface pressure, the
rotational disorder of the molecules increases rapidly.
They rotate more freely about their long axis. As a
result, the intermolecular interaction gradually be-
comes insensitive to any asymmetry present about
their short axis of the respective molecule and the
molecule becomes effectively symmetric to the neigh-
boring molecules. In such a case, orientation-depend-
ent interaction due to the chiral structure of the
molecules is relatively unimportant. It is expected
that the chiral discrimination will gradually disap-
pear as the system approaches the free rotating limit
(Vij < kgT, where V;jj is the van der Waals interaction
between the enantiomeric components i and j). Thus,
orientation- and distance-dependent interaction due
to the chiral structure of the molecules is more
dominant at lower temperature or higher surface
pressure when spatial or orientational correlations
between the molecules are present, as recently
pointed out.?” Lundquist performed the first pioneer-
ing studies of chiral discrimination observed in the
a—A isotherms.?® We further discuss the discrimina-
tion effects in section 7. In the following we dis-
cuss chirality effects as observed on the basis of
m—A isotherm measurements of chiral amphiphilic
molecules containing various headgroups such as
amino acids, amides, glycerol derivatives, and phos-
pholipids.

2.1. Amphiphiles Containing an Amino Acid
Headgroup with a Single Chiral Center

Amphiphiles containing amino acid residues are
extensively investigated due to the importance of
understanding the orientation- and distance-depend-
ent interaction due to the chiral structure of the
molecules in the amino acids themselves. Note that
the chiral structure dependent interaction in amino
acids is intriguing due to the unsolved problem of
homochiral evolution of amino acids in nature. There-
fore, Arnett et al. studied the 7—A isotherms of a
series of stearoylamino acid methyl esters and di-
laurylamino acid dimethyl esters with amino acid
residues such as serine, cysteine, threonine, and
allo-threonine monolayers.?*?> They found discrimi-
nating features between the pure enantiomers and
the racemic mixtures in the condensed phase re-
gion of the 7—A isotherms and introduced the idea
of stereoselective interaction. It was observed that
the enantiomeric monolayer of stearoylserine meth-
yl ester (SSME) is in a more condensed state than
the racemic monolayers at the same molecular area,
suggesting homochiral preference. We discuss in
detail the discrimination effects observed in sec-
tion 7.

The 7—A isotherms of the p and L enantiomers of
N-SSME are found to be equivalent, but the time-
dependent surface pressure relaxation of the racemic
monolayer is faster compared to that of the enantio-
meric monolayer.?® It was observed that the transi-
tion pressure of the enantiomeric N-docosyl-leucine
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monolayer is markedly lower than that of the racemic
monolayer, which is suggestive of chiral discrimina-
tion.%° Stine et al. studied the monolayers of numer-
ous chiral amino acid amphiphiles.?®31=33 The iso-
therm of L-N-stearoylvaline at 18 °C on a pH 2 HCI
subphase shows that the monolayer is more com-
pressed than the corresponding racemic monolayer,
clearly indicating homochirality.®* Similarly, the
monolayer of enantiomeric N-palmitoylvaline at 10
°C on a pH 2 HCI subphase was found to be more
compressed than the corresponding racemic mono-
layer.3? Similar chiral discrimination effects were
obtained with N-stearoyltyrosine monolayers.3? At 33
°C the racemic monolayer shows a phase transition
similar to that in the enantiomeric monolayer at
lower temperatures. However, at 22 °C on a subphase
adjusted to pH 7.0, the 7—A isotherm shows that the
enantiomeric and racemic monolayers are both ex-
panded and are virtually identical. The effect of the
increased subphase pH indicates that, obviously the
polarity of the headgroup is increased by dissociation
of the carboxylic group. This was supported by a
comparison with results of the corresponding methyl
ester, as the ester group is nondissociable and, thus,
the polarity is decreased. The compression isotherms
of the enantiomeric and racemic monolayers are
nonidentical. The 7—A isotherm of the enantiomeric
monolayer was more compressed than that of the
racemic monolayer, what indicates homochirality. A
homochiral preference in the 7—A isotherms of N-
hexadecanoylalanine monolayer was observed on
acidic (pH 2) aqueous subphase within the temper-
ature range of 20—35 °C.% It is observed that the
phase transition point of the racemic monolayer
shifts to smaller values of area per molecule with
increasing temperature, whereas the isotherm fea-
tures of the enantiomeric monolayer remain almost
unaltered over the measured temperature.

Homochiral preference is also observed in the 7—A
isotherms of enantiomeric and racemic N-stearoyl-
glutamic acid monolayers at 20 °C on aqueous
subphase at pH 2 and also in the presence of CdCl,.3*
The m—A isotherm of the r-enantiomer exhibits
features of a more condensed state than the racemic
monolayers at areas/molecule of <40 A2 for an
aqueous subphase in acidified water and in the
aqueous CdCl; subphase. The hysteresis effects of the
m—A isotherms of N-octadecanoyl-L-alanine mono-
layers are discussed in the literature.35—37

The identical shapes of 7—A isotherms of enantio-
meric and racemic myristoyl alanine in the LE phase
measured on pH 2 water at 19 °C indicate that chiral
discrimination cannot be observed in the fluid mono-
layer state.® The transition pressure for LE—LC
transition is higher for the racemic amphiphile
compared to those of the enantiomeric amphiphile,
but the racemic monolayer relaxes with time to lower
pressures. The estimation of closely packed area
indicates that the alanine headgroup determines the
packing. This indicates the influence of the chiral
amino acid headgroups on the packing properties.

Recent theoretical studies on amino acid headgroup
containing monolayers suggested that both the ori-
entation- and distance-dependent interaction due to
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the chiral structure of the molecules and the hydro-
gen bonding interaction might play important roles
in the monolayer morphology of these systems.3%40
Like other intermolecular forces, the fundamental
origin of hydrogen bonding is electrostatic. Interac-
tions related to moderate to weak hydrogen bonds,
which are dominant types in biological and biomi-
metic systems, are primarily of Coulombic type and
attenuate with the distance (r) as r 1. The dispersion
force attenuates as r¢, and the former is of longer
range than the latter. The properties of the hydro-
gen bonds are group properties, depending not only
on the atoms directly involved in bonding but also
on the sequence of the total pattern in which it
exists.*

The orientation dependence of the hydrogen bond
also makes the properties of the hydrogen bond more
dependent on the whole pattern. Due to polariz-
ability of the whole pattern, the binding energy of a
hydrogen-bonded structural pattern is greater than
the sum of the binding energy of the individual
bonds. This is the signature of the cooperative nature
of the hydrogen bond network. It is thus better to
study a particular hydrogen bond within the con-
text of the whole pattern in which it exists rather
than treating it as an isolated atomic (or group) pair.
Thus, it is justified to use the pair potential ap-
proximation in the case of van der Waals interaction
(being relatively shorter ranged); such an approxima-
tion is quantitatively incorrect for hydrogen bonding.
It is possible that the optimum geometry and ener-
getics of an individual hydrogen bond are controlled
by the requirement of the energy and geometry
optimization of the whole pattern. It is indicated that
the hydrogen bond imposes a precise geometric
pattern (with increasing lattice symmetry), which
disfavors compactness.'? For a pair of enantiomeric
molecules, their chiral structure prefers compactness
and, thus, favors less symmetry in lattices. It is
suggested that chirality-dependent interactions may
lead to an orientationally anisotropic molecular ar-
rangement at the domain boundary (favoring com-
pactness), which competes with the hydroge-bonding
interaction (increasing symmetry and disfavoring
compactness). Further detailed studies are necessary
to understand the role of hydrogen bonding in these
systems.

2.2. Amphiphiles Containing an Acidic Headgroup
with a Single Chiral Center

There are also examples without any chiral dis-
crimination effect in the 7—A isotherms. For ex-
ample, the isotherms of the enantiomeric and the
racemic N-tetradecyl-y,0-dihydroxypentanoic acid
(TDHPA) are identical within the range of experi-
mental error.*?2> However, the images from Brewster
angle microscopic studies (BAM) indicate that the
single condensed phase domains develop with den-
dritic shapes and the direction of the main growth
axes bears the mirror image relationship for enan-
tiomers. These shapes are developed at the beginning
of the two-phase coexistence region. Details of the
BAM observation will be discussed in section 3.
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2.3. Amphiphiles Containing a Glycerolic
Headgroup with a Single Chiral Center

Monolayers of monoglycerol amphiphiles such as
rac-1-monostearoylglycerol or rac-1-monopalmitoyl-
glycerol are good candidates for systematic studies
of chiral discrimination effects.*® The morphological
features of the condensed phase domains are inves-
tigated by BAM and are described in section 3. Figure
1 shows a set of 7—A isotherms of 1-monopalmitoyl-

surface pressure [mN/m]

10

0.2 0.3 0.4 0.5 0.6 0.7
area [nm*molecule|

Figure 1. Temperature dependence of the 7—A isotherms
of 1-monopalmitoyl-rac-glycerol monolayers. Experimental
results are presented by curves; symbols correspond to the
calculations using eq 26 in ref 44.

rac-glycerol monolayers in the temperature interval
between 12 and 40 °C.*

Beyond the two-phase coexistence region, indi-
cated by the nonhorizontal “plateau” in the 7—A
isotherms, a steep increase in the surface pressure
takes place. The nonequilibrium structures of 1-mono-
palmitoyl-rac-glycerol monolayers are completely dif-
ferent.*546

The molecular formulas of the 1-O-hexadecyl-rac-
glycerol and 1-monopalmitoyl-rac-glycerol are closely
similar. The change from an ether linkage to an ester
linkage does not affect the #—A isotherm signifi-
cantly, so the 7—A isotherms of the two compounds
are closely similar*® (Figure 2).

However, BAM studies reveal that the mesoscopic
domain shapes in the condensed phase of the two
compounds are drastically different. The features are
discussed in detail in the next section. The fact that
the 7—A isotherms of 1-O-hexadecyl-rac-glycerol and
1-monopalmitoyl-rac-glycerol are similar but the
underlying phases behavior are different (as shown
by BAM investigation) clearly indicates the impor-
tant fact that the common assumption that mono-
layers of amphiphiles with similar isotherm features
have similar phase behaviors is not always sufficient.
Thus, 7—A isotherm studies must be used in con-
junction with other techniques such as optical meth-
ods (for example, BAM and fluorescence microscopy



4038 Chemical Reviews, 2003, Vol. 103, No. 10

60

= 1-0-hexadecyl-rac-glycerol
50 = = = 1-monopalmitoyl-rac-glycerol

40

304

surface pressure 7 [mN/m]|

0 T T T T T T
0.0 0.2 04 0.6 0.8
area A[nm*/molecule ]

Figure 2. 7—A isotherms of 1-monopalmitoyl-rac-glycerol
and 1-O-hexadecyl-rac-glycerol monolayers measured
simultaneously to BAM imaging at 23 °C. See also sec-
tion 3.

study) or grazing incidence X-ray diffraction (GIXD)
in order to have a correct understanding about the
microscopic features and ordering of the monolayer.

The thermodynamic behaviors of the two enantio-
meric forms as well as the racemic 1-stearylami-
noglycerol monolayers are also identical.#” However,
fluorescence microscopic studies revealed that chiral
discrimination is manifested in the morphological
features of the condensed phase domains. These
features are described in the next section.

2.4. Amphiphiles Containing a Phospholipid
Headgroup with a Single Chiral Center

Phospholipid amphiphiles constitute an important
class of chiral compounds due to their biological
significance. As a result, monolayers of homologous
dialkanoylphosphatidylcholine (DMPC, DPPC), di-
alkanoylphosphatidic acid (DMPA, DPPA), dial-
kanoylphosphatidylethanolamine (DMPE), etc., are
investigated in detail by several techniques. The
usual phospholipids have two alkyl tails and the
chiral carbon atom is in close proximity to the
headgroup. The temperature at which the charac-
teristic features of the phase diagram of phospholip-
ids appear is dependent on the alkyl chain length and
the headgroup.?® This suggests that the characteristic
features of the phase diagram are dependent on the
chirality of the phospholipid molecules, because the
variation in the alkyl chain length and the nature of
the headgroup change the stereochemical arrange-
ment of the groups about the chiral center. However,
no detailed study is available yet to quantify this
correlation.

Monolayers of phospholipids with more than two
chains have also been studied.*®~52 The isotherm of
a triple-chain phosphatidylcholine is investigated in
order to address the important issue of estimation
of the relative importance of the interactions arising
from the head and those arising from the tail regions
of the amphiphile.*®
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2.5. Amphiphiles Containing Multiple Chiral
Centers

The chirality-driven features of amphiphiles con-
taining multiple chiral centers are significant. The
presence of more than one chiral center might
enhance the chirality effects compared to that in
amphiphilic systems with a single chiral center. It
is expected that the multiple chiral centers of neigh-
boring molecules would give rise to complex interac-
tions between them. The study of N-alkylaldonamide
monolayers is interesting because these compounds
form three-dimensional aggregates of different struc-
tures in aqueous solutions and gels. The aggregate
morphology of these aggregates depends on the
polyolic headgroup.53-%%

The z—A isotherms of enantiomeric and racemic
N-dodecylgluconamide are studied.>® The shape of the
isotherms (Figure 3) is strongly dependent on the

30 A

I1[mN/m]

20 A

0 T T T
0.13 0.15 0.20 0.25 0.30

Alnm* molecule]

30 A

I1[mN/m]

20 A

0

T T T
0.13 0.15 0.20 0.25 0.30
Alnm*/ molecule]
Figure 3. 7—A isotherms for the enantiomeric N-dodecyl-

D- or -L-gluconamide and the racemic mixture (p:L = 1:1)
at 10 °C (top) and 25 °C (bottom).

compression rate at temperatures between 10 and 40
°C. This event is complicated by the relaxation
phenomenon in the monolayer. It is observed that the
surface pressure rapidly decreases when the barrier
is stopped at a certain value and the isotherm is
shifted to lower molecular areas upon compression.
This relaxation effect is diminished at higher com-
pression rates of the monolayer. The isotherms are
strongly temperature dependent. When the temper-
ature is increased from 10 to 25 °C, the molecular
area shifts to lower values for a certain surface
pressure. The shape of the 7—A isotherm correspond-
ing to the racemic monolayer is strongly affected by
temperature, and the slope of the isotherm is rapidly
decreased.
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Figure 4. z—A isotherms of the enantiomeric and racemic monolayers of N-dodecylmannonamide at 20 and 30 °C.

Homochiral discrimination is indicated for both temperatures.

The thermodynamic features of the monolayers of
another diastereomeric N-alkylaldonamide, namely,
of dodecylmannonamide are completely different.5’
The isotherms and relaxation of mannonamide head-
group monolayers are shown in Figures 4 and 5.
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Figure 5. Constant surface pressure relaxation at 7z = 10
mN/m of the enantiomeric and racemic monolayers of
N-dodecylmannonamide at 25 and 30 °C. The difference
in the relaxation curves between the enantiomeric and the
racemic monolayers is opposite that of the diastereomeric
N-dodecylgluconamide.

The z—A curves of the racemic mixtures show
temperature dependences similar to those of pure
enantiomers. However, the enantiomeric amphiphiles
are more densely packed than the racemic monolay-
ers (Figure 4). The surface pressure relaxation curves
of the enantiomeric forms agree with each other, and
that of the racemic form is not drastically different
(Figure 5). However, the relaxation of enantiomeric
forms is more rapid in this case compared to the
diastereomeric N-dodecylgluconamide. The relax-
ation increases with temperature. Consequently, the
surface pressure studies clearly indicate that the
chiral monolayer properties of the two diastereomers

N-dodecylmannonamide and N-dodecylgluconamide
are very different. Oppositely to the heterochiral
preference of N-dodecylgluconamide monolayers, N-
dodecylmannonamide monolayers show homochiral
discrimination.

The 7—A isotherm of monolayers of synthesized
achiral and chiral imidazole amphiphiles at the air—
water interface are also studied.® These systems
have metal-binding capabilities. The chirality is
introduced in the molecule by substituting the methyl
group at the o position of the amine group. The
compression isotherm of the chiral compound is
similar to that of the achiral compound except that
the collapse pressure values are lower for the former
than the corresponding values in the latter. The
molecular area observed for the chiral monolayer in
the LE state is lower than the corresponding area
observed in the LE state of the achiral monolayer.

Chiral features of compounds containing multiple
chiral centers are interesting due to the complicated
nature of orientation- and distance-dependent inter-
action due to the chiral structure of the molecules.
Hexadecylthiophospho-2-phenylglycinol (HTPPG) is
a nice candidate for such an amphiphile as it contains
besides chiral carbon also chiral phosphorus. The
m—A isotherms of four stereoisomers (RR, SS, RS,
and SR) of HTPPG monolayers were studied.>® The
isotherm measurements of R,S and SyR (the sub-
script p denotes the chiral phosphorus) diastereomers
give identical isotherms in the fluid (LE) phase and
displayed no chiral discrimination at room temper-
ature. Chiral discrimination was found for the R,R
and S,S diastereomeric pairs. A phase transition was
observed in the case of racemic monolayers but was
not observed in the pure enantiomeric films. Such
discrimination effects occurred on the aqueous
H,SO, subphase.

On the basis of measurements of the 7—A isotherm,
the nature of the chiral structure dependent interac-
tion and the chiral preference can be concluded from
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a comparison of the isotherm shape. However, iso-
therm measurement gives only thermodynamic in-
formation and, hence, the interpretation of the in-
teraction at the molecular level must be concluded
very carefully. Very different molecular events could
give rise to closely similar results in the thermody-
namic limit. Furthermore, the chiral structure de-
pendent interaction is clearly visible in the results
of optical measurements but unobserved in isotherm
measurements in many cases as will be discussed in
the next section. Consequently, the results of the
isotherm studies must be interpreted very carefully
and other experimental techniques should be applied
to the same system whenever possible. The thermo-
dynamic features of the monolayers of enantiomeric
and racemic amphiphile are fundamental to the
understanding of the chiral preference and could be
helpful in the understanding of the underlying mo-
lecular arrangement.

3. Experimental Results Obtained from Optical
Methods (Brewster Angle Microscopy and
Fluorescence Studies) in Chiral Monolayers

In this section we shall review studies based on two
optical methods, which are most extensively used in
the Langmuir monolayer. They are BAM and fluo-
rescence microscopic technique. Reflection spectros-
copy is an extremely useful technique for studying
the organized molecular assembly at interfaces.50-3
This technique allows the researcher to draw infer-
ence about the molecular orientation by direct visu-
alization of the monolayer (Figure 6). When p-polar-

camera
analyzer
objective

He-Ne laser
polarizer (p-pol.)

trough

Figure 6. Principle of Brewster angle microscopy (BAM).

ized light is used and incidence takes place at the
Brewster angle, no light is reflected from the pure
air—water interface.®4=%7 However, changes in the
molecular density and/or refractive index by the
condensed phase of a monolayer on the aqueous
subphase lead to a measurable change in the reflec-
tivity and allow one to visualize and record the
monolayer morphology.

In a typical experimental setup (Figure 7), a
Brewster angle microscope (BAM) is mounted to a
computer-interfaced film balance.?*2 The light source
of the BAM is a He—Ne laser. The spatial resolution
of the microscope is in the range of a few microme-
ters. BAM images were taken with a CCD camera,
and images are formed in a video unit and can be
stored there. The distortion caused due to incidence
at the Brewster angle is corrected by digital image
processing software. If the BAM image were recorded
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Figure 7. Schematic diagram of the experimental setup
for combined surface pressure and BAM measurements.

as a mirror image, then the sense of the curvature
of the corresponding domain in the enantiomeric
monolayers would be opposite that of the BAM image.
The correct sense of the domain can be obtained by
using a corresponding image processing software.
BAM studies of monolayers revealed an enormous
variety of domains in the condensed phase. The
structures of the corresponding molecules have pro-
found influence in driving these domain shapes as
well as the molecular orientation within a particular
domain. Many of the molecules are chiral, and in
many cases the chirality has a major influence on the
morphology, which is clearly detected by BAM. As
pointed out earlier, the effect of chiral discrimination
is unobserved in 7—A isotherm measurements of
enantiomeric and racemic amphiphiles, but clear
discrimination is revealed from the direct visualiza-
tion of the domain shape and inner texture by BAM
in several chiral monolayers. The texture gives a
direct indication about the orientation of the average
molecular orientation in the monolayer. However,
characterization of the orientational order in a con-
densed phase requires that the observed textures
occur under well-defined conditions. BAM can also
distinguish between the jumps of orientations and a
continuous change in orientation. Careful observation
must be made whether the lines that separate the
dark and bright areas remain at a fixed position or
are shifted, respectively, when the analyzer is ro-
tated. Observing the sequence of images using a video
camera rather than observing single images can
achieve this. It may be noted that no external probe
is used in the BAM technique. Thus, careful inves-
tigation using BAM can reveal many microscopic
details of the monolayer without any external per-
turbation. BAM is advantageous compared to the
fluorescence technique, which requires dye molecules
as probes to investigate the monolayer morphology.
In the fluorescence microscopic studies, a fluores-
cent probe (a dye molecule) is added to the mono-
layer, which is excited using a high-pressure mercury
lamp. Then the monolayer state is observed with a
microscope mounted with a camera.’®?%23 A variety
of probes have been used. A few commonly used
probes are, for example, 4-(hexadecylamino)-7-nitro-
benzoxa-1,3-diazole, L-a-phosphatidylcholin-5-(NBD-
aminohexyl)-y-palmitoyl, sn-1,2-dipalmitoyl-3-glyc-
erophosphatidylethanolamine (DPPE), sulforhod-
amine, dipalmitoylnitrobenzooxadiazolphosphati-
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Figure 8. Chiral discrimination of the condensed phase textures of N-tetradecyl-y,5-dihydroxypentanoic acid amide

monolayers observed by BAM.

dylethanolamine (DP-NBD-PE), and 1-palmitoyl-2-
{2-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodec-
anoyl}phosphatidylcholine (NBD-PC). Due to the
presence of dye molecules the effect of trace compo-
nents on the monolayer properties cannot be ignored
in fluorescence studies.

3.1. Amphiphiles Containing an Acid Amide
Headgroup with a Single Chiral Center

Representative examples can demonstrate that
BAM and fluorescence microscopy are effective and
sensitive methods in visualizing chiral discrimination
effects in the monolayer morphology. In some cases,
the thermodynamic differences between enantiomeric
and racemic monolayers are too small to be measured
by recording the 7#—A isotherms, as mentioned ear-
lier. However, the BAM studies clearly reveal a chiral
discrimination effect. For example, the 7—A iso-
therms of the enantiomeric and racemic monolayers
of TDHPA are nearly identical, whereas the BAM
images indicate that single condensed phase do-
mains, developed at the beginning of the two-phase
coexistence region, grow with dendritic shapes, and
the direction of the main growth axes bears the
mirror image relationship for the enantiomers.*?* The
domains of the racemic mixture are quite similar;
however, they have no mirror symmetry. The BAM
images of enantiomeric and racemic TDHPA are
shown in Figure 8.

The growth patterns are symmetric for achiral acid
amide amphiphilic systems. N-Tetradecyl-5-hydroxy-
propionic acid amide monolayer®® and N-alkyl-y-
hydroxybutyric acid amide monolayer with various
chain lengths (dodecyl and tetradecyl)®® develop
achiral shapes of the domains, which reflect the
influence of the underlying achiral molecular struc-
ture.

3.2. Amphiphiles Containing an Amino Acid
Headgroup with a Single Chiral Center

The isotherm studies of amphiphiles containing
amino acid headgroups such as N-alkanoylamino acid
derivatives revealed chiral discrimination effects.
This is discussed in the previous section. These
amphiphiles are studied extensively by optical tech-
niques. Chiral domain shapes are observed in N-
acylalanine and N-acylvaline monolayers using fluo-
rescence studies.3! “Wishbone”-shaped domains with
right-handed or left-handed curvatures are observed
in a racemic monolayer of N-palmitoylvaline and
N-stearoylvaline monolayers at low temperatures in
the range of 5—22° C. The domain arm breaks when
it touches another arm, which indicates solid-like or
highly ordered states of the monolayer. In contrast
to the N-acylvaline derivatives, the monolayers of
N-palmitoylalanine measured at 30 °C show develop-
ment of domains with irregular side branching. The
systems may be far from equilibrium as the chiral
preference is not yet developed.

Fluorescence microscopic studies of enantiomeric
myristoylalanine monolayer show dendritic con-
densed phase domains.3®7° The size of the dendrites
could be in the range from a few micrometers to 1
c¢cm. The main branch width is in the range of 10—20
um. Several branches grow from the sides, making
60—90° angles, depending on the internal orientation
of the main branch. Distances of a few tens of
micrometers separate them from each other.”® The
domains are solid-like, and they break rather than
bend when they are stressed on each other.387° The
domains of racemic monolayer are isotropic and
circular. Their shapes change to elliptical by shear
flow. The tip shape of the dendritic growth is related
with the line tension anisotropy.”* It is proved
theoretically as well as experimentally that the
surface tension anisotropy is a prerequisite for the
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dendritic growth in three-dimensional systems.”*~76
Theoretical studies have also indicated that the
line tension anisotropy is related with the chirality
of the molecules composing the monolayer.”” How-
ever, it is undecided whether the dendritic domain
shape is manifested by the underlying chirality in
these amphiphilic systems via the anisotropic line
tension.

In the domains of enantiomeric myristoylalanine
monolayer, when the compression was stopped, dark
and irregular rings were observed at the peripheral
regions after 1 min and gradually curved needles
were seen within the domain after a longer time (1
h). It is suggested that the appearance of the dark
ring and the curved spines is due to the formation of
organized regions with enantiomeric richness (chiral
segregation).®® However, recent combined GIXD and
surface pressure studies of racemic myristoylalanine
monolayers have shown that there is no indication
for such long-time segregation, but rather instanta-
neous chiral segregation takes place after transition
to the condensed state.”

Fluorescence microscopic studies demonstrated the
growth of an elongated condensed phase domain in
monolayers of N-stearoyltyrosine at a subphase
adjusted to pH 7.0 using a phosphate buffer.3? In
many instances, the domain shapes seem to be
broken. In contrast, the domains composed of racemic
molecules are compact in shape. The fluorescence
microscopy studies of N-stearoyltyrosine methyl ester
at the same subphase show condensed phase patterns
of the racemic monolayers with both clockwise and
counterclockwise curvatures. This suggests homo-
chiral preference.

Recent comprehensive studies of the condensed
phase domains of various amino acid amphiphiles
such as N-palmitoylaspartic acid, N-palmitoyl- or
N-stearoylserine methyl ester, N-palmitoylthreonine
and its diastereomer N-palmitoyl-allo-threonine, and
their methyl esters, N-palmitoyl- or N-myristoylala-
nine reveal a large morphological variety depending
also on the system conditions, particularly on the
compression rate and temperature.®*4%7° Many fas-
cinating domain shapes have been found, but in all
cases the curvature of the two enantiomeric forms
are directed in an opposite sense. The domain shape
of the 1:1 racemic mixtures is usually different, but
very often oppositely curved texture elements can be
observed within a single domain, which indicate
homochiral preference and, correspondingly, chiral
segregation. This can be demonstrated by some
characteristic examples as follows.

Figure 9 shows typical domain shapes of N-
stearoylserine methyl ester monolayers. The spiral-
shaped domains of the two enantiomeric forms are
curved in opposite directions. The 1:1 racemic mono-
layer tends to form compact domains in equilibrium,
but both of the opposite curvatures within a domain
in the form of hooks at the domain periphery or
opposite growth diections in newly formed domains
can be observed during the growth Kinetics.

Now we consider the chiral discrimination in the
domain morphology of an amino acid amphiphile with
a very different chemical structure.”
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Figure 9. BAM images of the chiral discrimination of the
condensed phase domains of N-stearoylserine methyl ester
monolayers spread on pH 3 water: (a) b-enantiomer; (b)
L-enantiomer; (c and d) 1:1 pL-racemate. Image size 80 x
80 um. (Figure is reproduced here at 67% of its original
size.)

Figure 10. Chiral discrimination in the domain texture
of N-a-palmitoylthreonine monolayers observed by BAM:
(@) p-enantiomer; (b) L-enantiomer; (c) 1:1 pL-racemate.
Image size 350 x 350 um. (Figure is reproduced here at
67% of its original size.)

Figure 10 allows the comparison of the condensed
phase domains formed by enantiomeric and racemic
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N-a-palmitoylthreonine monolayers. In this case, the
domains of the two enantiomeric monolayers are
spirally curved at one end of the domain in the sense
of the respective chiral form, again in opposite
directions to each other. The racemic monolayers
grow (Figure 11) from a center in opposite direction

b: 5s

d: 23s

Figure 11. Growth kinetics of N-palmitoyl-bL-threonine
domains in the two-phase coexistence region at 2 °C at
compression from 0.50 to 0.37 nm/molecule: (a—d) develop-
ment of the domain within 23 s. Symmetric domain
structures with opposite curvatures grow from the center
of the nucleus and suggest chiral segregation.

and with opposite curvature indicating chiral segre-
gation within a domain in accordance to the homo-
chirality which can be concluded from the z—A
isotherm measurements.
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It is interesting to note that domains formed by the
amino acid amphiphiles, so far studied, have no inner
anisotropy, as revealed by BAM. Therefore, it can be
concluded that the azimuthal projection of the tails
of neighboring molecules should be parallel to each
other within a domain. Note that this in contrast with
the concept that the presence of mutual orientation
of a pair of chiral molecules leads to a spontaneous
curvature,® which can lead to domain curvature.3®40.77
The absence of mutual intermolecular orientation in
amino acid amphiphiles and the concomitant curva-
ture of the domain composed of the enantiomeric
amphiphile are suggested to be due to competing with
hydrogen-bonding interaction.3*° However, this propo-
sition is yet to be experimentally verified and is
discussed in section 6.

3.3. Amphiphiles Containing a Glycerolic
Headgroup with a Single Chiral Center

Domain textures and chiral discrimination effects
are studied in various monoglycerol monolayers using
optical microscopy. Interesting inner structural ele-
ments are observed in these monolayers. BAM stud-
ies of these systems also show that the apparent
similarity of the #—A isotherms of any two am-
phiphiles cannot be taken as evidence that the
underlying morphologies or the phase behaviors are
the same for them. This will be discussed below.

It is observed that subtle molecular structural
changes can lead to changes in domain morphology.
For example, the replacement of the ether linkage
by the ester linkage has a significant effect on the
monolayer structure.*® It is suggested that the greater
configurational freedom for the ether linkage com-
pared to the ester group leads to the more complex
phase behavior of 1-O-hexadecyl-rac-glycerol. The
C=0 dipoles in the ester group might cause a fixed
configuration of chain and headgroup.*® This implies
that the molecular structural factors play an impor-
tant role in the monolayer morphology. BAM studies
of 1-O-hexadecyl-rac-glycerol and 1-monopalmitoyl-
rac-glycerol monolayers clearly establish the impor-
tant fact that the apparent similarity of the 7—A
isotherms of the two amphiphiles cannot be taken
as evidence that the underlying morphologies or the
phase behaviors are the same for them.*6° BAM
images of the amphiphiles at different surface pres-
sures are shown in Figures 12 and 13.

The images of Figure 12 correspond to the surface
pressures of the two-phase coexistence region of the
1-O-hexadecyl-rac-glycerol monolayer described in
Figure 2. The condensed phase domains of 1-O-
hexadecyl-rac-glycerol (Figure 12) are subdivided into
segments reflecting differently and meeting at a point
on the edge of a domain. This indicates that the
molecular director is oriented in different directions
in the several segments. The boundaries between the
different segments are straight lines in this case. All
domains have a characteristic notch in the circumfer-
ence, and the notch in the domain shape is preserved
independent of the shape changes. Three-armed
structures are formed when the area/molecule is
compressed to 40 AZmolecule, and each arm is
divided into two segments of different orientations.
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Figure 12. Domain development in the two-phase coexist-
ence region of 1-O-hexadecyl-rac-glycerol monolayers at
23 °C
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Figure 13. Domain growth along the compression iso-
therm of a 1-monopalmitoyl-rac-glycerol monolayer at
23 °C.

Continuous changes in molecular orientation within
both regions of arms are observed. The marked
change in the orientational order of the condensed
phase within the two-phase coexistence region is an
interesting phenomenon. At the end of the plateau
region starts a complicated change in the domain
structure. The three- or multi-arm structures decay
in the course of this transformation process with
numerous spiral substructures (Figure 14).80

Only clockwise-curved spirals are formed in the
S-enantiomeric monolayer of 1-O-hexadecyl-rac-
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Figure 14. Chiral discrimination in 1-O-hexadecylglycerol
domains, T = 23 °C, A ~ 0.3 nm/molecule: (a) racemic
mixture with curvatures of the spirals in two opposite
directions; (b) S-enantiomer having only clockwise curved
spirals.

glycerol, whereas in the 1:1 racemic mixture the
spirals are wound both clockwise and counterclock-
wise. It was sugggested that the opposite curvatures
of these spiral structures reflect obviously segrega-
tion of the two enantiomeric forms into substructures,
but these first results should be corroborated by
additional experiments. Finally, at 20 mN/m the
contrast vanishes, which could be due to either a
vertical orientation of the alkyl chains or the change
of long-range order of the tilt azimuth to short-range
order so that the regions of uniform chain orientation
are smaller than the spatial resolution of the micro-
scope.

In contrast to the sharp-edged shapes of condensed
phase domains of 1-O-hexadecyl-rac-glycerol, the
domain shapes of 1-monopalmitoyl-rac-glycerol have
a disklike shape (Figures 13 and 15). The representa-

Figure 15. BAM images of a round and cardioid domain
of 1-monopalmitoyl-rac-glycerol monolayers and schematic
presentation of the tilt direction of the alkyl chains in both
domain forms.

tive domains of 1-monopalmitoyl-rac-glycerol are
subdivided into seven segments of different molecular
orientations meeting at the domain center (Figure
15a). In some cases, the intersection point of the
domain boundaries is located at the edge of the
domain and the number of segments is less than
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seven (see, e.g., five segments in Figure 15b). The
inner structure of the domains can be regarded as
multiple twins. When the surface pressure is in-
creased, the domains gradually deform and fill the
gap occupied by the fluid phase. At high pressures
>25 mN/m, the general domain shape with tilted
molecules is preserved and all gaps are filled (Figure
13). If at high surface pressure the monolayer is kept
for ~30 min, a transition to 6-fold domains can be
observed, which remains stable also after a following
decompression (Figure 16b). The presence of small

Figure 16. Transition to 6-fold domains in 1-monopalmi-
toyl-rac-glycerol monolayers at high surface pressures (
> 25 mN/m), T = 23 °C: (a) transition state with a small
segment (arrow); (b) 6-fold domain formed after compres-
sion to 45 mN/m and maintained after decompression to
10 mN/m.

segments and zigzag lines within some intermediate
domains indicates reorientation of the molecules
(Figure 16a). The transition back to a 7-fold structure
is probably kinetically hindered.

The domain structure of the homologous 1-mono-
stearoyl-rac-glycerol monolayers resembles that ob-
served in 1-monopalmitoyl-rac-glycerol monolayers
in the temperature range from 23 to 45 °C.*® The
ratio of the condensed phase to the homogeneous
fluid phase increases with increasing molecular
density between the main phase transition point and
the kink in the steep part of the 7—A isotherm (for
example, observed at 24 mN/m at 35 °C). The
condensed phase domains of 1-monopalmitoyl-rac-
glycerol are first observed after the sharp break of
the slope in the 7—A isotherm at the beginning of
the plateau region (Figure 13).8! The initially formed
domains grow to a size of ~0.25 mm in diameter. The
disklike domains are subdivided into seven segments
of different reflectivities separated by sharp bound-
aries and meeting in a center. Each segment is
homogeneously reflecting and, thus, has a constant
chain tilt.

When a set of domains is observed by rotating the
analyzer of BAM, it is observed that the segments
change their reflectivity in the same way (Figure 17).
The optical anisotropy of the domains is due to the
different molecular orientations in different parts of
the domain. Analysis of the optical anisotropy re-
sulted in the conclusion that the chains of all seg-
ments have the same polar tilt but the azimuthal tilt
jumps at the segment boundaries by a constant value
of (360°/7) angle. Explicitly, the azimuthal angle is
changed at each segment boundary, whereas the tilt
angle with respect to the normal possesses a definite
value. The alkyl chains of the molecules within the
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Figure 17. BAM images of domains of 1-monopalmitoyl-
rac-glycerol monolayer: (a) representative round domain
with seven segments; (b) several domains with the same
reflectivity of the corresponding segments.

7-fold domains of 1-monoglycerides are tilted in a
radial direction. This is demonstrated in Figure 15.

Upon compression, the domains impinge on each
other and start to deform. A characteristic point of
the monolayer is observed at ~24 mN/m at 35 °C
when the domains coalesce into a homogeneous phase
without any gap (Figure 13).

In some cases, cardioid-shaped domains are formed
when the segment contact occurs at the edges of the
domain (Figure 15, bottom). The outer segment
shapes are distorted, which is suggested to be due to
anisotropic line tension. The line energy for a domain
is the line tension integrated over the whole domain
boundary. Minimum line energy can be realized for
a domain shape for which the boundary area is not
the minimum at the constant domain area when the
line tension is anisotropic. The boundary length of a
cardioid-shaped domain is only 4% larger than that
of the circular domain of the same area. It is known
that the minimum line tension is realized when the
domain boundary is perpendicular to the tilt azimuth
of the alkyl tails.?8 Thus, the part of the domain
boundary where the tilt azimuth of alkyl tails are
nearly perpendicular is shorter in circular domain
compared to that in cardioid-shaped domains, if the
contact point of segments is situated at the domain
boundary. Consequently, the domain shape becomes
cardioid-shaped if the contact point of the segments
is situated at the domain boundary.’? When the
segment boundaries meet at a center, the molecules
are observed to be tilted nearly perpendicular to the
boundary in the whole domain (Figure 15, top). The
centered domains have lower total line energy than
the cardioid-shaped domains, but the total length of
segment boundaries is higher. However, neither the
molecular origin of the anisotropic line tension nor
the origin of the wide spread of the position of the
segment center is understood. Possibly the position
of the segment center is determined by the directional
dependence of the growth rate of the domains.

A geometric concept based on considerations of the
molecular packing is proposed to describe the inner
structure of the condensed phase domains of 1-mono-
palmitoyl-rac-glycerol, which exhibits 7-fold domain
substructure.?? In this concept, different structures
arising from multiple twinning in a two-dimensional
centered orthorhombic lattice are considered. Twin
planes are planes with a high loading density.®
Therefore, the boundaries between segments of dif-
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Figure 18. Fluorescence microscopy of the chiral discrimination in 1-stearylamine glycerol monolayers, T = 35 °C, & =
5 mN/m: (a) S-enantiomer; (b) R-enantiomer; (c) 1:1 racemate. The asterisk marks the chiral C atom. The bar length is

100 gm.

ferent molecular orientations are thought of as dense
lattice rows so that a well-defined change in molec-
ular orientation occurs at the boundary between two
segments. The segment boundaries are considered to
be mirror lines as well as contact lines of segments
rotated by 360°/n around the meeting point of the
segments (n is the segment number). Experimental
evidence for this assumption was provided by a later
AFM study.®* The intersection angle 6 of the lattice
directions which form the segment boundaries is
related to the segment number n by n = 360°/6; that
is, for a seven-segment domain (n = 7), 6 should be
~51.4°. The geometrical analysis has shown that
seven segments can occur only if (i) the segment
boundaries are along the densest lattice rows and the
chains are tilted toward next nearest neighbors or
(i) the segment boundaries are along the second
densest lattice rows and the chains are tilted toward
nearest neighbors. The second case is realized in the
7-fold domain structure under the studied experi-
mental conditions. As the study does not explicitly
include the molecular structure of the amphiphiles,
a future study, which combines the molecular inter-
action and the concomitant preferred orientational
arrangements in a lattice, is expected to provide
additional information.

The enantiomeric domains of 1-stearylaminoglyc-
erol monolayers show an interesting chiral discrimi-
nation effect in the fluorescence microscopic studies,
which is not detected in the 7—A isotherm measure-
ments.*” Filigree-like domains are found, which are
curved in a clockwise direction for the R(+)-enan-
tiomer and in a counterclockwise direction for the
S(—)-enantiomer (Figure 18a,b). The racemic mixture
evolves fractal-like domains without any specific
sense of direction (Figure 18c). Note that chiral
discrimination of a different kind but having the
same sense of curvature has been found in the
domain morphology of the monoglycerol ethers.45:80
As shown above, spiral shapes grow from initially
compact domains at the end of the plateau region of
the 7—A isotherm. The sense or the handedness of
the curvature is dependent on the enantiomeric

forms. The spirals developed in the racemic mono-
layers are curved with both handednesses.

Polygonal shapes are observed in the fluorescence
microscopic studies of enantiomeric and racemic
monolayers of 4-hexadecyloxybutane-1,2-diol (HOBD)
above the transition pressure.®® The branches of
S-HOBD turn in only a clockwise direction, whereas
the racemic mixture and mixtures containing other
proportions of enantiomers develop branches in other
directions. The numbers of left- and right-handed
arms depend on mixing ratio.

3.4. Amphiphiles Containing a Phospholipid
Headgroup with a Single Chiral Center

Most of the initial studies about the effect of
chirality on the morphology of biomimetic monolayers
were focused on the model phospholipids DPPC and
DMPE. Before some results of phospholipid mono-
layers are discussed in detail, a short summary will
be given of how basically chirality is apparent in the
domain morphology of phospholipids (Figure 19—23).
In equilibrium, phospholipid monolayers form com-
pact domains of different shapes and inner textures
(Figure 19). As the relaxation time for reaching
equilibrium is rather high, nonequlibrium structures
in the form of dendritic or fractal-like structures are
observed under the corresponding experimental con-
ditions (Figure 20). The chirality of the enantiomeric
forms of the compact domains can be apparent in
clockwise or counterclockwise curvatures of the defect
lines, domain arms, for example, triskelions, or
regions of the same azimuthal orientation (Figure
23). The curved defect lines can meet within the do-
main or at their edge. In all cases, the two enantio-
mers show curvatures of opposite senses.

The corresponding nonequilibrium structures with
dendritic growth develop curvatures of the same
sense. In the fractal-like structures the effect of
chirality cannot be observed, because at the begin-
ning the patterns are obviously nonordered (Figure
20). In the corresponding racemic mixtures of differ-
ent phospholipids, curvatures are not formed, but
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Figure 19. Representative equilibrium domains of phospholipids: (left) bo-DPPC monolayers with curved domain arms;
(middle) o-DPP(Me).E monolayers with curvature in the brightness change within the domains; (right) L-DPPE monolayers

with curved defect lines.

Figure 20. Representative nonequilibrium domains of phospholipids: (left) L-DPPC monolayer far from equilibrium with
fractal-like (disordered) growth without chiral influence; (right) L- and pL-DPPE monolayer not so far from equilibrium
with dendritic (ordered) growth with chiral influence [curved axes and arms for enantiomeric monolayers (L-DPPE); straight

axes and arms for racemic monolayers (bL-DPPE)].

Figure 21. Domain structures of L-DMPE monolayers. The molecule orientation in the compact domains (b, ¢) is generally
the same as in the branched domains (a). The centered (b) and noncentered (c) domains show the same arrangement. The
domains are presented for two opposite positions of the analyzer [analyzer angle o (above) and —a (below); o ~ 50°]. The

bar length is 100 gm.

rather straight dendrite arms or uncurved compact
domains are formed.

If the formation of the condensed phase domain
occurs far from equilibrium, the growth kinetics can
be so rapid that the stable phase does not have time
to reach its lowest energy state on the microscopic
level. A metastable microstructure results, and the
growth patterns formed under these nonequilibrium

conditions are mainly affected by the complicated
interplay between the microscopic interfacial dynam-
ics, such as surface kinetics, surface tension, and
crystalline anisotropy, and external driving forces,
such as supersaturation and undercooling.?* In
highly supersaturated monolayers, the macroscopic
dynamics is determined by the diffusion field, which
tends to drive to the formation of fractal-like objects.
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Figure 22. 7—A isotherm of a DPPC monolayer on water and corresponding BAM images at T = 23 °C: (a) fluid (gaseous)
state; (b—d) domain growth in the two-phase coexistence (plateau) region; (e) fully condensed phase. The bar represents
80 um. All images have the same scale of 500 x 500 um. (Figure is reproduced here at 62% of its original size.)

Figure 23. Chiral discrimination in DPPC monolayers. The two enantiomeric triskelions are curved in opposite direction,
clockwise for b-DPPC (left) and counterclockwise for L-DPPC (middle). The arms of the racemic pL-DPPC are straight.
Image size 500 x 500 um. (Figure is reproduced here at 50% of its original size.)

Consequently, the growth shapes of the condensed
phase domains can substantially depend on the
compression rate of the monolayer. For example, the
shapes of the DMPE domains are fractal-like at high
compression rates as expected for diffusion-limited
aggregation, whereas only at very low compression
rates are compact domains evolved.?#286 [t would be
very interesting to study the effect of the molecular
chirality on the growth kinetics or the relaxation of
the condensed phase structure, if any.

Comparison of the BAM images of the enantiomeric
phospholipids L-DMPE and L-DPPC monolayers re-
veals very different domain textures. In equilibrium
L-DMPE monolayers form compact domains with
different numbers of segments (five to eight) sepa-
rated by chirally curved lines where the molecular
orientation jumps. The lines join together in a center
located inside the domain (the shape of the domain
is circular) or in its edge (the shape of the domain
is bean-shaped). The molecule orientation in the

branched domains formed at high compression rates
under nonequilibrium is similar to that in the
compact domains.

A compression isotherm of enantiomeric DPPC and
corresponding BAM images are shown in Figure 22.
Point a in Figure 22 represents the fluid (gaseous)
state. The next images (b—d) are taken from succes-
sive stages of the two-phase coexistence region and
show formation, growth, and compression of the
characteristic triskelions. Point e corresponds to the
fully condensed state. The texture of the condensed
phase domains of DPPC monolayers is strongly
affected by the compression rates. At very low
compression rates, equilibrium shapes are evolved in
the form of triskelions curved oppositely for the two
enantiomeric forms and noncurved arms for the
racemic mixture (Figure 23). The lines running
through the arms of the enantiomeric domains mark
a strong continuous change in the orientation. In the
enantiomeric DPPC domains, the orientation changes
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gradually within each arm of the triskelions.25-8 This
difference in the outer shape of the domain and their
inner structure is striking. The difference in molec-
ular structure and the corresponding differences in
the chiral features of the two molecules are respon-
sible for the observed differences. Epifluorescence
microscopic studies of DPPC established that the
handedness of the highly ordered domains is directly
related to the absolute configuration of the enan-
tiomer.®® It is observed that the condensed phase
domains of the monolayers composed of 75% R-DPPC
and 25% S-DPPC are triskelion-shaped and the arms
of the domains are oriented in an anticlockwise (left-
handed) fashion. The domains composed of 75%
S-DPPC and 25% R-DPPC are also triskelion-shaped,
with their arms oriented in a clockwise (right-
handed) fashion. The domains of racemic DPPC
(equimolar mixture of R-DPPC and S-DPPC) show
development of arms without curvature. The arms
of the domains are oriented in specific directions,
which is a chiral object in a mesoscopic length scale.
Clearly this mesoscopic chirality is triggered by the
microscopic chirality present at molecular level.
Theoretical studies on the effect of molecular chirality
and the curvature of the enantiomeric domains of
DPPC are discussed in section 7.

An interesting comparative study of the morpho-
logical features of phospholipid monolayers with very
similar chemical structures is carried out using
BAM.88 Four phospholipids of the same chain length
are different only with respect to the number of
methyl groups at the nitrogen of the headgroup
(Figure 24). The morphological features of dipalmi-
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Figure 24. Systematic headgroup variation in phospho-
lipids: DPPE, dipalmitoylphosphatidylethanolamine; DPP-
(Me)E, dipalmitoylphosphatidyl-N-monomethylethanol-
amine; DPP(Me)E, dipalmitoylphosphatidyl-N,N-dimeth-
ylethanolamine; DPPC, dipalmitoylphosphatidylcholine.

toylphosphatidyl-N-monomethylethanolamine [DPP-
(Me)E] and dipalmitoylphosphatidyl-N-dimethyleth-
anolamine [DPP(Me),E] are studied and compared
with those of monolayers of dipalmitoylphosphati-
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dylethanolamine (DPPE), dimyristoylphosphatidyl-
ethanolamine (DMPE), and dipalmitoylphosphati-
dylcholine (DPPC).

The BAM images of Figure 25 demonstrate how
the chirality affects the domain texture in equilibri-

DPP(Me)E

DPPC

Figure 25. Effect of the headgroup variation of chiral
phospholipids on the texture of the equilibrium domains.

um. The properties of the condensed phase domains
of DPP(Me,)E and DPP(Me)E are between those of
DPPC and DPPE or DMPE. In nonequilibrium,
fractal-like or dendritic domains are formed depend-
ing on the compression rate. The fractal-like domains
of DPP(Me),E or DPPC do not reflect chirality as they
are grown obviously too far from the equilibrium,
whereas the dendritic domains of DPP(Me)E and
DPPE are specifically curved, indicating the influence
of chirality. However, in the racemic mixtures of
phospholipids, for example, in bL-DPPE monolayers,
straight dendritic arms are observed. The absence of
a curvature in the dendritic arms of racemates points
out that the curvature is an effect of the chirality and
not a characteristic of the observed texture.
Compact phospholipid domains can be obtained at
very low compression rates or as a result of a long-
time shape relaxation after the monolayer compres-
sion has been stopped. Under these conditions close
to the equilibrium, chirality affects the domain
texture in a different way, but always curvatures
corresponding to the enantiomeric forms are observed
in the domain texture. Enantiomeric DPPC domains
form triskelions with curved arms and a remarkable
continuous change in the orientation within the
arms. It is interesting to note that domain shapes
with noncurved arms are formed in monolayers of
the racemic pL-DPPC mixture.?* Compact domains
subdivided into segments by curved lines at which
the orientation jumps are observed in enantiomeric
L-DMPE monolayers. In the compact L-DPP(Me,)E
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domains the orientation changes by 360° around a
point inside or at the edge of the domain, and no jump
in the orientation is observed.

Growth of chiral domains in DMPA monolayers
containing 1 mol % cholesterol is observed.®® The
shape is spiral. The domain shape is dependent on
pH. lonic strength and pH are controlled by the
addition of NaCl and NaOH, respectively. The lipid
spirals are observed at a narrow range of pH ~11.
At lower pH (~10.5) the spirals convert into coffee
bean shapes. These effects are suggested to be related
with the increase or decrease in the electrostatic
forces, which lead to a change in the boundary/area
ratio. It is argued that the lipids have an excess
charge or a dipole moment normal to the surface and
the surface electrostatic repulsion is driving the thin,
elongated shape. The line tension competes to reduce
the boundary line, and the effect of cholesterol is to
decrease the line tension, thereby favoring the elon-
gated shape. Clearly, the formation of spiral shapes
is additionally driven by the chirality of the mol-
ecules.

The role of the headgroup size and the concomitant
symmetry in crystalline domains responsible for a
given domain shape inDMPA monolayers containing
1 mol % cholesterol is also studied.®® DMPA at high
pH has a double-charged headgroup, which expected
to occupy a large area. In condensed monolayer
phases the alkyl chains are tilted. In this respect the
arrangement of the molecules is similar to that of
DPPC monolayers. It is suggested that the symmetry
is reduced from hexagonal symmetry as observed in
lipids with small headgroups and the domain shape
becomes elongated rather than symmetric.®® Such
elongation is not to be expected when the chain tilt
is small or zero. This is the case for the DMPA
monolayers with cholesterol at pH 8 and DMPE
monolayers with cholesterol. On the basis of this
proposition, the formation of the elongated domain
shape is essentially driven by the chain tilt, which
in turn can be controlled by the presence of ions in
the solution. It is also indicated that the effect of
chirality is to bend the elongated domain. The pos-
sibilities of chiral diffusion or the specific molecular
interactions like those between CO and phosphate
groups are suggested to be the reasons for such
bending. The permanent dipole moment in the head-
group region has an in-plane dipole moment, which
slightly deviates from the preferred growth direction
of the crystal (presumably the X direction) due to the
asymmetric arrangement of the headgroups. The
asymmetric arrangement of the headgroups should
cause the molecular arrangement to change from
rectangular to trapezoidal shape. As a result, the
neighboring molecular dipoles would be nonparallel
and have a nonzero angle between them with respect
to the preferred growth direction.

In many experimental studies on the morphology
of lipid monolayers, added substances are present,
which could have substantial influence on domain
morphology. Cholesterol is an important constituent
of biological membranes, and studies on lipid mono-
layer structure and phases are often made including
cholesterol as one of the components. One important
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reason to include cholesterol in such studies is to
understand the lipid distribution and interaction in
biological membranes. Due to the chirality of the
cholesterol molecule, the results of the structural or
morphological studies in such two-component sys-
tems (containing an amphiphilic component and
cholesterol) are difficult to interpret unambiguously.
Explicitly, it is difficult to conclude whether any
observed morphological feature is arising from the
amphiphile or the added substance. The effect of
cholesterol on monolayer packing properties of DPPC
and 1-palmitoyl-2-oleoylphosphatidylcholine (POPC)
was studied.®* The introduction of cholesterol to these
monolayers decreased the average molecular area
occupied by the phosphatidylcholine molecules by
inducing the order into the acyl chain. The effect is
more prominent in DPPC than in POPC monolayers.
The closer packing of the alkyl chains in the presence
of cholesterol could drive stronger chirality-depend-
ent interaction compared to the monolayer where the
cholesterol is not added. It is, however, unclear
whether this condensing effect triggers the stronger
chiral shapes in the presence of cholesterol or not.

Chiral features of monolayers of amphiphiles con-
taining headgroups other than amino acid, glycerol,
and phospholipids are studied using optical tech-
niques. Epifluorescence microscopic studies of the
chiral and achiral imidazole containing amphiphlic
monolayers have been performed.® The achiral com-
pound develops dark dendritic domains in the LC
state. On the other hand, the monolayer composed
of the enantiomeric compound develops dendritic
domains, which are curved in a specific direction. The
domains of the S-enantiomer are curved in a coun-
terclockwise direction, whereas the domains of the
R-enantiomer are curved in a clockwise direction.
Fractal-like shapes are observed in monolayers of the
racemic compounds. The R-domains have very fine
branches at 20 °C with mostly 6-fold rotation sym-
metry. The branches become thick and the interface
becomes smooth by lowering the temperature to 15
°C. The number of sidearms is reduced, but the effect
of chirality is observable. After 12 h, the domains
have a circular shape. However, fractal-like domains
without any specific curvature are formed in mono-
layers composed of enantiomeric molecules contain-
ing ZnSOq, in the subphase.

Optical studies in the monolayers draw our atten-
tion to the fact that in many cases macroscopic
methods such as the 7—A isotherm measurements
fail to detect the chirality effects present at meso-
scopic or microsopic level. A bewildering variety of
inner structure can be observed in domains composed
of different classes of molecular structure also clearly
revealed by BAM. The outer shape and some inner
structural features of the domains observed in con-
densed phase monolayers in the liquid condensed
phase are shown in Table 1 as observed by optical
techniques. The inner structural features are indica-
tive of different molecular orientation as discussed
in detail in section 3. The handedness of domain
curvature is also indicated in the table when such
data are available.
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Table 1. Outer Shape and Some Inner Structural Features of the Domains Observed in Condensed Phase

Monolayers As Observed by Optical Techniques

amphiphile

outer shape of the domain

inner structural features and
handedness (if any)?

1-monopalmitoyl-rac-glycerol (i) disk shape

(ii) cardioid shape

1-stearylaminoglycerol filigree texture

imidazole surfactants dendritic domains

dimyristoylphosphatidic acid

(i) mostly 7 segments, no variation of
azimuthal projection within a
segment

(ii) <7 segments*®

clockwise curvature for R (+),
counterclockwise
curvature for S (—); racemic has no
specific handedness*’

clockwise for R, counterclockwise
for S; no specific sense for racemic
(fractal--like domains)®8

strongly curved spirals at higher pH (~11)

and dendritic shape at lower pH (~8)8°

dipalamitoylphosphatidylcholine

triskellions with all arms curved in one
specific direction for enantiomers

counterclockwise for p- and clockwise
for L-enantiomer24b146

and racemic domains without

any curvature
dimyristoylphosphatidylethanolamine

4-hexadecyloxybutane-1,2-diol (HOBD)

5- and 8-fold domains; segment boundaries
are bowed in a specific direction
polygonal-shaped domains with curved arms  clockwise for S-enantiomers®®

clockwise for L- and counterclockwise
for p-enantiomer?+a

aThe inner structural features are indicative of different molecular orientations as discussed in detail in section 3. The
handedness of domain curvature is also indicated when such data are available.

Several questions based on these observations are
raised: (i) How do only small changes in molecular
chirality (by inducing small structural change) of the
amphiphile cause significant changes in domain
shape and inner structure? (ii) How could the outer
domain shape be curved in the absence of mutual
intermolecular orientation? Although detailed an-
swers to such questions are yet to be provided, the
results of BAM clearly point out the decisive role of
molecular chirality in determining the molecular
orientation and the resultant domain shape.

4. Experimental Results Obtained from Grazing
Incidence X-ray Diffraction (GIXD) Measurements
in Chiral Monolayers

Both X-ray and neutron beam techniques are
employed to study the molecular organization of
monolayers at the air—water interface. Extensive
literature on various techniques is available.?593%
Specular reflectometry using X-rays or neutron beams
probes the electron density or the neutron scat-
tering length density profiles normal to the inter-
face. The GIXD technique probes the molecular
order in crystalline surface films (Figure 26).25:26:97
X-ray beams obtained from synchrotron radiation
facilities are employed for this purpose. The beam is
incident on the surface at a very small angle (~0.1°)
and, thus, background scattering is avoided. The
beam undergoes total reflection, and only a part
penetrates into the subphase. The scattered radiation
is detected, and the periodicity of molecular arrange-
ments gives rise to the peaks in the scattered
intensity.

The diffraction patterns obtained from the GIXD
studies are always averaged over all domain orienta-
tions in the monolayer plane. As a result, whereas
the vertical out-of-plane component, K,, of the mo-
mentum transfer vector K is separately measur-
able, the two in-plane components (perpendicular to

Ka), K« and Ky, are not separately measurable. Only
the combination K, = (K« + K)¥? is measurable.
Thus, the orientation of the projection of the molec-
ular segment, giving rise to the chirality with re-
spect to any particular axis, is impossible to obtain
from GIXD data. The first-order peaks correspond
to the distance between the neighboring molecules
and are the most intense reflexes. When only one
value of the in-plane component, K,y, is available,
it indicates an equal separation between neigh-
boring molecules and corresponds to the hexagonal
packing. Two and three distinct values of K,y cor-
respond to the rectangular and oblique unit cells,
respectively. Thus, important lattice information
about the monolayer system can be obtained from the
GIXD studies. It is important to note that only a
translation or a glide having a plane perpendicular
to the water surface is the symmetry element com-
mon for amphiphilic monolayers at the air/water
interface.?®

An oblique structure composed of enantiomeric
molecules in a monolayer system is chiral due to the
lack of a mirror or glide plane. However, due to a
reduction in crystal symmetry, an oblique lattice can
incorporate both enantiomeric forms. This reduc-
tion is detectable by minor differences between the
GIXD patterns of the enantiomeric and racemic
packing arrangements. The observation of an oblique
structure is thus possible for homochiral racemic
mixtures when two enantiomers separate into o and
L isomers. This is an event of spontaneous chiral
segregation, which we discuss in the next section.
Also, achiral molecules can form chiral lattice struc-
tures if the tilt or distortion occurs in a direction
intermediate between nearest neighbor (NN) and
next nearest neighbor (NNN). Thus, both chiral and
achiral molecules can pack in crystalline forms
that are mirror images of one another. On the other
hand, a chiral molecule, which develops chiral do-
mains in a condensed phase (oriented with a specific
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Figure 26. Principle of GIXD measurements (top) and
experimental setup (bottom) of the diffractometer at the
beamline BW1 (X-ray synchrotron source at Hasylab,
Hamburg) for studying of Langmuir monolayers. The
diffracted beam is detected with a position sensitive
detector (PSD).

handedness), can have a centered rectangular (non-
chiral) unit cell.®8 It is also to be noted that the local
packing determined for a mesophase cannot be
straightforwardly extended to the long-range scale
because of finite positional correlations in such
phases, unlike crystalline phases.?® Explicitly, the
symmetry of the molecule arrangement over a few
intermolecular distances may not coincide with the
long-range symmetry of the monolayer. Conse-
quently, care must be taken to use the data obtained
from the GIXD studies to interpret the long-range
correlations present in monolayers. It is also impor-
tant to note that the specific polar direction (normal
to the interface) in the monolayer system couples the
molecular chirality and the chain tilt. Thus, the
various values of the tilt azimuth observed in mono-
layers play a role in the formation of mesoscopic
domain shapes.?®
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4.1. Amphiphiles Containing Amino Acid or Acid
Amide Headgroups, Each with a Single Chiral
Center

Interesting GIXD studies were performed with
amino acid amphiphiles of the general formula
RHC(NH3;")COO~ monolayers on water and glycine
solution.?®1% The R groups used are of two types:
R = CyHzns1—, n = 10, 12, or 16, and R =
CnHzny1CONH(CH),—, n = 11, 17, or 21. GIXD
studies were carried out in both enantiomeric and
racemic monolayers on water and on glycine solution.
According to their chiral nature, the enantiomeric
monolayers of both types of amphiphiles form an
oblique lattice, whereas different lattice types were
observed for the two homologous series. The racemic
CnH2n+1HC(NH3")COO™ monolayers form rectangu-
lar lattices, whereas the racemic C,Hzn+1CONH(CH,)4HC-
(NH3")COO~ monolayers have oblique lattices. Gen-
erally, there are two possibilities for the monolayers
of the racemic mixtures. In the case of homochirality,
they can separate spontaneously into islands of the
two enantiomeric forms in which the molecules are
related only by translation symmetry or in the case
of heterochirality they form a racemate in which the
molecules are related by glide symmetry. Usually,
long aliphatic chains C,H,,+1— tend to pack in the
herringbone motif generated by glide symmetry.
Therefore, it was the idea of the authors that the
molecule requires an additional functional group that
will promote translational packing only. In the case
of racemic C,Hyn+1HC(NH3")COO™~ monolayers the
rectangular unit cell related by glide in a herringbone
arrangement of the chains indicates heterochirality.
The herringbone arrangement generated by glide
symmetry prevents the formation of favorable inter-
molecular N—H---O=C bonds, which should induce
the translation motif. However, in the case of the
racemic C,Hz,+1CONH(CH3)4HC(NH3;")COO™ mono-
layer a GIXD pattern was obtained indicative of an
oblique unit cell with translation symmetry only.
Now the N—H---O hydrogen bonding of the amide
groups along a 5 axis complemented by the
N—H---O network of the "HzNCHCOO™~ moieties
induces the spontaneous separation of the racemic
mixture into homochiral domains of opposite handed-
ness.

Monolayers of chiral N-alkanoylamino acid am-
phiphiles of the type R—CO—N—-CH(R;)—COOH or
R_CO_N_CH(R]_)_COOCH3 [R = C15H31; R]_ =
—CHj3;, —CH,OH, —CH,COOH, or —CH(OH)—CHj3]
are further interesting candidates for systematic
studying of chiral effects.

According to the 7—A isotherms and the domain
morphology, most of the monolayers of the N-al-
kanoylamino acid amphiphiles indicate homochiral-
ity; that is, interaction between the same enanti-
omers is preferred in comparison to the interaction
between the two different enantiomers. Conse-
guently, chiral segregation may be expected. There-
fore, GIXD measurements have been performed for
the enantiomers and 1:1 racemic mixtures of mono-
layers of a series of N-alkanoylamino acid am-
phiphiles. In agreement with foregoing arguments
the enantiomeric monolayers show an oblique lattice
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Table 2.
A. Lattice Structure Data of Different N-Alkanoylamino Acid Amphiphiles?
T(0 a(d b (A) v (deg) Ay (A2 W (deg) t (deg) Ao (A?) td
N-Palmitoylalanine, pH 3
1 mN/m (p) 20 4.932 5.679 104.35 27.13 87 +3 46 18.9
25 mN/m (p) 20 4914 5.635 104.55 26.80 87 +3 46 18.7
1 mN/m (bL) 20 4.932 5.679 104.54 27.11 87 +3 45 19.1
25 mN/m (pL) 20 4.922 5.636 104.78 26.83 87 +3 45 19.0
Palmitoylserine Methyl Ester
7 mN/m (L) 18 4.899 5.875 104.6 27.9 86 47 19.1
20 mN/m (L) 18 4.891 5.863 104.5 27.8 86 46 19.1
18 mN/m (pL) 18 4.903 5.938 104.9 28.2 86 47 19.3
Stearoylserine Methyl Ester
10 mN/m (L) 24 4.894 5.851 104.7 27.71 86 48 18.4
20 mN/m (L) 24 4.889 5.839 104.8 27.60 86 48 18.4
10 mN/m (pL) 24 4.908 5.964 105.2 28.23 86 49 185
20 mN/m (pL) 24 4.894 5.851 104.7 27.71 86 48 18.4
N-Palmitoylaspartic Acid, pH 3
27 mN/m (L) 20 4.984 5.235 115.62 23.53 88 313 20.1
27 mN/m (pL) 20 4.982 5.236 115.64 23.52 88 30.4 20.3
20 mN/m (pbL) 5 5.078 10.360 26.3 42 194 NNN
30 mN/m (pL) 5 10.258 25.7 41 19.3 NNN
B.1. Data of the Lattice Structure of S-(—)-1-Stearylamine Monoglycerol Monolayers at 20 °C?
7t (MN/m) a(A) b (A) y (deg) t (deg) Ay (A2 Ao (A2) td Ya (deg) d
1 5.22 5.57 104.6 46 28.1 19.7 60.2 0.292
10 4.98 5.35 112.7 36 24.5 19.9 74.7 0.162
25 4.93 5.19 117.4 28 22.7 20.0 85.1 0.078
30 4.91 5.05 118.1 24 21.9 20.0 85.0 0.049
35 4.89 5.00 119.2 19 21.3 20.0 NNN 90 0.031
B.2. Data of the Lattice Structure of 1:1 Racemic 1-Stearylamine Monoglycerol Monolayers at 20 °C2
7 (MN/m) a(A) b (A) t (deg) Ay (A2 Ao (A2) td d
1 6.36 8.49 43 27.0 19.9 NN 0.256
5 4.83 10.21 36 24.7 19.9 NNN 0.196
10 5.00 10.00 35 25.0 19.9 NNN 0.143
35 4.91 8.58 18 21.0 19.9 NNN 0.0996

aa, b, and y are lattice constants, t is polar tilt angle, A,, is molecular area, Ao is cross-sectional area of alkyl chain, W is the
angle between azimuthal tilt direction and a-axis, td is tilt direction, T is temperature; v, is the angle between azimuthal tilt

direction and a-axis; and d is distortion.

indicated by three reflexes in the contour plots.?> For
the two enantiomeric forms, the same lattice struc-
ture must be expected. For the case of instantaneous
chiral segregation, also the same lattice structure
should be found because the racemic mixture sepa-
rates spontaneously into two-dimensional islands of
the two enantiomers of opposite handedness. In Table
2A the structure data of different monolayers of
N-alkanoylamino acids or N-alkanoylamino acid es-
ters (N-palmitoylalanine, N-palmitoylserine methyl
ester, N-stearoylserine methyl ester, and N-palmi-
toylaspartic acid) are listed. These chiral amphiphiles
show oblique lattices and agreement between the
lattice data of the enantiomeric and racemic mono-
layers. They demonstrate, thus, spontaneous chiral
segregation at room or higher temperatures.
Consequently, as in all other examples, the GIXD
patterns of the enantiomeric N-palmitoyl-L-aspartic
acid and their 1:1 pL-racemic mixture measured at
subphase pH 3 and 20 °C are identical (Figure 27,
left). However, in the case of palmitoyl-pL-aspartic
acid, the situation is changed at low temperatures.
According to the GIXD pattern obtained at 5 °C
(Figure 27, right), the racemic mixture crystallizes
in a rectangular lattice with tilt of the molecule
chains toward the NNN direction. There exists obvi-

ously weak orientation- and distance-dependent in-
teraction due to the chiral structure of the molecules
between the two enantiomeric forms leading to chiral
discrimination only at low temperatures. This be-
havior suggests that increasing thermal movements
of the molecule axes prevent the chirality-dependent
interaction between the different enantiomers. This
is confirmed by the differences in the cross section
area Ao of the alkyl chains of the racemic mixtures
at different temperatures. As seen in Table 2A, at T
= 27 °C and Ay = 20.3 A2/molecule for 7 = 27 mN/m,
whereas at 5 °C Ay = 19.3 A2molecule for a similar
pressure of 7 = 30 mN/m.

A comparison of the packing arrangements of the
three types of amino acid amphiphiles discussed here
(Figure 28) demonstrates that the subtle interplay
between the relative contributions of the molecule
moieties is complicated for determining whether a
racemic mixture segregates into two-dimensional
islands of the two enantiomers or forms real race-
mates with preferred interaction between both enan-
tiomers. The problem of spontaneous chiral segrega-
tion is further discussed in section 7.

The influence of chirality on the morphology of
TDHPA containing an acid amide bonding within the
headgroup is studied using GIXD.*?" The results of
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Figure 27. GIXD patterns for N-palmitoylaspartic acid
monolayers on subphase pH 3 in the form of two-
dimensional intensity contour plots: (a, top) identical
oblique lattice of the L-enantiomers and the 1:1 racemic
mixture at 20 °C; (b, bottom) rectangular lattice of the 1:1
racemic mixture at 5 °C.

the 7—A isotherms and the BAM results are dis-
cussed in sections 2 and 3, respectively, for this
system. The GIXD studies at surface pressures in the
range of 9—30 mN/m show three typical peaks at
almost the same position for the enantiomers and the
racemates. Three peaks are indicative of an oblique
lattice for both enantiomeric and racemic monolayers
with the tilt direction of the alkyl chains very close
to the NN direction. It is also observed that with
increasing surface pressure the area of the unit cell
and the tilt angle of the alkyl chains decrease only
weakly, and this could be due to the strong coopera-
tive hydrogen bonding between the amide groups of
the molecules, which conserve the crystal structure.
The oblique lattice structure, polar tilt angle, and
azimuthal projection of the alkyl chain do not depend
on the chirality of the molecule concerened. This
emphasizes the fact that strong hydrogen bonds can
dominate the effects of chirality even in the con-
densed state (where chirality-dependent interactions
are most prominent). This is further supported by the
fact that the positional correlation length is aniso-
tropic for both the racemate and the enantiomers. It
is also pointed out that the lattice constants and the
unit cell area of the racemates are significantly
smaller than the corresponding values of the enan-
tiomers. This indicates a denser packing of the
racemic monolayer corresponding to weak hetero-
chiral interaction. Note that the chiral discrimination
is convincingly observed in BAM studies (section 3).
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Figure 28. Arrangements of amino acid amphiphiles of
the types +H3NCH(CnH2n+1)COO*, CrH2n+1CONHC4HgCH-
(NH3")COO™, and CH2,+1CONHCH(CH,COOH)COOH at
the water—air interface on the basis of molecular struc-
tures calculated by force-field methods. The chain tilt and
the intermolecular distances correspond to the results
from the GIXD measurements. The chain lengths were
chosen arbitrarily. N and O atoms are drawn black, and
0--H—N-C=0--H hydrogen bonds are indicated by thin
lines.

4.2. Amphiphiles Containing a Glycerolic
Headgroup with a Single Chiral Center

Lattice structures of 1-monopalmitoyl-rac-glycerol
monolayers and its L-enantiomer are studied using
GIXD.?”® The domains have a 7-fold substructure,
which transforms into a 6-fold substructure on com-
pression, as discussed in a previous subsection.®? The
projections of the chains on the surface form a
centered rectangular lattice with the tilt azimuth
parallel to the a axis at 20 °C. It is reasonable to
assume that some of the low index directions possess
low defect line energy for a jump of the orientation.
A low index lattice row possesses a larger number of
lattice points per length, so it is expected to be
favored for the jump of the molecular orientation, and
the segment borders are pointed along these direc-
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tions. It is interesting that the diffraction data (as
well as BAM images) are identical for enantiomeric
and racemic monolayers. Why and under which
conditions the headgroup chirality of the enantio-
meric monolayer allows a rectangular symmetry is
not clear.

Additional combined GIXD and BAM studies on
the chiral discrimination in the racemic and enan-
tiomeric monoglyceride monolayers are performed in
a later study to obtain first information on the chain
length effect.1®® Here monolayers of the homologous
monostearoylglycerol with a longer alkyl chain at 20
and 5 °C are studied. Again at 20 °C an influence of
chirality was not observed; that is, a rectangular unit
cell for both the racemic and the enantiomeric forms
is observed. However, at the low temperature (5 °C)
chiral discrimination was clearly demonstrated by
the GIXD results combined with BAM. At 5 °C, the
enantiomeric momolayer has an oblique lattice of the
alkyl chains at the investigated surface pressures,
which is expected for a chiral lattice structure. On
the other hand, the monolayer of the racemic mixture
shows at this temperature a phase transition be-
tween 6 and 12 mN/m that was identified by GIXD
by a transition of a rectangular lattice with NN tilt
direction to that with NNN tilt direction and by BAM
by visualizing the change in the tilt azimuth. These
results suggest that the temperature influences the
chiral discrimination of monoglyceride monolayers.
The influence of the temperature on the chirality is
qualitatively explained by the assumption that at
higher temperatures the thermal motion of the
headgroups prevents orientation- and distance-de-
pendent interaction due to the chiral structure of the
molecules and the lattice can adopt a rectangular
structure. This is corroborated by the chain cross
section of ~20 AZmolecule at 20 °C, characteristic
for the free rotator phase of alkanes. When the
temperature is decreased, the thermal motion is
reduced, so that the chain cross section is reduced to
19.3 A2/molecule at 5 °C. The denser packing at lower
temperatures allows the more specific chirality-
dependent interactions.

To understand in greater detail the reason for the
temperature effect observed in this work on the chiral
discrimination of monostearoylglycerol monolayers,
a systematic comparison of the phase and lattice
features of the racemic 1-stearoyl-rac-glycerol (R-GI)
and enantiomeric 3-stearoyl-sn-glycerol (E-GI) was
performed.** The surface pressure—temperature dia-
grams demonstrate that three phases occur both in
the enantiomeric E-GI (Figure 29) and in the racemic
R-GI monolayers (Figure 30) but with completely
different proportions of the single phases and phase
transition pressures. Consequently, chiral discrimi-
nation can be clearly seen.

The oblique intermediate (1) phase characteristic
for a chiral lattice occurs both in the enantiomeric
E-Gl and in the racemic R-GI monolayer with a chain
lattice and a chain tilt in a direction between the NN
and NNN phases of the rectangular centered lattice.
The NN — NNN phase transition splits in two
successive NN — I and | — NNN transitions. Whereas
the NN — | transition occurs abruptly, the | — NNN
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Figure 29. Surface pressure—temperature diagram of the
enantiomeric 3-stearoyl-sn-glycerol monolayer.
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Figure 30. Surface pressure—temperature diagram of the
racemic 1-stearoyl-rac-glycerol monolayer.

transition takes place continuously. In both the
racemic R-Gl and the enantiomeric E-Gl, the NN —
I transition begins at 5 °C at zero pressure and
changes linearly to higher pressures with increasing
temperature but with a stronger slope for R-GI. The
proportions of the | phase are very different for both
forms. Symmetry splitting in the racemic R-GI mono-
layer occurs only at low temperatures in a small
pressure region (Figure 28), so that the | phase was
overseen in previous work. At 20 °C already, the |
phase disappears in the racemic monolayer and a
direct NN — NNN transition takes place. On the
other hand, in the enantiomeric E-GI monolayers the
I phase exists over a broad pressure range at all
temperatures, but at low temperatures it is so
dominant that at 5 °C it was found over the whole
accessible pressure range (Figure 29).
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The lattice structure of the 1-stearylamine mono-
glycerol monolayers is also affected by the chirality
of the molecules.*”1°1 The enantiomeric monolayers
have an oblique lattice, in which the tilt direction
changes continuously from angles nearly toward the
NN direction to angles nearly toward the NNN
direction upon compression. In contrast, the con-
densed phases of the racemic mixtures give rise to
rectangular-centered lattices. Here a phase transition
occurs that is accompanied by a change in the tilt
direction from NN at 1 mN/m to NNN at 5 mN/m.
Both the enantiomeric monolayers and their racemic
mixtures have highly tilted molecules at low surface
pressures. Details of the lattice data of both forms
are listed in Table 2B. In agreement with the filigree
domain structure observed by fluorescence micros-
copy, low ordering of the alkyl chains can be con-
cluded from low position correlation. In Table 2B.1
are shown data of the lattice structure of S(—)-1-
stearylamine monoglycerol monolayers at 20 °C. In
Table 2B.2 are shown data of the lattice structure of
1:1 racemic 1-stearylamine monoglycerol monolayers
at 20 °C.

Similar chiral discrimination effects on the lattice
structure are found in the condensed phases of the
monoglycerol ethers that also give rise to oblique
lattices in the enantiomeric monolayers and rectan-
gular lattices, having depending on temperature an
abrupt NN to NNN transition at medium surface
pressure between 15 and 20 mN/m, in the racemic
mixtures!®?. Racemic and enantiomeric 1-hexadecyl-
glycerol monolayers are investigated using GIXD at
5 and 20 °C. The lattice of the racemate is centered
rectangular at all pressures investigated at both
temperatures. With increase in the surface pressure
a NN to NNN phase transition takes place at both
temperatures. The pure enantiomer, on the other
hand, exhibits an oblique lattice at all temperatures.

4.3. Amphiphiles Containing a Phospholipid
Headgroup with a Single Chiral Center

An oblique lattice is observed in both enantiomeric
and racemic monolayers!® of DPPC. It was suggested
that the oblique lattice structure in DPPC is due to
orientational ordering of the glycerol backbone, which
links the two chains, at an oblique angle. On the
other hand, only the enantiomeric monolayer of
DPPE exhibits asymmetric lattice structure.l It is
assumed that the hydrogen bond network in the
headgroup region in enantiomeric DPPE is one-
dimensional (along the b axis), whereas, in racemic
DPPE the network is extended in two dimensions.

Phospholipids with more complicated chemical
structures such as triple-chain phospholipid mono-
layers of enantiomeric and racemic 3-O-hexadecyl-
2-(2'-hexadecylstearoyl)glycerol-sn-1-phosphocho-
line and racemic 1-O-hexadecyl-2-(2'-hexadecyl-
stearoyl)glycerol-3-phosphocholine are investigated
by X-ray diffraction in the temperature range of 5—25
°C.*8 The contour plots of the X-ray intensities as a
function of in-plane component and out-of-plane
component of the scattering vector of the enantio-
meric monolayer show that molecular tails are ar-
ranged in a nonsymmetric direction, showing a lack
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of mirror symmetry in the lattice arrangement.
Deviation from the rectangular unit cell due to the
presence of a chiral carbon atom is completely sup-
pressed at higher lateral pressures, at which a
centered rectangular unit cell is found. The tails are
tilted in the NN direction for both the enantiomer
and the racemate. The chain tilt angle also decreases
with increasing pressure. Three chains require more
cross-sectional area than that required by the head-
group and determine the packing at higher surface
pressures. The spacing between the chiral carbon and
the trimethylammonium group is larger than two
lattice spacings. Consequently, for parallel orienta-
tion of the headgroup to the surface, local interaction
between the headgroups is suggested to couple the
headgroup with the lattice arrangement of the tail.
It is suggested that the long-range interactions
between the distributed charges in the headgroups
of the chiral molecules gives rise to an interaction
which is chiral in nature and may drive the formation
of chiral shape. It is also pointed out that short-range
orientation- and distance-dependent interaction be-
tween the headgroups is possible provided the head-
groups are regularly arranged.?®

4.4. Mixture of Amphiphiles Containing Acid and
Amine Headgroups, Each with a Single Chiral
Center

The diffraction characteristics of the unit cells of
different mixtures of p-pentadecylmandelic acid
(MA) and p-tetradecylphenylethylamine (PEA) such
as (R-MA, R-PEA), (R-MA, S-PEA), and (R,S-MA,
R,S-PEA) are investigated.'%®1%7 In this study, the
acid—base interactions involving two different chiral
molecules are used to induce chiral segregation. The
unit cell area contains two long-chain molecular units
corresponding to one acid and one amine molecule,
and they are symmetry independent. The integrated
intensities and positions of the Bragg peaks and the
shapes of the corresponding Bragg rods are different
for the R,R' and R,S’ mixtures (here, R and S cor-
respond to the absolute configurations of MA and
R' and S’ correspond to the absolute configura-
tions of PEA). Those characteristics of R,S,R',S" are
almost identical with the same characteristics of
R,R’. Considering the highly crystalline state of the
monolayer, it is possible that the R,S,R',S" mixture
separates into domains of R,R’- and S,S'-enanti-
omers. The details of the chiral discrimination effects
of these systems are discussed in section 7. Different
compositions such as (R,0.5R’,0.5S") and (0.5R,0.5S,R’)
are also investigated. The diffraction pattern of
(0.5R,0.5S,R") is similar to that of (R,R’). There is only
one crystalline phase, and it is concluded that
(0.5R,0.55,R") is isomorphous with (R,R’) but half of
the R sites are occupied by its mirror image isomer.
The diffraction pattern of (R,0.5R’,0.5S') combined
two overlapping GIXD patterns characteristics of
R,R" and S,S' phases. This indicates that enantio-
morphous domains are of the composition ([(1 — x)-
R,xS],R) and ([(1 — x)S,xR],S'), where x is the
fraction of MA within R,R' and S,S' domains. Further
support of chiral disorder is obtained from the cor-
responding three-dimensional crystal analysis.
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GIXD studies of heneicosanoic acid (C,;) acid
monolayer at near zero surface pressure and at 9° C
showed that within the pH range from 7 to 9, the
lattice structure is chiral (oblique) in the presence of
cadmium ions.'%8 Chiral structure is not observed
below or above this pH range and in the absence of
cadmium ions. The chiral structure is destroyed at
higher temperatures. The authors suggest that a
layer of a larger ionic complex is formed only in this
pH window in the presence of cadmium ions. How-
ever, conclusive evidence of the formation of such a
layer of complex is yet to be confirmed.

Lattice structures of enantiomeric and racemic
monolayers of HOBD are investigated using GIXD.8
The racemates exhibit a rectangular unit cell in
contrast to the oblique structure of the pure enan-
tiomer or a nonracemic mixture. This indicates the
strong influence of the chiral center above the transi-
tion pressure. The racemate undergoes a transition
between two rectangular centered phases, which
differ by the tilt direction of the molecules. In the low-
pressure region, the molecules are oriented in the NN
direction, whereas at high pressures they are tilted
toward the NNN direction. The NN to NNN tilt
direction jump occurs at a transition pressure. The
obligue to NNN transition in enantiomeric as well
as in monolayer with a mixture of unequal amounts
of enantiomers occurs continuously. At higher pres-
sures both the racemic and enantiomeric monolayers
exhibit the same NNN phase. The authors concluded
that the influence of chiral center is suppressed at
higher pressure.

Different GIXD studies of monolayers of am-
phiphiles without any asymmetric carbon atom re-
vealed that oblique lattice structures indicating a
chiral phase could be formed. For example, arachidic
acid monolayers often used as a model show a chiral
phase in which the molecular tilt is intermediate (1)
and is between the NN and NNN directions.'%8® The
intermediate tilt breaks the chiral symmetry. Similar
to the results presented before for monostearoylglyc-
erol monolayers, the I — NN transition is with a 60°
change in the tilt direction, whereas the | — NNN
transition is continuous.

Consequently, the GIXD studies in various am-
phiphilic systems indicate the presence of chirality
at the lattice structure level. On the other hand, we
observed chirality at the domain structural level,
which is many times larger than the lattice dimen-
sion. Chirality-dependent interaction is operative in
closed packed arrangement between successive neigh-
bors, and the neighboring chirality-dependent inter-
action again prefers anisotropic molecular arrange-
ments. Consequently, the manifestation of chirality
at different length scales may be different, but the
fundamental natures of the interactions seem to be
alike. Further detailed studies are required in this
direction.

5. Continuum Theories of Chiral Monolayers

In this section we discuss the continuum theories
of monolayers. The microscopic features of the system
present at the molecular length scale are neglected
in this class of theories. In general, Frank free energy
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terms from liquid crystal theories!® (splay, twist, and
bend) are incorporated, and an additional term,
which breaks the chiral symmetry, is incorporated.
The symmetry breaking term is dependent on the
dimensionality of the system. In addition, phenom-
enological terms are incorporated similar to those
involved in Landau theories. In continuum theories
a chiral order parameter is constructed that can
incorporate the chiral features typical of the system.
In these calculations, a vector is representing the
average direction of the molecular tail directed away
from the interface (called a “director”). Other than
specifying the average direction of the tail, no other
molecular features such as individual chemical struc-
ture are considered. Thus, it is not possible to
differentiate one chiral molecule from the other in
this representation.

Domain shapes observed in Langmuir monolayers
are viewed as modulated phases.'*® Many different
physicochemical systems such as magnetic garnet
films, ferroelectric films, type | superconductor films,
membranes and vesicles, convecting patterns, Turing
patterns, and other systems exhibit similar modu-
lated phases. These systems are stabilized by com-
peting interactions such as dipolar repulsion and line
tension at the domain boundary in the case of
Langmuir monolayers. These phases are in general
dependent on temperature and external fields and
are characterized by one or more order parameters,
which could be composition or density in the case of
Langmuir monoalyers. A Ginzburg—Landau-type
free energy functional with relevant order parameter
can bring out several features of these systems.1°

Attempts are made to explain the surface pressure
induced chiral phase separation in monolayers of
racemic amphiphiles at the air—water interface using
the Braggs—Williams theory for binary mixtures. In
these studies, the monolayer was mapped into a
continuum-based curvature—elastic model of a bulk
cholesteric liquid crystal.'*'a¢ The monolayer is
viewed as a film of cholesteric liquid crystal. The
corresponding phenomenological free energy expres-
sion includes the usual splay, twist, and bend terms
and a chiral order parameter, which is given by the
local density fraction of the left- or right-handed
enantiomer introduced to explain the chiral phase
separation. It is shown that below a certain critical
temperature compression can induce chiral phase
separation with a stripe pattern from the racemic
phase.!'!2 In a more recent theoretical study, the
compression-induced chiral phase separation in Lang-
muir films is considered using a similar approach
with consideration of line tension at the chiral phase
separation boundaries.'*'* The chiral phase separa-
tion boundaries are viewed as walls with finite line
tension originated from chiral discrimination.

Structural changes in monolayers of the enantio-
meric and racemic mixture of 1-hexadecylglycerol
with temperature and surface pressure variations are
investigated in the framework of the Landau theory.*?
Enantiomeric and racemic monolayers of 1-hexade-
cylglycerol show a change in tilt azimuth from NN
to NNN direction on compression. However, the
transition in the racemic is first order, whereas that
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in the enantiomeric is continuous. A phenomenologi-
cal free energy expression is used that relates the tilt
azimuth, g, with the mean orientation to the neigh-
bors, vy (the hexatic azimuth) as follows:

F=gcos6(5—y)+gsin6@p—y)

In nonchiral monolayers, the sine term does not exist
(g’ = 0) due to symmetry. This requires that the free
energy must be invariant corresponding to the change
of the azimuths from g to —f and from y to —y. In
this case, the transition from NN (5 = y) to NNN (5
= y + @/6) occurs at a particular surface pressure
(ITo) corresponding to the change in the sign of g. The
minimization of the free energy expression with
respect to the azimuths gives the condition cot
6(8 — y) = g/g’. Assuming ¢’ to be constant, g is
proportional to ITo — IT. With an increase in surface
pressure, the tilt and the hexatic azimuths differ by
angles ranging from 0 to #/6, corresponding to the
observed transition, that is, NN to NNN.

Landau’s theory for uniaxially distorted lattice is
used to explain the chiral phase observed in the
structure of the Langmuir monolayer of eicosanoic
acid in which the molecular tilt is intermediate
(denoted I) between the NN and NNN directions.1%®
The free energy functional predicts a first-order
phase transition from NN to I followed by an | to
NNN transition. Later BAM is used to study the
chiral I phase on an acidic subphase.*'3

The two-dimensional lattice gas theory [Blume—
Emery—Griffiths (BEG) model] is used to study the
chiral preference in Langmuir monolayers.’* An
effective antiferromagnetic coupling represents the
heterochiral preference. An important result of this
study is the proof of the heterochiral preference
observed by Andelman based on the tripodal model
using van der Waals interactions, which will be
discussed in the next section. A cluster variation
analysis of the BEG model was also presented. A
heterochiral effective lattice gas model on the planar
triangular lattice is considered. The choice of the
lattice type is found to be important. However, the
correlation between the lattice structure and the
molecular interaction is yet to be investigated in
detail.

Selinger and co-workers studied the chiral sym-
metry breaking in Langmuir monolayers and smectic
films and resulting defect textures.'®> They used the
following form of free energy functional:1%%2

F= [ dr[("x(vy)’ + Clyty? + (M uy® +
(llz)Kl(VC)2 + (1/2)K3(VC)2 — Ay (ve)]

Here, the two-dimensional tilt director ¢ = (cos ¢,
sin @) is the normalized projection of the three-
dimensional molecular director, n, into the x—y plane.
w(r) is a pseudoscalar-order parameter, which is
coupled with the curl of the tilt director c. The last
term in the equation represents the coupling between
the chiral order parameter and the tilt director.
Numerical minimization of the free energy was
carried out on one- and two-dimensional lattices. The
generated phase diagram includes a uniform chiral
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phase along with other phases such as striped pat-
terns and square lattices. It is pointed out that the
chiral symmetry can be broken by several means in
a Langmuir monolayer. In a tilted hexatic phase, if
the tilt direction is locked at an angle between 0° and
30° from one of the local bond directions, the chiral
symmetry is broken. It is also possible that molecules
might pack in nonequivalent ways to give rise to
symmetry breaking. Furthermore, racemic mixtures
may separate into chiral domains. In a subsequent
paper analytic calculation based on a similar free
energy functional as well as Monte Carlo simulation
are used to study the defect textures due to symmetry
breaking.'%® Two distinct length scales of symmetry
breaking are argued. On the microscopic length scale,
the nonchiral molecules can pack to form chiral
textures. Also, on the longer length scale, the non-
chiral stripes can form chiral spiral patterns. It is
indicated that the former is observed experimentally
in freely suspended smectic films and the latter type
in Langmuir monolayers.

Fischer and co-workers used a Landau theory
based model to study the morphology of Langmuir
monolayers.’'® The model includes a chiral order
parameter of the form 8in[6(6 — ¢)]0)where 6 is the
bond angle and ¢ is the tilt azimuth. The authors
used this free energy functional to predict various
chiral features in the textural motif and in particular
the L phase, where the chiral symmetry is broken. A
Landau free energy functional is also used to explain
the chiral hedgehog textures in thin films.1%’

As mentioned before, despite the simplicity of the
continuum models, it is difficult to follow the molec-
ular origin of the chiral terms included in the free
energy functionals used in such theories. As molec-
ular features are neglected by the use of a featureless
director, such theories fail to predict the wide variety
of chiral features in Langmuir monolayers starting
from first principles. To explain the various meso-
scopic chiral morphologies arising from different
molecular systems, molecular considerations are
necessary, which is discussed in the following section.

6. Molecular Theories of Chiral Monolayers

The molecular theories are most promising to
explain the chirality-induced features of chiral mono-
layers. Experimental results observed in chiral am-
phiphiles using isotherm studies, optical measure-
ments, and diffraction techniques indicate that several
features of the domain shape as well as the underly-
ing molecular arrangement are crucially dependent
on the molecular structure of the concerned am-
phiphile. However, a complete molecular theory or
simulation is difficult to develop due to several factors
such as the complete absence of symmetry of the
molecule, the lack of detailed knowledge of the
structural details of the LE/LC interface at the
molecular level as well as the molecular arrangement
in the underlying subphase, the heterogeneity of the
system, and the large number of molecules present
in a domain. However, despite these difficulties,
several theoretical studies and simulations have
taken this direction, as discussed below.
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A detailed theoretical framework of shape transi-
tion of finite lipid monolayer domains has been
developed in recent years.?377:118-131 The shape tran-
sition is governed by the competition between the
shape-dependent dipolar energy (Fe) of the domains
and the energy of the line tension between the
domains (LC phase) and the surrounding fluid (LE)
phase (F;).%®

F=F,+F,

It was assumed that both the LC and LE phases are
isotropic fluids and sharp well-defined boundaries
exist between the phases. F¢ is expressed in terms
of a double-line integral along the domain perimeter
by an ingenious application of Green’s theorem. The
resulting equation is

F = 2zRn[u? In(e® /4R) + 1]

where R is the radius of a single circular domain of
a total of n number of domains, u is the difference in
dipole density of the phase within the domain and
the phase surrounding the domains (practically, u
equals the dipole moment density of the phase within
the domain), 9 is a distance of the order of magnitude
of the separation of molecular dipoles, and 4 is the
line tension. The minimization of the free energy
functional gives the shape of the domain. The circular
shape of a domain can become unstable with respect
to the symmetry-breaking shape transitions. Shape-
dependent energies of various shapes such as ellipse
and torus are calculated.?377.118-131

The harmonic shapes of various orders are also
calculated by using a slightly modified form of the
equation.13?

F=F,+F,+F,

Fs is the shape-dependent part of the free energy. The
radius of the domain is assumed to be dependent on
the orientation of the radial vector drawn from the
center of the domain (0). The domain shape of the
regularly undulating domains is then characterized

by
R(6) = A[1 + € cos(m6)]

A is the mean radius, ¢ is the relative amplitude of
the undulation, and m is the mode. The equilibrium
shape and the corresponding shape transition are
governed by the relative importance of the electrical
interaction and the line tension.

An exact analysis of the stability in the shape
fluctuations of the circular domain is also available
recently.’® A major difficulty in shape analysis is the
handling of the problem of divergence at zero separa-
tion between the dipoles. A cutoff distance is em-
ployed to avoid this.?377118-131 However, a direct
attack on the area integral involved in the calculation
of the dipolar energy yields the following expression
of the free energy:'33

F= l:0_*— (Zn/R)Zn>OQn |Cn|2
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Fo is the energy of an unperturbed circle. Q is given
by

Q.= A(n” - 1) — 24°[B,(WR) — B (WR)]
and

B (a/R) = 27%? [ cos(ng) do/[(1 + (/R)*/2) —

cos 6 %7

It is possible to incorporate various repulsive interac-
tions such as Coulomb interaction and exponential
interaction in this theoretical framework.

Recently a closed-form solution of the above prob-
lem was developed to avoid the use of integrals or
recursion formula, as used in the previous equa-
tions.'3* The integral representation for the associ-
ated Legendre function of the second kind was
employed to obtain a closed-form solution. Thus,
theoretical works by McConnell and co-workers,
Deutch and co-workers, and Miranda lead together
to the exact solution of the shape transition problem
in lipid monolayers in a closed form. It is expected
that more complicated shape transitions can be
treated under the framework of the above theoretical
treatment. The theoretical studies mentioned above
unambiguously established the fact that the major
forces responsible for the shape transition of the
domain are the line tension at the domain boundary,
which tends to form a compact shape, and the
electrostatic repulsion, which favors an elongated
shape.

A limitation of the previous approach to direct
application to chiral systems is that the characteristic
features of a particular lipid molecule are entering
into the theoretical calculation via parameters such
as the dipole moment (u), the line tension (4), and
the cutoff distance of the neighboring dipoles (o). The
incorporation of the explicit molecular features in this
theoretical framework to study the effect of chirality
of a particular lipid is yet to be worked out.

The origin of chiral shapes in monolayers is dis-
cussed in the literature.?®"" It is suggested that
surrounding the chiral domain the line tension could
be anisotropic, and, thus, the molecules at the solid/
fluid interface are subjected to local forces causing
them to twist. This twist may propagate in the bulk
to give rise to the chiral shape. Another possibility
is that an intrinsic twisting force may be present,
which can develop an intermolecular orientation.
This mutual orientation may propagate in bulk to
give rise to the chiral shape. A simple model of spiral
domain growth is considered to demonstrate the
effect of chirality on the domain shape.”” In this
model the domain growth is assumed to take place
by successive addition of square blocks to the existing
initial structure (at the beginning it could be a thin
rectangle when the electrostatic forces are large). The
addition of a block could take place in two ways: (i)
the molecular director within the added block has the
same direction with its immediate predecessor (no
bending) or (ii) the director of the block is rotated by
90° with respect to the previous one (bending occurs).
The origin of such bending could be the anisotropic
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line tension. In the second way of adding the blocks
(bending allowed), the free energy is higher due to
line tension anisotropy compared to the first way.
Growth takes place in the direction of a minimum
increase in the free energy.

The formation of chiral spirals from a dipalmi-
toylphosphatidic acid monolayer is considered in
another theory.® It is pointed out that the domain
growth in such spiral shapes starts from a logarith-
mic spiral with decreasing angles between directors
present in the adjacent segments. The equation
governing the shape of such spirals is r(¢) =
a exp(bg), where a and b are characteristic param-
eters of the spirals. At large distance the spiral shape
becomes archimedic with nearly the same distance
between the neighboring arms along the perimeter.
The forces considered in calculating the energy of the
domain are (i) the short-range van der Waals-type
attractive force (given by Fjj = a/r’jj, where rjj is the
distance between the ith and jth segments and a is
an adjustable parameter), (ii) an interdomain angle
(¢) dependent force which is used to minimize the
angle ¢ and which gives rise to a torque (Ti,i-1 =
b/eM;, where b is an adjustable parameter and n is
an integer in the range of 3—4 for not too strong
attractive force), and (iii) a repulsive force originating
from electrostatic repulsion (Fjj(dipolar) = cr=#4;).
Excellent agreement between the theoretically ob-
tained shape and the experimentally obtained spirals
suggested that three such forces could describe the
essential features of spiral domain formation. It is
also observed that van der Waals attraction domi-
nates the interaction between nearest neighbors but
is inferior to dipolar repulsion when next nearest
neighbors are considered. Also, the repulsive force
was found to decay rapidly in order to obtain the
crossover between the logarithmic and archimedic
spirals. However, the physical origin of the angular
dependent forces is not discussed. The domain width
is found to be strongly dependent on temperature,
which could be due to an ordering process. The
existence of noncompensating in-plane dipole mo-
ments is suggested to lead to an anisotropic attrac-
tion. This attraction is dependent on the orientation
of the molecules and is, hence, temperature depend-
ent. The attractive contribution may be included as
an angle-dependent force in the theoretical scheme
for the calculation of the shape of the spirals. The
growth of newly crystallized domains from the center
of another domain is also another interesting prob-
lem.®! The interdomain repulsion®~%37 will increase
with increasing domain size, and the radius of the
curvature is expected to increase. In the case of spiral
growth, one can observe the increasing distance
between the spiral arms starting from the inner arm.

An important molecular model for orientation- and
distance-dependent interaction due to the chiral
structure of the molecule is the “tripodal model” 138ab139
In this model, the chiral molecule is assumed to be
composed of a chiral carbon to which four groups are
attached. The tail points toward the air, away from
the air/water interface, and the other three groups
form a tripod toward the interface (Figure 31).
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Figure 31. Schematic representation of the tripodal
amphiphile model:1382.0.139 (top) tetrahedral arrangements
of the p- and L-enantiomers; (bottom) interaction centers
of the tripodal model (projected on the water surface) for
the two enantiomers.

The superiority of this tripodal model over the
continuum representation (molecular director) is that
it is far less abstract and the depiction of the
molecular representation is close to real amphiphiles
at the interfaces. The difference between the second
virial coefficient of the pure enantiomeric monolayer
and the same of the racemic monolayer is proposed
as a chiral discrimination parameter.'3® The calcula-
tion based on Boltzman weighted averaging of mo-
lecular interactions predicts a preferred heterochiral
behavior for van der Waals interactions and homo-
chiral behavior for electrostatic ones. Monte Carlo
simulation was also carried out to study the chiral
discrimination of b- and L-alanine. Homochiral pref-
erence was observed, which is suggested to arise from
the short-range steric interactions. To reduce the
calculational difficulty, rigid tetrahedrally shaped
molecules are also considered as molecular model.
The rigidity in shape reduces the number of degrees
of freedom to 5. In this model, heterochiral preference
is observed for the Lennard-Jones (LJ) potential. It
is also observed that the chiral preference is depend-
ent on the intermolecular separation. At short sepa-
rations homochirality is favored, whereas at larger
distances heterochirality is favored.

It may be noted that a major problem in calculating
the chirality-dependent interaction is the computa-
tional time required for such calculations. Even for
a simple molecule such as alanine, calculations of the
pair potential using an all-atom method can take
days of CPU time with a supercomputer.t3& A
micrometer-sized domain observed in the condensed
phase contains millions of molecules, each of which
contains many groups. Understandably, the detailed
computation of interaction energies for amphiphilic
molecules present within a domain is a formidable
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task. However, model calculations are carried out for
monolayers!3ab and bilayers'*%a® where either the
degrees of freedom of the molecule are restricted or
an effective pair potential has been used to reduce
the computational task.

The model calculations provided important molec-
ular understanding of the chiral domain shape. The
tripodal model is the first model to incorporate the
molecular features of a monolayer in a detailed way.
Another theory developed in recent years considers
the effective pair potential (EPP) between the chiral
molecules. The EPP is calculated from the consider-
ation of the detailed molecular chiral structure. It is
pointed out that the subtle stereogenicity at the
chiral center of a molecule is the driving force for the
chiral features (like specific curvature or handedness)
in the shape of the aggregate composed of the
molecules. The EPP-based theory was originally
developed to explain the origin of the helical structure
formed by chiral bilayers.1#%2 Intermolecular twist
is observed in dense amphiphilic bilayers due to
chirality of the molecules. This twist propagates over
the whole aggregate, and a helical structure is
formed.®® The EPP-based theory is successful in
explaining the molecular origin of the intrinsic bend-
ing force in bilayers.14%ab |t is natural to apply this
concept to study the chirality-driven features in
monolayers composed of chiral molecules (Figure 32).
The wide variety of the domain shapes obtained from
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Figure 32. Schematic representation of the model of chiral
amphiphilc molecule in the EPP model:3940.146 (top) molec-
ular segments of the molecule, present in air and aqueous
subphase; (bottom) a few vectors that show the orientations
as well as the distances of molecular segments of the ith
tail group [t(i)], the jth headgroup [h(j)], and the kth group
of side chain attached to the chiral center [a(k)]. Interac-
tions between all possible pairs of groups are considered.
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different amphiphilic molecules supports the view
that molecular chirality drives the mesoscopic or
macroscopic chiral shape. Thus, it seems possible to
understand the structure of the domain from the
effective interaction potential between the molecules
in the condensed phase of monolayers.

The EPP minimally depends on the distance and
orientation between the groups of the neighboring
chiral molecules (Figure 33). Whereas the EPP

Z

/

N

Figure 33. Schematic diagram showing examples of
different vectors connecting the chiral center to the center
of different groups. Different angles and distances neces-
sary for calculation are indicated. In the figure, a tail group
(t) and its azimuthal projection (o) as well as tilt from the
normal (x) are shown. A headgroup (h) and its orientation
from normal (8) and the intermolecular separation r are
also shown.

includes the essential stereochemical features of the
neighboring chiral molecules, it is necessarily a re-
duced interaction obtained after summing over many
detailed interactions. By varying the distance and
orientation between the groups, the minimal energy
arrangement can be obtained from this EPP. As the
molecules within the domains are in a closely packed
state, both attractive and repulsive forces are impor-
tant and a LJ 6—12-type interaction can be a suitable
choice to represent the intermolecular potential.
Reliable estimates of the LJ parameters for alkyl and
other groups are available in the literature 141143
Although both the EPP-based theory and the
tripodal model start from the chirality at the molec-
ular level, the EPP-based theory is different from the
tripodal model in several respects. For example, (i)
the tripodal model ignores the individual features of
the molecular orientation taken by a particular
amphiphile (it considers the interaction between the
centers obtained by projecting the groups on a
triangle), whereas exact orientation-dependent dis-
tances between the groups are considered in the EPP-
based model (the EPP-based theory utilizes the
experimentally obtained molecular tilt and azimuthal
projection in the calculation) and (ii) the tripodal
model considers only the closest of the interactions
and neglects the tail—tail interaction, whereas the
EPP-based model considers interaction among all
groups attached to two neighboring molecules.
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The EPP theory is applied to chiral amphiphiles
containing amino acid headgroups. The orientation-
dependent EPP values of the pair of molecules of
N-palmitoylaspartic acid and N-stearoylserine meth-
yl ester are calculated.®® The expressions for the
orientation-dependent distances between several
groups of a pair of amphiphiles are derived. The EPP
was then calculated by varying the distance and the
mutual azimuthal orientation between them. The
molecule is approximated as composed of four differ-
ent groups representative of the groups attached to
the chiral centers (equivalent sphere assumption).
The orientation-dependent pair potentials of N-
palmitoylaspartic acid and N-stearoylserine methyl
ester for pairs of the same type of enantiomers are
shown in Figures 34 and 35, respectively.
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Figure 34. Plot of the intermolecular pair potential of the
same type of enantiomers of N-palmitoylaspartic acid.3®
The calculation is based on the assumption that the groups
attached to the chiral centers are represented by the
corresponding equivalent hard spheres. The EPP is ex-
pressed in units of kg T (T = 293.15 K). The intermolecular
separation is scaled by the diameter of the smallest group
attached to the chiral center (3.7 A) and is expressed in
dimensionless units. The mutual azimuthal orientation,
day, is varied over 2x. The pairs of molecules are placed
along the short axis of the lattice positions.

The plots show that the pair potential is dependent
on the relative orientation between the azimuthal
projection of the two molecules on the air/water
interfacial plane as well as the distance between
them. It is observed that the minimum of EPP
corresponds to a mutual orientation between the pair
of amphiphiles. However, BAM studies indicate that
despite the curvature of the domain, there is no
change in the azimuthal projection of the molecule
within a domain but that the overall shape of the
domain is curved. Thus, at the LC domain/fluid phase
interface, the curvature is present which is due to
the presence of mutual intermolecular orientation
between successive neighbors. Consequently, the
favored intermolecular mutual orientation is in com-
petion with an interaction, which favors parallel
arrangement between the molecules within the do-
main. This later interaction is expected to be weaker
than the chirality-dependent interaction at the LC
domain/fluid phase interface where the curvature
develops.

The question arises as to how the molecules meet
the energy requirement to achieve the parallel ori-
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Figure 35. Plot of the intermolecular pair potential of
same type of enantiomers of N-stearoylserine methyl
ester.®® The calculation is based on the assumption that
the groups attached to the chiral centers are represented
by the corresponding equivalent hard spheres. The EPP is
expressed in units of kgT (T = 293.15 K). The intermo-
lecular separation is scaled by the diameter of the smallest
group attached to the chiral center (2.71 A) and is ex-
pressed in dimensionless units. The mutual azimuthal
orientation, day, is varied over 2x. The pairs of molecules
are placed along the short axis of the lattice positions.

entation between them, and specifically it is interest-
ing to ask which interaction could favor parallel
arrangement between the molecules. In amino acid
amphiphiles, cycles of hydrogen bonding are present
between the neighboring molecules, and these bonds
are the strongest candidates for supplying the energy
needed for parallel arrangement. It is well-known
that hydrogen bonding is highly cooperative and
directional in nature. The presence of twist between
the neighboring molecules disturbs the symmetry of
the molecular arrangement and is disfavored for a
strong cycle of hydrogen bonding. The measured and
calculated hydrogen-bonding energies of the polar
groups of amino acids (in competition with solvent
water) range between 8 and 22 kJ/mol. The energy
per hydrogen bonding of the —NH—CO— unit of a
peptide group is —5.86 kJ/mol, that of the —COO~
unit of an aspartic acid group is —7.11 kJ/mol, and
that of the —OH unit of a serine group is —4.6
kJ/mol.** Considering the number of hydrogen bonds
per molecule, it is expected that the hydrogen-
bonding cycle between the headgroups provides the
energy to form the parallel molecular arrangement
within the domain, which is observed in experimental
studies. However, the theoretical proposition that the
hydrogen-bonding pattern actually prevents the chiral
tendency of having a mutual orientation between
neighboring molecules is yet to be experimentally
verified.

The interaction energy of an external chiral mol-
ecule with all molecules in a domain is position and
orientation dependent. The calculation of the interac-
tion potential of an external molecule with all mol-
ecules present within a domain is found to be lowest
at a certain orientation when measured with respect
to a given external axis at the center of the domain.*®
The excess energy at the surface being large at these
regions specified by the orientations mentioned above,
the growth may happen preferentially in these direc-
tions according to Wulf's theorem.'#® This is the
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consequence of the underlying pair potential, which
favors a twisted state. This factor may act in concert
with the underlying twisting tendency of the mol-
ecules to make the aggregate shape as anisotropic.
This conclusion corroborates the conclusions of
McConnell and co-workers about the chiral shapes.””
This effect may have an influence on the curvature
of the domains in addition to the intrinsic tendency
of the molecules to twist.

A fascinating aspect of the domains composed of
chiral molecules is that the handedness (or sense) of
their curvature is highly specific about the chirality
of the molecule concerned. If the p-enantiomer gives
the right-handedness of the aggregate, the L-enan-
tiomer will give left-handedness and vice versa.
Continuum theories completely fail to predict this
handedness. Consideration of the molecular interac-
tion seems to have promising features in predicting
the sense of amphiphilic aggregates.?*® It is essential
to know how the molecules are arranged in the
aggregate as well as the orientation of the molecule
with respect to a given external axis. Then the
molecular arrangement (and the concomitant curva-
ture of the aggregate) can be understood by using the
customary rule that the handedness is observed as
the curvature of the aggregate moves away from the
observer.

However, there is no completely general way to
define the handedness of a chiral object.?’ It depends
on how the observer looks at the object. On the other
hand, the conclusion that chirality drives the curva-
ture amounts to saying that one should, in principle,
correlate the mutual molecular orientation with the
variation of the curvature of domains formed by
molecules with respect to an observer. Once the
criterion of how the observer looks at the domain is
selected, there remains no ambiguity in defining the
handedness. A simple way to define the handedness
in the monolayer is to refer to the direction of the
progress of the longer direction starting from a
nucleus, and the direction of progress is always
measured away from the observer. Thus, the hand-
edness of the monolayer aggregate can be concluded
from the growth kinetics. Static images of the domain
can be useful for identifying that two handedness
exists for two enantiomers and no more. For a general
discussion about the handedness concerning dissym-
metric molecules we refer to the standard litera-
ture.t3

EPP theory is applied to monolayers of amino acid
amphiphiles such as N-palmitoylaspartic acid, N-
stearoylserine methyl ester, N-palmitoyl-allo-threo-
nine methyl ester, and N-stearoyl-allo-threonine
methyl ester to predict the domain handedness
composed by these molecules.*® The domain shapes
of SSME are shown in Figure 9.

To predict the handedness, a reference molecule is
placed in a corner of the unit cell. Experimental
information about the average azimuthal projection
and the tilt from the normal is obtained from GIXD
studies. These data are used only for the reference
molecule. Subsequently, other molecules in the re-
maining three corners are brought to their respective
locations from an infinite separation (where interac-
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tion with the reference molecule is essentially ab-
sent). The intermolecular pair potential is calculated
between the groups of neighboring amphiphiles using
a LJ potential. The potential is dependent on the
orientation-dependent distance between the groups
of neighboring amphiphiles. All possible intermolecu-
lar pair interactions are considered and represent the
short-range repulsion and long-range attraction over
all nonbonded pairs of groups (g) of the ith and jth
molecules.

U/ksT = z (4/T)(€9(i)9(1)/k8)[(Sg(i)gﬁ)/ag(i)g(j))*12 —
9()
9@)
(Sg(i)g(j)lag(i)g(j) )—6]

Here, s9090) js the orientation-dependent distance
between the g(i) and g(j) groups, ¢990) is the average
LJ diameter of the corresponding groups, and the
energy parameter 9090 is given by the Berthelot rule.

90090 = (90) 90112

The exact expression of the orientation-dependent
distances between the groups is obtained by geomet-
ric relations.3®4° Each molecule is oriented by 27,
relative to the reference molecule. The orientations
of the three molecules with respect to the reference
molecule are observed at the minimum of intermo-
lecular pair potential. If the azimuthal projections of
the other molecules do not coincide with that of the
reference molecule and the change in azimuthal
projection occurs in an anticlockwise fashion (with
respect to the reference molecule), then the handed-
ness of the aggregate would be anticlockwise (left).
In all cases the reference molecule is placed away
from the observer and the remaining molecules
further away from the observer. The handedness of
the curved domain is experimentally observed from
the video images of the growth process of the curva-
ture using BAM. The results of the theoretical
prediction of the EPP-based theory and the experi-
mentally observed handedness are in complete agree-
ment with each other in the different monolayer
systems considered.40:146

From a simulation, it has been recently concluded
that the EPP of a pair of chiral molecules can better
explain the curvature of domains in monolayers.4”
However, it remained inconclusive that the assumed
presence of chiral EPP in the total free energy is due
to the chiral structure of lipid (DPPC) or the chirality
of the added substance (cholesterol). In other words,
the origin of the spontaneous curvature was not
guantitatively related to the molecular structure in
DPPC monolayers. Consequently, the origin of the
handedness of the domain curvature specific for a
particular enantiomer could not be explained.

Orientation- and distance-dependent interaction
due to the chiral structure of the molecules in DPPC
monolayers'#® is calculated using the EPP theory. The
morphology of DPPC monolayers has been exten-
sively investigated experimentally, and the domain
shape of enantiomeric monolayers is triskellion-
shaped with arms curved in a specific direction. The
domain curvature is specific for enantiomers, and no
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curvature is observed for racemates. BAM studies
suggested that the neighboring molecular directors
are in a mutually oriented state along the width and
length of the arms of the triskelions.®5-8 The recent
EPP-based study on DPPC monolayers is based on a
coarse-grained description of the molecular struc-
ture!*® (Figure 36).
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Figure 36. Coarse-grained representation of a pair of
DPPC molecules placed on a lattice.

This description is more realistic and an improve-
ment over the equivalent sphere description of the
groups used in previous theoretical studies3®4° and
the simulation studies in which molecular structure
was not considered.'*” As a result, the EPP profile
obtained from the coarse-grained description is ex-
pected to depict the molecular interaction in a more
detailed way than previous studies. As mentioned
before, from the minima of the pair potential, the
preferred orientation of a pair of aggregating mol-
ecules can be obtained. The mutual orientation
between the pair of molecules provides information
about the domain handedness of the aggregate in the
condensed state where the molecules are aligned in
a next-to-next order. It is important to note that in
the condensed state of the domains, the molecules
are in a close separation and chirality-dependent
interactions are dominant. The effect of the orienta-
tional distribution of the headgroup in the aqueous
subphase on the chiral shape of the aggregate is also
investigated.

In the coarse-grained description, the tails and
heads of the molecule are represented by an array of
collinear spherical groups (CH,, CH3, CH, and COO
groups, etc.). This is shown in Figure 36. Although
atomistic details are neglected in the calculation, the
average orientations of the groups with respect to the
chiral center are considered over a reasonably small
length scale. The molecular segments are placed at
the lattice positions. Information about the orienta-
tion of the reference molecule with respect to the
normal and azimuthal tilt direction of the tail (pro-
jected on the perpendicular plane to the normal) is
obtained from the GIXD data.'*® The calculation uses
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no adjustable parameters. No information about the
orientation of the headgroup is available from the
GIXD studies. All possible orientations of the head-
group with respect to the interface normal and the
corresponding possible azimuthal projections are
considered to calculate the pair potential of a pair of
headgroups of neighboring amphiphiles. The lowest
value of all such minima is thus the most probable
orientation of the headgroups in the aqueous sub-
phase with respect to the interface. It is observed that
the pair potential is favorable over a broad range of
orientation but most favorable when they are ori-
ented at an angle with respect to the air/water
interface.

The EPP profiles of different molecular segments
such as tails and headgroups are considered.'® The
results of the calculation show that, taking the
orientation of a tail of any molecule as the same as
that obtained from GIXD data, the orientation of the
other tail of the same molecule as well as the
orientation of the tails of an adjacent molecule is
oriented in a right-handed way (Figure 37). If one
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Figure 37. EPP plot expressed in kgT (T = 293.15 K) for
the first tails of neighboring DPPC molecules with varia-
tions in the mutual azimuthal orientation of the tails (o)
and intermolecular separation (r).

tail of the reference molecule is located closest to the
observer and the other tail of the neighboring mol-
ecule is located farthest from the observer, the prog-
ress of such an arrangement represents the growth
process of the domain where the molecules are
aligned in next-to-next fashion. Thus, the interaction
between a pair of tails and a pair of heads indicates
that all pairs of molecular segments have a large
favorable pair potential (measured pairwise with the
reference) when the mutual azimuthal projection
(counted anticlockwise) is between ~350° and ~235°.

This indicates that the molecule segments have a
large favorable energy when they all are oriented in
a right-handed way with respect to the tail, which is
closest to the observer in aggregates composed of
D-enantiomer. This mutual orientation is cooperative
in the sense that all segments favor the tendency to
have a right-handed turn with respect to the refer-
ence at the minima of the pair potential. A high-
energy barrier in all cases separates the minimum
of the EPP, which favors the opposite handedness
(left-handedness). The favorable mutual azimuthal
orientation gradually moves to parallel arrangement
with increase in molecular separation. Also, the EPP
becomes increasingly shallow with an increase in
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temperature. These facts corroborate well with the
wisdom that an increase in molecular separation (by
lowering pressure) or an increase in temperature
destroys the effect of chirality.

A favorable broad range of orientation of a molec-
ular segment is also expected to diminish the effect
of chirality due to effective sphericalization. The
present calculation shows that the headgroup pair
potential remained favorable over a broad range of
mutual orientations of headgroups of the neighboring
amphiphiles. The headgroup of the second molecule
is found to be oriented in a right-handed way,
keeping the reference molecule closest to the ob-
server. This indicates that the effect of chirality is
not destroyed even if a distribution of orientation of
headgroups exists in the aqueous subphase.46

Recently, the chiral discrimination energies in
domains composed of chiral amphiphilic monolayers
were theoretically studied.'® Initially, calculations
on simpler model systems were carried out, which
showed that the depth of the effective pair potential
is greatly dependent on the extent of coarse graining
of the molecular structure used in theoretical calcu-
lation. However, by systematic coarse-graining of
model systems, it is shown that the consistent use of
a set of parameters (necessary for calculation) can
correctly predict the chiral preference (homo- or
heterochirality). The model calculation further sug-
gests that with a gradual loss of chirality of the model
molecule, the chirality-dependent interaction is di-
minished. Calculations of the chiral discriminating
pair potential of three chiral compounds, N-stearoyl-
serine methyl ester, N-palmitoylaspartic acid, and
N-tetradecyl-y,0-dihydroxypentanoic acid amide, in-
dicate homochiral preference. The preference is ob-
served both in the packing of a pair of molecules and
in the pair potential energy profile. The enantiomeric
pairs are closely packed and have a lower minimum
pair potential compared to the racemic pairs. The
homochiral preference corroborates well with the
domain features observed by BAM. The growth in
both directions observed in racemic domains is sug-
gestive of local chiral symmetry breaking, which is
possible in the case of homochirally preferred inter-
actions. Although the basic conclusions of this EPP-
based calculation and the tripodal model agree, the
EPP model reveals nontrivial distance and orienta-
tion dependence of the discrimination energy. The
results are shown to be insensitive to the choice of
parameters.

Recently, the concept of a “quantitative chirality
measure” developed by Zabrodsky et al. was used to
study the LC phase domains of DPPC.150ab.151a—¢ The
study attempts to quantify the chirality of the me-
soscopic domain shape. However, a quantitative
correlation of the chiral structure of the molecule and
the corresponding domain shape based on this ap-
proach is yet to be done.

As mentioned before, several questions are to be
addressed relating to chirality effects in two dimen-
sions, which can be answered only from a molecular
consideration. It is worth investigating why the
mutual intermolecular orientation is present between
a pair of molecules of a particular amphiphile in the
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condensed phase and for other amphiphiles such a
mutual orientation is absent. Furthermore, the role
of hydrogen bonding in the shape formation is also
important to investigate, because an extensive hy-
drogen bond network is present in several am-
phiphilic aggregates. Hydrogen bonds are also sen-
sitive about the orientation of the donor and acceptor
groups. Whether the hydrogen bonding interaction
is acting in concert with orientation- and distance-
dependent interaction due to the chiral structure of
the molecules is yet to be investigated in detail. With
the advent of experimental techniques such as GIXD
and BAM, detailed structural features are revealed
and theoretical methods exploited the information to
obtain a better understanding of the monolayer
systems. Due to the wide variety of molecular struc-
tures of chiral amphiphiles, more theoretical studies
based on molecular approaches are necessary to
provide a clear understanding of the diverse chirality
effects observed in monolayers. The development of
density functional theories could be useful in explain-
ing the chirality effects. Also, theories that can
combine the explicit molecular structure, electrostatic
interaction, and line tension are expected to provide
the simplest picture of the shape variations. As
indicated before, these studies are expected to be
helpful in the understanding of other relevant bio-
logical systems such as membranes.

7. Chiral Discrimination Effects in Chiral
Monolayers

Chiral discrimination is apparent in differences in
the morphology or the physical behavior of a mono-
layer system as a function of its enantiomeric content.
It is expected that the discrimination effect will be
observed in the condensed phase where the orienta-
tion- and distance-dependent interaction due to the
chiral structure of the molecules becomes significant.
We have already noted examples of the manifesta-
tions of chiral discrimination in previous sections.
The discriminating behavior can be concluded from
different experimental techniques such as 7—A iso-
therm measurements or optical techniques such as
BAM as well as from lattice structural information
based on GIXD studies. The discrimination is mani-
fested in various ways, such as the shape and
characteristic features of the isotherm, the shapes of
the domains formed in the condensed phase, or the
differences in lattice structures of the enantiomer (or
its mirror image) and racemic mixture.

However, the underlying mechanism of the dis-
criminating effect is important. From the viewpoint
of the interaction at the molecular level, two types
of interactions can take place. If b—b or L—L interac-
tion is favored over the p—L interaction, it is called
“homochiral interaction”. On the other hand, if
interaction of the two different enantiomers (b—L) is
more favored compared to the interaction between a
pair of the same type of enantiomers (p—b or L—L),
it is called “heterochiral interaction”. If the homo-
chiral interaction is sufficiently strong, then it is
possible that p- rich or L-rich domains would separate
out from a racemic mixture. Such phase separation
is an example of “chiral symmetry breaking”. As
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indicated in the Introduction, chiral symmetry break-
ing is related to the origin of the homochiral evolu-
tion. However, in many cases the conclusions about
the preferred chirality-dependent interaction (homo-
or hetero-) from experimental studies using different
techniques are at variance. Furthermore, isotherm
measurements and BAM or isotherm measurements
and GIXD often show different sensitivities to the
chiral preferences, as discussed in the present sec-
tion. Experimental techniques such as isotherm
measurements measure the thermodynamic quanti-
ties, which are macroscopic properties such as surface
pressure. On the other hand, GIXD probes the
characteristics of the monolayer system such as the
lattice dimensions in the range of molecular length
scale. The underlying interactions have different
relative weightiness in two experiments because of
the different ranges of the interactions. Thus, it is
not surprising that two different methods predict two
different chiral sensitivities.

The direct observations of the chiral segregation
in bidimensional films are made only in recent years
based on optical methods and GIXD studies. BAM
studies indicating preferential chirality-dependent
interaction have been reviewed previously?**152 and
will be discussed further in this section. Recently,
X-ray crystallographic studies on the separation of
racemic mixtures into two-dimensional crystals are
reviewed.?® However, early conclusions on chiral
segregation based only on the behavior of the 7—A
isotherm of racemates should be judged with caution
as numerous other phenomena can affect the surface
tension.

In section 6 it was pointed out that heterochiral
interaction is preferred on the basis of van der Waals
interaction, whereas homochiral interaction was sug-
gested to be dominant when electrostatic interaction
predominates on the basis of the tripodal model. It
is important to note that both hetero- and homo-
chirality are observed experimentally, and it is still
unclear which interaction is dominant in which
amphiphilic system. It might be noted that hydrogen-
bonding interactions (which are of primarily electro-
static origin) are dominant in several amphiphilic
monolayers (for example, amphiphiles containing
amino acid or amide headgroups). Consequently, a
competition between the homochiral (which could
originate from van der Waals interaction) and het-
erochiral interaction (which could originate from
hydrogen bonding or other electrostatic interactions
such as those between the partial charges on the
segments of headgroups) might take place in these
monolayers. The chiral preference in these cases is
still far from understood. We describe the experi-
mental studies on the chiral discrimination in such
systems as follows.

Early observations of chiral discrimination are
based on isotherm studies, the results of which
indicate instantaneous resolution.?8153154 The dia-
stereomeric aldonamide monolayers are interesting
two-dimensional systems for studying chiral discrimi-
nation effects on the morphology of the dendritic
crystallization. The condensed phase dendrites of the
enantiomeric monolayers of both diastereomers have

Nandi and Vollhardt

low mechanical stability. Immediately after solidifi-
cation, the brittle dendrites are frozen in their
nonequilibrium state and remain metastable in this
state as long as the monolayer state is unchanged.
Thus, the low surface pressure state at the beginning
of the compression is best suited to discriminate the
chiral forms.

Measurements of the 7—A isotherm of the pure
enantiomers of N-dodecyl-b- and -L-gluconamide and
the corresponding racemic mixtures, performed at 10
°C and a quite high compression rate of 0.1 nm/
molecule, indicate that the isotherm of the racemic
mixture is shifted to lower molecular areas compared
with that of the enantiomers. At 7 = 20 mN/m the
racemic mixture has a molecular area of 20.1 A2
whereas the enantiomers have an area of 22.2 A2,
The more compressed state of the racemic monolayer
compared to that of the enantiomeric monolayer
indicates preferred heterochiral interaction®® (Figure
39). At higher temperatures (25 °C) the shape of the
m—A isotherm is already strongly affected by the
transition of the two-dimensional monolayer into
three-dimensional material. As orientation- and dis-
tance-dependent interaction due to the chiral struc-
ture of the molecules depends on spatial arrange-
ments of amphphiles or its molecular segments, it is
expected that the transformation from two- to three-
dimensional structures affects the orientation- and
distance-dependent interaction due to the chiral
structure of the molecules during the process. The
enantiomeric monolayers develop dendritic crystal
growths, whereas an isotropic solidification happens
in the racemic mixtures. As a result of the two-
dimensional < three-dimensional transition, the
enantiomeric monolayer can form multilayered den-
dritic crystals and the racemic monolayers form
isotropically distributed multilayerd structure.>®

Strong relaxation effects are observed in the glu-
conamide amphiphiles, and discrimination effects are
observed in the relaxation behavior.5® Although the
relaxation behaviors of both the enantiomers agree
with each other within the limit of experimental
error, the racemic form relaxes more rapidly. The
absolute relaxation rate and also the differences in
the relaxation of the enantiomeric and racemic forms
increase considerably with temperature (Figure 38).
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Figure 38. Constant surface pressure relaxation at & =
10 mN/m observed for monolayers of the enantiomeric
N-dodecyl-p- or -L-gluconamide and the racemic mixture
(o:L = 1:1) at 10 and 25 °C.5¢




Morphology of Biomimetic Langmuir Monolayers

gluconamide

racemic

enantiomeric

mannonamide

D D D L
enantiomeric racemic

b)

D - Glu D - Man

Figure 39. Proposed orientation and conformation of the
headgroups of aggregated N-dodecylmannonamide mono-
layers: (a) hydrogen bond cycles are present in pure
enantiomers, but not in racemates (hydrogen bonds are
shown by dotted lines); (b) as found in 3D crystals of
pD-gluconamide, the chiral headgroup has a linear confor-
mation, whereas in 3D crystallites of b-mannonamide a
gauche bent at C4 is present. The all-trans-configured alkyl
chains R are omitted for clarity.

The chiral discrimination effect is observed in the
diasteareomeric mannonamide monolayer. The dis-
criminating behavior is different from the behavior
in the gluconamide monolayer. The studies are based
on isotherm measurements, BAM studies, and re-
laxation measurements.%” The 7—A measurements
show that the molecules in the monolayer of the
enantiomeric N-dodecylmannonamide amphiphile are
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more densely packed than in the racemic monolayer.
This indicates clear homochiral discrimination in the
condensed phase in contrast to the diastereomeric
N-dodecylgluconamide monolayer. The time depen-
dence of the constant surface pressure relaxation of
the enantiomeric amphiphiles is faster compared to
that in the racemic monolayers. This trend is also
opposite that of the gluconamide monolayers. It is
important to note that the only difference in the
chemical structure of the two aldonamides (glucon-
amide and mannonamide) is the chirality of the C2
position of the open sugar chain. Obviously, the slight
change in the configuration in the headgroup is
responsible for the drastic difference between the two
cases. N-Alkylaldonamides form cyclic networks of
hydrogen bonds of the hydroxyl groups. The differ-
ence in the configuration of the headgroups of the
mannonamide and gluconamide amphiphiles may
lead to different hydrogen-bonding patterns in the
two cases and to alteration of the chiral preference
from one to the other.

BAM studies strongly support homochiral prefer-
ence. Featherlike dendrites are observed in the
enantiomeric monolayers using BAM.%" Sidearms
develop from these featherlike shapes preferentially
in one direction along the main axis. The L-form
develops arms oriented in the left-handed way, and
the p-form develops arms oriented in the right-
handed way. In the case of racemic monolayers, the
sidearms are evolved in both directions. The specific-
ity of handedness of the curvature of domains in
enantiomeric monolayers strongly suggests that spon-
taneous chiral segregation might take place in the
racemic monolayers, where the arms have curvatures
in both directions. Theoretical studies on dendritic
systems have shown that such growth is typical for
anisotropic systems.'-158 However, no theoretical
description exists for the chirality-dependent aniso-
tropic growth shapes with side branches developing
preferentially in one direction along the main axes.
As pointed out earlier, the predominant structural
difference in the two diastereomeric amphiphiles is
the conformation of the glucon- and mannonamides.
The observed morphological differences of the dia-
stereomeric monolayers of the two alkylaldonamides
cannot be understood alone from first principles of
theoretical models, and correlations must exist be-
tween the growth patterns of the dendritic structure
and the structural features of the sugar headgroups.

The molecules in the N-alkyl-p-gluconamide crys-
tals have a hydrogen bond network!°-161 and L-
mannon- acid hydrazide also possesses similar pat-
terns of hydrogen bonds.®? The open-chain sugar is
in all-trans conformation in both amphiphiles. How-
ever, the difference in hydrogen bond pattern in the
two amphiphiles is that the interaction between the
hydroxyl group at C2 and the amide carbonyl oxygen
fixes a linear conformer of the open-chain sugar in
the enantiomeric gluconamide monolayer and the
same interaction is prevented in mannonamide mono-
layers because of the different configuration at C2.
Besides, there are further conformational differences
in the headgroup packing of both diastereomers.5”
The headgroup of gluconamide is present in an all-
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trans conformation, whereas a gauche bent is observed
at C4 of the mannonamide headgroup (Figure 39).

A chiral discrimination effect is also observed in
the monolayers of the amphiphilic monoglycerols.
The m—A isotherms of the enantiomeric and racemic
amphiphiles 1-stearylaminoglycerol monolayers are
similar and show no discriminating behavior.*” How-
ever, optical techniques and GIXD studies clearly
revealed chiral discrimination. Although the domains
composed of both enantiomers are filigree-shaped, the
domains composed of individual enantiomers are
curved in opposite directions, indicating chiral dis-
crimination. The domains composed of R(+)-enantio-
mers are curved in a clockwise direction, whereas the
domains composed of S(—)-enantiomers are curved
in a counterclockwise direction. The domains com-
posed of the racemic mixture have no specific sense
of orientation and are fractal-like. The discriminating
behavior is also observed in the lattice structure. The
enantiomeric monolayers have an oblique lattice,
where at compression the tilt direction changes
continuously from angles nearly toward the NN
direction to angles nearly toward the NNN direction.
The condensed phase of the 1:1 racemic mixture gives
rise to rectangular-centered lattices, indicating a
phase transition accompanied by the change in the
tilt direction from NN at 1 mN/m to NNN at 5 mN/m.

The chiral discriminating behavior exhibited by
domains of monoglycerol ethers*>®° is of a different
kind, but the domains have the same sense of
curvature as those found in the domain of 1-stearyl-
aminoglycerol. In the monoglycerol ethers, the spiral
shapes grow from initially compact domains at the
end of the plateau region of the 7—A isotherm. In
the case of enantiomeric monolayers they are curved
in a chirality-dependent way having the same sense,
but racemic monolayers develop spirals curved in
both directions. Thus, the discriminating effect is
dependent on the chiral structure of the molecules.
In some cases the chirality-dependent interaction
leads to the development of curvatures in opposite
directions within a domain itself and in some cases
leads to no net curvature or develops irregular shape.
Theoretical studies, as discussed in the previous
section, suggest that the different chiral structures
of the amphiphilic molecules lead to different chiral
intermolecular interaction profiles. Various chiral
intermolecular potential profiles and their interplay
with other interactions, such as line tension and
electrostatic interaction, lead to various shapes.
When the chirality-dependent interaction is strong
to lead to the chiral phase separation, the segregated
segments of the domains may result in the develop-
ment of curvature in opposite direction.

The chiral discrimination behaviors of monoal-
kanoylglycerols at higher and lower temperatures are
compared using BAM and GIXD.'® Chiral discrimi-
nation is not observed in the monopalmitoylglycerol
at 20 °C. However, the BAM studies of monostearoyl-
glycerol at 5 °C indicate a chiral discrimination effect.
In the racemic monolayer a change in the brightness
of the areas within the domains is observed. The
change in brightness corresponds to the change in
orientation of the molecules, which is characteristic

Nandi and Vollhardt

for a phase transition. For the pure enantiomer there
is no indication of a change in the orientation of the
condesed phase domains. The GIXD results clearly
indicate the presence of an oblique lattice for the
enantiomeric monolayer at all surface pressures
investigated. The lattice structure of the racemic
mixture is rectangular, and the lattice exhibits a
transition between 6 and 12 mN/m in which the
intermolecular orientation changes from NN to NNN.
It was suggested that at high temperatures the
thermal motion of the headgroups prevents specific
chirality-dependent interaction. The detailed phase
diagrams of the monostearoylglycerols corroborate
the chiral discrimination of the enantiomeric and
racemic forms. At lower temperatures, the molecular
packing is dense compared to the packing at higher
temperatures, which favors chirality-dependent in-
teraction. This suggestion confirms the recent theo-
retical studies that the EPP of two chiral mole-
cules is becoming less orientation-specific and the
favorable potential is reducing with increasing tem-
perature.3940146 However, the temperature depen-
dence of the chirality-dependent interaction in
monolayers is yet to be understood in detail. For
example, it is unclear why chiral discrimination
appears in the monolayers of N-octadecanoylserine
methyl ester at higher temperature (at 297 K) and
such an effect is not observed at lower temperatures
(293 K).29.162

Amino acid amiphiphiles are of special interest in
studying chiral discrimination effects. Chiral dis-
crimination is concluded in monolayers of am-
phiphilic amino acid derivatives in many early stud-
ies based on 7—A isotherm studies.?>?> Monolayers
of enantiomeric N-stearoylvaline are in a more
compressed state compared to the corresponding
racemic monolayer as observed in w—A isotherm
studies.3! Similar observations are made for the
N-palmitoylvaline monolayers. This is indicative of
homochiral preference. The transition pressure ()
(defined as the minimum s value after the overshoot
on compression) shows a linear dependence on tem-
perature for the enantiomeric and racemic stearoylva-
line monolayer. The slopes of the z,—T curves are,
however, different for enantiomeric (7r;r = 1.50 + 0.10
dyn cm™! K1) and racemic (my = 1.61 4 0.08 dyn
cm~! K1) monolayers. The dependence of 7z on the
enantiomeric mole fraction is nonlinear. “Wishbone-
shaped twinned domains with right-handed or left-
handed curvatures are observed in the fluorescence
studies of racemic N-acylvaline monolayers. The
observation of chiral domains (curved with a specific
handedness) in a racemic monolayer is suggested to
be due to the separation into domains of pb- and
L-isomers. The corresponding L-enantiomers exhibit
dendritic structure formation. N-Palmitoylalanine
does not show any curvature, and domains with
irregular side branching were observed.3! The differ-
ences between the domains composed of valine and
alanine residues could possibly due to the larger size
of the valine headgroup, which may favor the tilting
of the alkyl chain. The uniform tilt order possibly
promotes coherence in the crystalline orientation, and
that results in a mesoscopic curvature of the domain
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shape. Such crystalline order may be reduced in
N-palmitoylalanine monolayers.

Homochiral preference is also observed in the
condensed phase monolayers of N-octadecanoyl-L-
alanine based on 7—A isotherm measurements.*® An
intermolecular distance of 5.4 A was obtained from
the area per molecule of 23 A2, This value is smaller
than the intermolecular distance obtained from Monte
Carlo simulation of the homochiral effect of alanine
derivatives in Langmuir monolayers (6.5 A). On the
basis of the smaller intermolecular separation ob-
tained in the isotherm measurements, a homochiral
preference in monolayers is concluded. Fourier trans-
form infrared (FTIR) spectroscopic studies of N-
octadecanoyl-L-alanine indicated that below the tran-
sition temperature, the intensities of the N—H
stretching vibration, the vibration for the carbonyl
group in the carboxylic acid, and the amide I and
amide Il bands of the chiral headgroup attenuate
progressively with temperature, and these bands
tend to be absent or unresolved above the transition
temperature.® It is possible that in the fluid-like
phase the headgroups are in a fully disordered state
and the enantiomeric homochiral interaction is likely
to be absent.

Chiral discrimination effects are studied in N-
stearoyltyrosine monolayers using 7—A isotherm and
fluorescence measurements.3? The isotherms of both
racemic and enantiomeric monolayers show a transi-
tion Kink corresponding to the transition from the
fluid phase to the condensed phase at 33 °C. The plot
of the transition pressure exhibits a smooth but
nonlinear dependence with a minimum at the race-
mic composition. Contrary to the homochiral prefer-
ence of most other N-alkanoyl amino acid monolay-
ers, this behavior suggests a heterochiral preference.
The morphology of the domains composed of enan-
tiomeric and racemic monolayers indicates chirality-
induced discriminating features. The shapes of the
enantiomeric domains are elongated and similar over
the range of temperature reported (14—33 °C). With
increasing temperature, the shapes of the racemic
domains are compact, and they evolve to shapes
similar to those of the enantiomeric domains. At
higher pH, however, for example, at pH 7, both the
enantiomeric and racemic monolayers are expanded
and are virtually identical at 22 °C so that no
transition to the condensed phase takes place and
the chiral discrimination disappears. The ionization
of the carboxyl group results obviously in Coulombic
repulsion between the headgroups and suppresses
the formation of a condensed phase. In contrast, the
isotherms of N-stearoyltyrosine methyl ester mea-
sured at pH 7.0 using a phosphate buffer at 22 °C
for the pure L and the racemic monolayer are not
identical. The isotherms of the enantiomeric mono-
layer are more compressed than the racemic mono-
layer, which indicates homochiral preference. The
difference in the chiral preference from the free
N-stearoyltyrosine is attributed to the effect of the
hydrogen bonds. The headgroup of the N-stearoylty-
rosine methyl ester cannot form hydrogen bonds,
whereas the N-stearoyltyrosine molecules can evolve
into a strong hydrogen-bonded system.
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The temperature dependence of the chiral discrimi-
nation effect is also studied in N-hexadecanoylalanine
monolayers on a pure aqueous subphase as well as
in the presence of 1 mM solutions of CaCl, and ZnCl,,
respectively, at various temperatures in the range of
293—308 K using 7—A isotherm measurements and
infrared reflection absorption spectroscopy (IRRAS).33
Within a relatively small temperature range, such
as 5 K, a change from homo- to heterochirally
preferred interaction is observed in the monolayer
on an aqueous subphase containing 1 mM ZnCl.,.
Such a chiral preference is not observed in the
isotherm measurements. It is argued that different
interactions, such as electrostatic interactions, hy-
drogen-bonding interaction, or complex formation by
counterions could be operative over different length
scales. This could give rise to such varying behavior.
Also, a significant effect of cations such as Ca?" or
Zn?* in the aqueous subphase on the chiral recogni-
tion process is observed. These ions should exert
strong expanding effects on the N-hexadecanoylala-
nine monolayer. While the homochiral interaction is
largely weakened by the presence of ions at the
macroscopic level, at the molecular level a change
from homo- to heterochiral interaction occurs as the
temperature rises. Earlier studies also emphasized
the role of ions in the chiral discrimination.163-166

Homochiral interaction is observed in the 7—A
isotherm measurement of enantiomeric and racemic
N-stearoylglutamic acid monolayers at 20 °C ** on an
aqueous subphase at pH 2 and also in the presence
of CdCl,. The isotherm of the L-enantiomer exhibits
features of a more condensed state than the racemic
monolayer at area/molecule of <40 A2 on an aqueous
subphase in acidified water. More condensation in
the enantiomeric as well as racemic monolayers
results from the z—A isotherms measured on an
aqueous CdCl, subphase; that is, the homochiral
preference is more pronounced in the monolayers on
an aqueous CdCl;, subphase.

Heterochiral preference is observed in the 7—A
isotherm measurements of the monolayers of stereo-
isomers of hexadecylthiophospho-2-phenylglycinol®®
and N-stearoyltyrosine.’®” Similar studies of the 7—A
isotherms of tyrosine derivatives also suggest het-
erochiral preference.16®

The chiral discrimination effect is also studied in
TDHPA monolayers.#?2b |t is again interesting to note
that although the isotherm measurement does not
reveal significant chiral discrimination, BAM studies
clearly indicated such effects on the shape of the
condensed phase domains. The dendritic main growth
axes of the R- and S-enantiomeric domains have a
mirror relationship. Such minor axes with specific
growth directions are unobserved in racemic mono-
layers. It is suggested that the directed interactions
in the enantiomer monolayers lead to the preferred
growth direction, whereas such symmetry effects are
canceled in the racemic mixture and result in two
main dendritic growth directions, although the shape
differences are insignificant. The GIXD studies in-
dicate that at all surface pressures the lattice con-
stants and the unit cell areas of the racemates are
slightly smaller than those of the enantiomers (Fig-
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Figure 40. Comparison of lattice constants (a, b) and unit cell area (A,,) of the R-enantiomer (M) and racemate (&) at

different surface pressures.

ure 40). This indicates a slightly denser arrangement
in the racemic monolayer and suggests weak hetero-
chiral interactions.

A study of the acid—base interactions between MA
and PEA demonstrates spontaneous chiral segrega-
tion of these two chiral molecules from the racemic
mixture.1% Diastereomeric interactions between the
two different chiral molecules are used to study the
spontaneous chiral segregation. Using GIXD analy-
sis, it was observed that the chiral disorder is less in
the amine component than in the acid component.
Three different mixtures are considered [(R-MA,
R-PEA), (R-MA, S-PEA), and (R,S-MA, R,S-PEA)].
The GIXD studies show that each unit cell area
contains two long-chain molecular units correspond-
ing to one acid and one amine molecule and they are
symmetry independent. The integrated intensities
and positions of the Bragg peaks and the shapes of
the corresponding Bragg rods are different for R,R’
and R,S' mixtures. Those characteristics of R,S,R’,S'
are almost identical with the same characteristics of
R,R'. Considering the highly crystalline state of the
monolayer, it is possible that the R,S,R’,S’ mixture
separates into domains of R,R'- and S,S’-enantio-
mers. It was pointed out that the molecular crystal
structure analysis combined with the lattice energy
calculations could provide conclusive evidence on
whether chiral segregation is taking place or not. It
is pointed out that it is difficult to obtain conclusive
evidence of chiral segregation in two-dimensional
films.1% The racemic mixtures of the chiral com-
pounds have a lower tendency to separate into
enantiomeric-rich domains because the hydrocarbon
chains can pack into a herringbone motif where R
and S molecules are related by glide symmetry.1%”
Also, an objection is raised about the assumption that
the presence of an oblique lattice is evidence of a
chiral phase separation. Such an assumption is
usually made to conclude that chiral segregation has
taken place.38105169.170 |n the presence of translation
symmetry, an oblique lattice structure of the unit cell

in the aggregate strongly suggests that phase sepa-
ration has taken place. However, the presence of
translation symmetry is valid in crystalline ag-
gregates but invalid in mesophases because of the
presence of the molecular disorder in the later. It is
possible that the oblique lattice is formed by the
hydrocarbon chains whereas the underlying R and
S chiral headgroups are randomly distributed.

In some cases, the segregation does not take place
at all. For example, the racemic monolayer of di-
palmitoylphosphatidylethanolamine (DPPE) remains
in the state of racemic compound as evidenced by the
rectangular cell observed in GIXD studies.'®® The
enantiomeric and racemic monolayers of 1-mono-
palmitoylglycerol monolayers exhibit also identical
domain shape as well as lattice structure. Thus, the
effect of chirality is expected to be too weak to have
any effect on the monolayer morphology.8>%° The
guestion arises as to which factors are responsible
for triggering the chiral phase separation in a mono-
layer. More molecular studies are necessary to re-
solve this question.

Techniques other than described above, such as
Maxwell displacement current (MDC) measurements,
are carried out to study the chiral phase separation.
The generation of the MDC is related with the
presence of a dipole moment in the molecule. It is
argued that the molecular dipole is not directed along
the long axis but oriented on a cylindrical surface
assuming the molecule as a cylinder. MDC measure-
ments have been carried out in enantiomeric and
racemic DPPC monolayers.'” It was observed that
at the plateau region of the isotherm, some critical
MDC peaks are generated with varying amplitude
and sign depending on the chirality of the molecule
concerned. It is indicated that these peaks are related
with the molecular conformational changes.

A very interesting problem but yet under discus-
sion is the chiral segregation. In a previous study it
was concluded that racemic myristoylalanine mono-
layers should be subjected to chiral segregation over
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Table 3. Chiral Amphiphile and the Preference for Chirality-Dependent Interaction (Homochirality or
Heterochirality) As Observed by Various Experimental Techniques
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amphiphile

chiral preference

method of observation

N-tetradecyl-y,0-dihydroxypentanoic acid
N-dodecylmannonamide
N-dodecylgluconamide

N-stearoylvaline

N-octadecanoylalanine
N-myristoylalanine

N-myristoylalanine

N-stearoylserine methyl ester
hexadecylthiophospho-2-phenylglycinol
N-stearoylglutamic acid

heterochiral—weak GIXD

homochiral BAM, 7—A5

heterochiral BAM, &—A5657

homochiral a—A3L

homochiral T—A%®

homochiral x—A, fluorescence, GIXD?38
homochiral T—A’8

homochiral T—Ale3

heterochiral T—A>

homochiral T—A3%*

a long time at a time interval which could be up to 1
h.® In this study, a surface pressure relaxation
experiment combined with fluorescence microscopy
and GIXD measurements is carried out. However,
recent combined studies of surface pressure relax-
ation, GIXD, and BAM have unequivocally shown
that according to the homochiral preference of this
monolayer instantaneous segregation takes place at
molecular and microscopic levels.'”? Homochiral pref-
erence, concluded from the differences in the 7—A
compression isotherms of the racemic and enantio-
meric monolayers, means that interaction between
the same enantiomers is preferred; that is, in the
compression isotherm the first-order phase transition
to the condensed phase is shifted to larger area
values. However, the decompression isotherms start-
ing at high surface pressures of the enantiomeric and
racemic mixtures are nearly identical. BAM studies
provide less specific textures of the condensed phase
domains not suitable for discrimination between
enantiomeric and racemic forms.

On the other hand, the GIXD measurements pro-
vided exactly the same oblique lattice for both the
enantiomeric monolayer and the racemic mixture
without any indication of structural changes with
time. This is clear evidence that the condensed
monolayer phase is subjected to instantaneous chiral
segregation. This indicates also the agreement be-
tween the decompression isotherms of the racemic
and enantiomeric monolayers. Here, under the start-
ing conditions the chiral forms are already segregated
in the racemic monolayer. On the other hand, in the
case of monolayer compression an ideal mixing of
both enantiomeric forms exists in the fluid (LE)
phase. The mixture with the opposite enantiomeric
form facilitates the formation of a supersaturated
state. Consequently, the surface pressure relaxation
expresses the reduction of the supersaturation with
fluid phase. This means that at monolayer compres-
sion an ideal mixing is produced in the fluid phase,
followed by chiral segregation after transition in the
consensed phase (LC). Consequently, in all cases of
homochirality spontaneous molecular chiral segrega-
tion should be expected at transition to the con-
densed monolayer state obviously accompanied by
different microscopic ordering in the system. Ex-
amples of discrimination effects exhibited by various
amphiphiles are given in Table 3. The chiral am-
phiphile and the preference for chiral interaction
(homochirality or heterochirality) as observed by
various experimental techniques are summarized in
the table. Recent theoretical studies on chiral dis-

crimination®® show that the nature of discrimination
(homo- or hetero-) is dependent on the molecular
structure as well as the lattice arrangement, which
is determined by the interaction of the amphiphilic
molecules with each other as well as due to the
presence of the interface. More studies are required
in this direction to completely understand the dis-
crimination effect, which has significance in the
evolution process.

8. Concluding Remarks

In this review we discussed the present status of
knowledge gained from experimental and theoretical
studies in Langmuir monolayers composed of chiral
molecules. The purpose of these studies has been
primarily to understand the chirality-dependent in-
teraction in monolayers, which is expected to serve
as a biomimetic system that is easy to handle. The
chiral amphiphilic molecules include a variety of
chemical compositions such as amino acid am-
phiphiles, lipids, amphiphilic monoglycerols, acid and
acid amide amphiphiles, and other tailored am-
phiphiles. A variety of techniques are used to probe
the monolayer morphology from mesoscopic length
scale to microscopic length scale. BAM and fluores-
cence microscopy studies revealed that different
molecular structures lead to widely different chiral
patterns. The experimental techniques clearly dem-
onstrate that the monolayer morphology could ex-
press chirality at both length scales. Whereas at the
molecular length scale the molecules are chiral, the
lattice composed of such molecules as well as the
domains formed by millions of such enantiomeric
molecules lacks symmetry in many cases. The specific
handedness of the domains formed by enantiomeric
amphiphiles indicates the influence of the chirality
on the domain morphology in such monolayers.
However, it is now clearly demonstrated that the
information gained from thermodynamic measure-
ments such as isotherm studies must be carefully
considered in order to draw conclusions about the
underlying molecular interaction. In many cases, the
isotherm studies do not reveal significant chiral
discrimination effects, which in turn are revealed in
optical studies.

On the other hand, the bewildering variety of
domain shapes obtained from different molecules,
which are observed in optical studies, poses chal-
lenges to drawing some general conclusions about the
relationship of domain shape as well as the inner
texture with the molecular structure. It seems that
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each morphology has to be considered on a casewise
basis. Only subtle changes in the molecular structure
could bring about a very different domain shape or
orientation of molecules within a domain. This in
turn points out the decisive influence of molecular
chiral structure on the domain morphology.

Theoretical studies attempted to correlate the
chirality of the molecule with the mesoscopic chiral-
ity. The curved shape of the domain expresses the
chirality in the later length scale. The relationship
between microscopic chirality and chirality at the
mesoscopic as well as macroscopic level of the mono-
layer structure is yet to be understood in detail. This
understanding will be particularly helpful in explain-
ing the similar relationship in other biomimetic
systems such as bilayers and membranes. However,
the experimental results and initial theoretical as
well as simulation studies strongly indicate that the
chirality on the microscopic level is manifested in the
chirality of the macroscopic structure. The theories
developed on the basis of molecular models and
effective interactions seem promising in this case.
However, these theories must include all possible
factors such as hydrogen bonding, line tension, and
electrostatic interactions that may act in concert or
opposition with the nonbonded interaction dependent
on chiral structure.

In addition to chirality, several other factors are
important in determining the domain morphology.
For example, the roles of line tension and electro-
static interaction (in the form of charge and dipolar
interaction) are subjects of intensive study. Hydrogen
bonding has electrostatic origin and has tremendous
importance in biological structure formation. The
importance of hydrogen bonding in domain morphol-
ogy is also emphasized in the literature.’”® Theoreti-
cal studies, as discussed in section 6, indicate that
hydrogen bondings may compete with chirality-
dependent interactions within a domain.3*4° More
quantitative studies are required for a better under-
standing of the interplay between hydrogen-bonding
systems and orientation- and distance-dependent
interaction due to the chiral structure of the mol-
ecules. Understanding such correlations is of biologi-
cal significance because hydrogen bonding is omni-
present in biological structures. The importance of
the hydrogen bonding also leads to another principal
guestion about the role of solvent for the monolayer
structure with particular emphasis on orientation-
dependent interactions. The interaction of substrate
(water in case of Langmir monolayers) with the
amphiphile is important in understanding the am-
phiphile monolayer structure, as shown in a series
of studies by Rice and co-workers using analytical
theory and simulation as well as experiment.t74a-"
However, a detailed density functional theory, which
includes the microscopic structure of water as well
as molecular dissymmetry of the amphiphile, has yet
to be developed. Recent detailed studies on the effect
of solvent on the crystal growth of alkylgluconamide,
asparagine monohydrate, and rhamnose monohy-
drate show that solvent has an important influence
on the morphology of three-dimensional systems.t"5176
Considering the success of the two-dimensional Hart-
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man—Perdok analysis in explaining the surface
properties of crystalline systems, a similar develop-
ment in chiral amphiphilic systems may prove to be
useful .77

As indicated in the Introduction, it is important to
understand why nature has so much preference for
chirality. It is indeed surprising in how many ways
the chirality is manifested in biomolecular systems
in its structural hierarchy. Both geometrical and
topological chirality are observed in biomolecules
such as proteins. It is pointed out that lower order
chiral features of proteins, for example, the L-enan-
tiomeric form of amino acid molecule units, possibly
trigger the chirality at a higher level, for example,
the specific handedness observed in extended polypep-
tide chains.’® The related question of homochiral
evolution in biosystems is still an open problem.
Recent studies on chiral synthesis of oligopeptides
in two-dimensional cryatlline domains on water
indicate that ordered self-assembled clusters may
have an important role in this process.'”® Theoretical
studies on the influence of the protein secondary level
chirality (namely, helical structure) on the ligand
interaction indicate that the presence of chirality at
all levels of hierarchy of complex systems such as
proteins has functional significance.'”® Recent theo-
retical study on chiral recognition of odorant mol-
ecules by lipids shows that chirality may have
important influence on biologically important recog-
nition precesses.'’® Recent theoretical studies re-
vealed the importance of cooperative effects in chiral
symmetry breaking.*®1.182 Theories related to pattern
formation in magnetic systems in Hele—Shaw cells
are applied to study the formation and shape of
domains in amphiphiles.® More studies are required
to understand how molecular cooperativity is leading
to the chiral order at various molecular structural
hierarchies. A related problem is the understanding
of the structure—function correlation. A detailed
understanding of the correlation of the chiral struc-
ture with the function might be useful for under-
standing the protein folding process or understanding
the building up principle of tertiary structure from
primary structure. Study of the interaction of chiral
lipid and chiral odorant indicates that chirality plays
a role in biological processes such as odor percep-
tion.'™ Further experimental and theoretical studies
are required to understand the effect of chirality in
biomolecules. Studies of chirality in monolayer sys-
tems seem promising to serve as model studies aimed
at this goal. Such understanding is expected to
unravel some fundamental principles of nature.

9. Symbols and Abbreviations

A = area per amphiphilic molecule

AFM = atomic force microscopy

BAM = Brewster angle microscopy

BEG = Blume—Emery—Griffiths (model)

DPPC = dipalmitoylphosphatidylcholine

DPPE = dipalmitoylphosphatidylethanolamine

DPP(Me)E = dipalmitoyl phosphatidyl-N-mono-
methylethanolamine

DPP(Me).E = dipalmitoylphosphatidyl-N-dimeth-
ylethanolamine
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DMPA = dimyristoylphosphatidic acid

DMPE = dimyristoylphosphatidylethanolamine
EPP = effective pair potential

E-Gl = enantiomeric 3-stearoyl-sn-glycerol

FFM = friction force microscopy

GIXD = grazing incidence X-ray diffraction
HOBD = 4-hexadecyloxybutane-1,2-diol

IRRAS = infrared reflection absorption spectros-

copy
LE = liquid expanded (phase of monolayer)

LC = liquid condensed (phase of monolayer)

MA = p-pentadecylmandelic acid

MDC = Maxwell displacement current

NN = nearest neighbor

NNN = next nearest neighbor

oz = surface pressure

¢y = transition pressure

PEA = p-tetradecylphenylethylamine

POPC = 1-palmitoyl-2-oleoylphosphatidylcholine

Rac = racemic

R-GI = racemic 1-stearoyl-rac-glycerol

SSME = stearoylserine methyl ester

TDHPA = N-tetradecyl-y,d-dihydroxypentanoic acid
amide
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