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wide attention in the physical and biological sciences.
The design and preparation of functional materials
such as thin-layered microstructures, reagent films
for biosensors, and devices for optoelectronics re-
quires knowledge and control of nanoarchitectures
from the very early stages of self-organization. This
requirement is linked to the control of nucleation,
growth, morphology, and dissolution of crystals.
For many years crystal nucleation has been studied
primarily by kinetic and thermodynamic methods?
that supplied experimental proof for the existence of
clusters in supersaturated solutions but little infor-
mation on their structure and their possible role as
intermediates in the crystallization process. The
recent development of various methods for the elu-
cidation of molecular ordering at interfaces has
provided a means to probe the early stages of mo-
lecular assembly. One approach involves the use of
crystalline monolayers of amphiphilic molecules on

aqueous solution to induce nucleation of solute
molecules into three-dimensional (3-D) crystals at the
air—solution interface. The monolayer, through its
hydrophilic headgroups, is a template for the molec-
ular solute arrangement within a particular plane
of the 3-D crystal.

Another avenue for probing the early stages of
molecular assembly involves the spontaneous forma-
tion, at the air—water interface, of crystalline films
ranging from one to several layers thick, composed
of water-insoluble molecules, such as amphiphiles,
bolaform amphiphiles, and chainlike hydrocarbons.
This tendency also provides a means for engineering
various packing arrangements, for example, multi-
component thin film crystallites of supramolecular
architecture prepared in situ via water-insoluble and
solute molecules interacting at the solution surface.

This review shall be presented in terms of three
different types of ordered films at the air—solution
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The review represents the fruits of a collaboration between scientists
schooled in different disciplines: crystallography, chemistry and physics
and whose home bases are far apart. The common playground where
they regularly met is the liquid surface X-ray diffractometer at the
synchrotron light source Hasylab, Hamburg. In the mid eighties Jens Als-
Nielsen and Kristian Kjaer had played a pioneering role in the use of
synchrotron X-radiation for the study of crystalline films composed of
amphiphilic molecules at the water surface. At the same time Meir Lahav
and Leslie Leiserowitz had concluded on the basis of simple crystallization
experiments that certain amino acids amphiphiles self assemble into
monolayer crystallites on the water surface. Thus a collaborative effort
was initiated in 1986 between the groups from Risg and the Weizmann
Institute to examine by grazing incidence X-ray diffraction (GIXD) at a
bending magnet beamline the monolayer crystalline structures of simple
long-chain amino acids. This cooperative effort resulted in a continual,
tandem interplay between thin film design and X-ray structural elucidation
in topics ranging from induced ice nucleation, photochemical reactions at
interfaces, separation of enantiomers, multicomponent molecular self
assembly and cholesterol nucleation. A boost to the research came in
the early 1990's with the use of intense X-rays from an undulator device.
By these means Isabelle Weissbuch moved up the ladder of structural
elucidation from simple amphiphiles to complex supramolecular architec-
tures. Hanna Rapaport and Ivan Kuzmenko, presently post doctoral fellows
at Dept of Chemical Engineering, Caltech and Lawrence BerKeley
Laboratory, respectively, did their PH. D. studies on complex multilayer
structures, contending with the problems of design and elucidation of the
packing arrangements to near atomic resolution.

Scheme 1

g

f
i

A
A ‘ﬂ&.\_r.l,rl__l‘q

r

112

T e

-

$32: 777
T -
AN ARRg ALY

interface (Scheme 1): first, monolayer arrangements
of amphiphilic molecules at the air—liquid interface
and interaction between the monolayer and the
solution subphase (Scheme 1, central and left col-
umns). We next describe crystallite multilayers com-
posed of water-insoluble molecules only, and finally,
multilayers generated by reaction between the water-
insoluble species with solutes from the subphase to
form complex architectures will be discussed (Scheme
1, right column).
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The enormous strides made over the past decade
for the elucidation of molecular ordering at interfaces
has been made possible by the development of a
variety of experimental tools. These include surface-
specific X-ray diffraction, X-ray and neutron reflec-
tivity, scanning-tunneling and scanning-force micros-
copy, cryo-electron microscopy, nonlinear optics, and
surface reflectance infrared spectroscopy. In this
review much use is made of grazing incidence X-ray
diffraction (GIXD) using synchrotron radiation. It is
with the advent of intense and highly collimated
X-ray beams of variable wavelength from synchrotron
sources that GIXD has become such a valuable tool
to obtain direct structural information of crystalline
films at interfaces at the subnanometer scale. The
principles of GIXD and X-ray reflectivity for the
characterization of two-dimensional (2-D) crystalline
films of amphiphilic molecules at the air—liquid
interface have been detailed in recent reviews.? A
description thereof is given in the Appendix, to
facilitate understanding of the results presented here.

Il. Scope of the Review

The description of amphiphilic monolayers shall
encompass an outline of phase behavior upon com-
pression of the film on the liquid surface from the
‘gaseous’ to the ‘solid’ state. We shall examine
crystalline self-assembly of long-chain achiral and
chiral amphiphiles and their various monolayer
packing arrangements, control of crystalline domain
size, topochemical behavior of photoreactive am-
phiphiles, and the impact of crystalline order in
monolayer films on catalysis. Next, we discuss inter-
actions between the polar headgroups of the am-
phiphiles and the solution subphase, followed by
induced nucleation of three-dimensional crystals at
the monolayer—solution interface. The generation of
multilayer crystals at the surface of a pure liquid
shall be discussed in terms of the nature of the
subphase and the various types of water-insoluble
molecules such as amphiphiles, bolaform amphiphiles,
and pure hydrocarbons. We describe the formation
of multilayer crystallites obtained by compression of
the monolayer film beyond the collapse point leading
to interdigitated bilayers, or spontaneously generated
by reaction of the water-insoluble species with solutes
from the subphase to form complex architectures
such as interdigitated molecular bilayers, metal salts
of dicarboxylic acids, supramolecular grids, and com-
plexed ionophores and superlattices composed of
organically functionalized nanocrystal monolayers.

We attempted to make a comprehensive presenta-
tion of chemical design and structural characteriza-
tion of thin film crystalline systems on liquid sur-
faces, although the major proportion of crystalline
systems presented here in more detail are from our
group. Reviews encompassing other viewpoints and
aspects of Langmuir monolayers of long-chain am-
phiphiles, in particular their physical properties, such
as phase transitions and morphological patterns,
have been published over the past decade.'°~'3 Some
aspects of these reviews shall be considered below.
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[Il. Structural Characteristics of Langmuir
Monolayers

A. Langmuir Monolayer Phases

Monomolecular films are formed when water-
insoluble amphiphilic molecules are spread at the
air—water interface. These 2-D systems can exist in
different phases depending on the lateral pressure
and temperature of the film. At low surface densities,
monolayers exist in a gaseous state G, which upon
compression undergo a phase transition first to a
“liquid expanded” LE and then to a ‘liquid condensed’
LC phase. At high surface pressure, a “solid” S
condensed phase is obtained.

Identification of different phases is possible by
various means. Liquid, gas, and their coexisting
regions can be characterized by visual observations
using fluorescence microscopy. For example, the
transition of phases G to LE and LE to LC was
detected by fluorescence microscopy for pentadec-
anoic acid.** Langmuir monolayers of amphiphilic
compounds such as fatty acids, alcohols, and their
esters are rich in liquid crystalline phases.*®

Grazing incidence X-ray diffraction provided the
first clear-cut evidence for monolayer crystalline
structure of amphiphiles.’6~18 Several groups of com-
pounds including long-chain alcohols, carboxylic acids
and amides, a-amino acids, phospholipids, and their
derivatives were the main systems characterized by
GIXD.®3 This method also demonstrated that many
amphiphilic types spontaneously form in the uncom-
pressed region of the isotherm, monolayer, or mul-
tilayer crystals, up to tens of nanometer in lateral
coherence length as shall be described below.

B. Monolayer Packing Motifs of Hydrocarbon
Chain Amphiphiles

A precise determination of 2-D crystal structure of
the amphiphilic film on the liquid surface can be
achieved by an analysis of its GIXD data, sometimes
to even near atomic resolution, particularly when
coupled with a knowledge of 3-D crystal structures
of the same or analogous molecules, atom—atom
potential energy calculations, and spectroscopic meth-
ods such as sum frequency generation. The large
number of GIXD monolayer studies of the simple
amphiphiles, ChH2n11X, where X is a headgroup such
as COOH or OH, have yielded a variety of phases
ranging from mesophases that possess partial orien-
tational and translational order to highly crystalline
structures, recently reviewed in detail in ref 13.

All these monolayer structures have one basic
feature in common: their hydrocarbon chain axes are
parallel to one another. The packing of hydrocarbon
chains can be further classified according to the
subcell a,, by, ¢, in which a, and b, describe a two-
dimensional lattice perpendicular to the chain axis
and ¢ = 2.4 A corresponds to the periodicity along
the chain.'® A distribution of the cell dimensions a,
and b, (Figure 1a) of monolayers for various phases
lie, with some scatter, on a continuous arc. The
central region, distinguished by a hexagonal-type
lattice, is occupied by low-density mesophases; the
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Figure 1. (a) Distribution of projected unit cell axes
(ap, bp) extracted from GIXD data of various Langmuir
monolayers. Parallel solid lines correspond to values of
constant cross-sectional area = ayb,/2 occupied by a single
hydrocarbon chain. The dashed line corresponds to the
hexagonal projected unit cell with b, = a, V3. Labels HB
and PHB denote the commonly observed herringbone and
rarely encountered pseudo herringbone motifs, respectively.
(b) Herringbone motif HB shown on the right and transla-
tion packing of chains on the left. (c) Direction of tilt toward
nearest neighbors (NN) and next-nearest neighbor (NNN)
of hydrocarbon chains that pack in the HB motif.

two ends of the arc correspond to relatively dense
chain packing with rectangular unit cell dimensions
5.0 x 7.5 A2 and 4.4 x 8.7 A2 The two molecular
chains in each unit cell in both motifs are related by
glide (g) symmetry in the plane group pg, the former
motif (Figure 1lc, right) being the most commonly
observed. It embodies a herringbone arrangement of
the chains and is found in the monolayer crystals of
the fatty acids, e.g., CaoH39CO2H,?° and the alcohols?!
CnH2n+10OH, n = 16—31. In view of the glide sym-
metry, the hydrocarbon chains may tilt along either
the short a-axis or the long b-axis, corresponding to
tilting toward nearest neighbors (NN) or toward next-
nearest neighbors (NNN), respectively, as shown
schematically in Figure 1b. Molecules have also been
observed to pack in another characteristic symmetry
pattern, plane groups pl. The unit cell is oblique, and
the only symmetry element is translation as depicted
in Figure 1c, left. The molecules that crystallize in



Crystalline Thin Film Architectures at the Air—Liquid Interface

pl symmetry on water include o-amino acids?? and
arachidamide.®

In general, the monolayer packing arrangements
of amphiphilic molecules on the aqueous surface are
similar to their 3-D crystalline counterpart, the
differences lie mostly in chain tilt. This latter obser-
vation suggests that in 3-D crystals and in am-
phiphilic monolayers, interlayer forces and interac-
tions between hydrophilic headgroups and the aqueous
subphase, respectively, play a role in determining
intralayer packing.

C. Molecular Interactions and Crystallinity

The amount of crystalline material in self-ag-
gregated clusters of amphiphilic molecules has been
found to depend on several factors, including tem-
perature, conformational flexibility, hydrophobic chain
length and type, the nature of the hydrophilic head-
group, and the nature of the solvent subphase with
which the headgroups are in contact. The role played
by chain flexibility has been inferred by the higher
crystallinity of Langmuir monolayers of molecules
containing fluorocarbon chains C,Fz.+; compared
with the hydrocarbon counterpart C,Hzn11,%* in view
of the inherent “stiffness” of the fluorocarbon chain.?>26
However, intermolecular forces also play a role, since
potential energy calculations have indicated a more
favorable interaction between the fluorocarbon chains
than between hydrocarbon chains.?* In general, for
amphiphilic molecules which form 2-D crystalline
self-aggregates when deposited on the liquid surface,
the amount of monolayer crystalline material formed
and the extent of crystal coherence are both enhanced
the longer the chain. This observation may be simply
correlated with the contribution to the lattice energy
by each additional CH; group in the chain. By a
similar criterion, the stronger the interaction be-
tween the headgroups, other things being held equal,
the more crystalline the material.

The effect ions may have on the extent of mono-
layer crystallization was observed by comparing the
films of arachidic acid over pure water and cadmium
arachidate formed over a CdCl; solution, the amount
of crystalline material formed being higher for the
latter.?”?8 Clearly the Cd ion---carboxylate interac-
tions are stronger than those between the neutral
carboxyl groups. Another example of enhanced crys-
talline self-aggregation induced by ions involves the
short chain myristic acid C,3H2;CO,H. It did not yield
any GIXD signal over a pure water subphase but
showed a long-range crystallinity in the form of
cadmium myristate.?®

The lateral extent of perfect crystalline order in
different directions, termed also the positional coher-
ence lengths L, was found to be distinctly anisotropic
in monolayer crystals for amphiphilic molecules with
a large chain tilt. The coherence length extends much
further in the direction perpendicular to the molec-
ular tilt direction than parallel to it. Lattice energy
calculations, involving the attachment energy of a
row of the amphiphilic molecules to different mono-
layer (h,k) facets, yielded weaker attachment along
the tilt direction, compatible with a shorter coherence
length.3® This approach, linking the 2-D crystal
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coherence length with the relative attachment energy
of the amphiphile to different monolayer facets, is
akin to that adopted in order to calculate the growth
morphology of 3-D crystals; the rate of growth for a
particular layer in a certain (h,k,l) direction is
proportional to the attachment energy of that layer
to the crystal face.®!

D. Buckling of Langmuir Films

Under compression, rigid molecular films may
buckle in the third dimension, leading to a corrugated
structure. Such corrugation has been detected by
X-ray scattering in monolayer films of fatty acids on
divalent cation subphases at high pH and low tem-
perature as reported by Daillant and co-workers.3232
An X-ray scattering pattern for arachidic acid is
depicted in Figure 2a. The buckling wavelength A ~
20nm (Figure 2a, inset) changes only slightly under
compression, but the amplitude strongly increases.
This buckling could be induced by the asymmetry in
packing constraints for headgroups and aliphatic
chains.®®

Complementary, yet independent, information on
monolayer buckling can be inferred from the skewed
shapes of Bragg rods observed in the GIXD patterns
of films on water such as some long chain a-amino
acids (see section IV.A) and the alkanes C, Hanqz,
n = 34, 50 (see section VI11.D) shown in Figure 2b for
n = 50. These Bragg rods were interpreted in terms
of bent crystalline films assuming a concave-like
shape, which is in accordance with, but not proof of,
a regular surface corrugation.

E. Topochemical Reactions in Langmuir Films

A correlation between the stereochemistry of prod-
ucts formed in solid-state reactions and the packing
arrangements of the reactant molecules in the 3-D
crystals has been demonstrated for a large variety
of systems, and such reactions are referred to as
topochemically controlled. This type of control has
also been invoked in photoreactions in assemblies
possessing a lower degree of order such as micelles,
vesicles, microemulsions, Langmuir monolayers, and
Langmuir—Blodgett multilayers.34-38

According to the rules of topochemically controlled
reactions in the solid state,® neighboring trans-
cinnamic acid molecules, CsH;—CH=CH—-CO;H, sepa-
rated by translation of about 4 A will, upon UV
irradiation, photoreact across their C=C double
bonds to form a mirror dimer (Scheme 2a). Thus, we
anticipated that crystalline trans-cinnamic acid mo-
lecular monolayers on water of the type R—CgHs—
CH=CH-COH, where R contains a long hydrocar-
bon chain in the para position, would photodimerize
provided the neighboring C=C bonds are separated
by about 4 A. A monolayer of the analogous trans-
cinnamamide R—CgH,—CH=CH—-CONH; should not
dimerize on the following basis: An ordered array of
cinnamamide molecules should be interlinked by
N—H---O=C hydrogen bonds along a repeat axis of
5 A, generating ribbons (Scheme 2b). These ribbons
cannot be stacked along a translation axis shorter
than 5 A because the cross-sectional area of cin-
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(b)

Figure 2. (a) X-ray intensity I(qgy), where gy, = qyy, scattered in the plane of incidence by an arachidic acid film deposited
on a CdCl; solution at high pH and T = 5 °C, as a function of increasing pressure s from (bottom) 1.4 to (top) 20 mN/m.
Inset: Buckled monolayer with wavelength A ~ 20 nm (Reprinted with permission from J. Daillant ref 33). (b) GIXD
pattern 1(0yy,q,) of an uncompressed monolayer CsoH10, 0N water showing skewed Bragg rods.

Scheme 2

4-alkoxy-E-cinnamic acid mirror dimer

air

4-alkoxy-E-cinnamamide 4-alkoxy-Z-cinnamamide

R

R = CH3(CHa) 6

namamide is about 25 A2, Such molecules should
undergo a trans—cis photoisomerization (Scheme 2b).

These predictions were tested with monolayers on
water of the amphiphiles*® CigH3;0C¢H,CH=CHY,
Y = CO;H, CONH,. UV irradiation of the trans acid

monolayer yields the mirror dimer, whereas the
amide system undergoes trans—cis isomerization.
Both monolayers form self-aggregated 2-D crystalline
clusters according to their GIXD patterns. The GIXD
pattern of the acid shows coexistence of two crystal-
line phases. The crystal structure of the major phase
(Figure 3a) embodies a 4 A separation between
essentially parallel C=C double bonds of neighboring
glide-related cinnamic acid moieties, in keeping with
formation of the mirror photodimer. The monolayer
packing arrangement of the amide (Figure 3b) con-
tains molecules interlinked by N—H---O hydrogen
bonds and whose C=C bonds are separated by about
5 A, thus precluding photodimerization.

This approach has been made use of to demon-
strate the ordering of water-soluble amphiphilic
molecules at the air—aqueous solution interface and
is described in section VI.I.

F. Catalytically Active Langmuir Films

Homogeneous catalysis by metal complexes plays
a major role in chemical and biological processes.
Such catalysts generally involve discrete metal com-
plexes that function independently. The effect of
crystalline order in Langmuir—Blodgett (LB) films
on catalysis has been demonstrated by the behavior
of LB films of a rhodium complex (Scheme 2c), 4! an
analogue of a known hydrogenation catalyst. The LB
films on glass support as well as the monolayer on
aqueous solution catalyzed the hydrogenation of
acetone in a dilute aqueous solution, yielding 2-pro-
panol as the only observed product. The 2-D crystal-
linity of the monolayer of the rhodium complex on
water was demonstrated by GIXD, albeit only a
single Bragg reflection of 4.6 A spacing was observed.
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—_— 3
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Figure 3. Packing arrangements of the uncompressed monolayers on water at 5 °C of C13H3;0CsH,CH=CHX, viewed
(left) parallel and (right) perpendicular to the water surface. (a) X = CO,;H (b) X = CONH,. The upper chain section has

been removed in some of the figures.

IV. Two-Component Monolayers

A crystalline monolayer on water composed of two
different amphiphiles A and B may fall into one of
the two categories: either A and B separate into
different domains or do not. In the event of the latter,
molecules A and B may be arranged in a random
blend or if A and B complement each other form
ordered ABABAB-type arrays. Various types of such
binary systems have been studied on solid and liquid
support. As we shall show below, it is possible to
design binary amphiphilic systems which when com-
posed of enantiomeric pairs of molecules separate
into crystalline islands of opposite handedness. When
A and B complement each other, as in acid—base
systems, they may form ordered complexes. It is
possible to engineer A and B, which may be different
or very similar in structure, into separate territories
of variable size.

A. Separation of Racemic Mixtures into 2-D
Crystals

1. Introduction

The spontaneous separation of left- and right-
handed molecules (i.e., enantiomers) from a racemic
mixture has intrigued scientists since it was discov-
ered by Pasteur a century and half ago. This phe-
nomenon might have played a significant role in an
abiotic process proposed to explain the transforma-
tion from a racemic chemistry to a chiral biology. In
this regard, the separation of enantiomers in two
dimensions may have relevance to the transfer of
chiral information within or across an interface. This
possibility prompted an investigation of the struc-
tural requirements for separation of left- and right-
handed hydrophobic a-amino acids into 2-D crystal-

line arrays from a racemic mixture at the air—water
interface.?

Unlike in 3-D crystals, the detection of spontaneous
separation in two dimensions is not straightforward.
The macroscopic methods of surface pressure—area
isotherms, Brewster angle, and epifluorescence opti-
cal microscopy may not be sufficiently reliable for the
purpose. Chiral segregation in 2-D crystals has been
detected via techniques that probe the structure at
the nanometer scale, such as scanning force* and
scanning tunneling*® microscopies and grazing inci-
dence X-ray diffraction.?244

Chiral discrimination of molecules in solution and
in Langmuir films has been examined theoretically
by Andelman, de Gennes, and Orland.*>4 Their
overall conclusion that heterochiral pair interactions
should be generally favored should be relevant to
dilute fluid phases but hardly to crystalline systems
where multiple molecular interactions and crystal
symmetry play a dominating role. We shall see that
the occurrence of spontaneous resolution in 2-D
crystals may depend on subtle differences in molec-
ular structure.

Racemic mixtures of molecules tend to form 3-D
crystals which embody centers of inversion or glide
symmetry that relate chiral molecules of opposite
handedness. As already discussed in section 111.B,
only translation or a glide but whose plane is
perpendicular to the water surface are the symmetry
elements common for 2-D crystals composed of am-
phiphilic chainlike molecules on water (see Figure
1b). Under such conditions, a racemic mixture can
either resolve spontaneously into crystalline 2-D
islands of opposite handedness in which the mol-
ecules are related only by translation symmetry or
form a racemate in which the molecules are related
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by glide symmetry, as depicted in Scheme 3 for a set
of hands. If the glide can be prevented, spontaneous
segregation of enantiomeric territories at the solution
surface can be induced. However, since an am-
phiphile generally incorporates a long aliphatic chain
CnH2n+1—, which tends to pack in the herringbone
motif generated by glide symmetry, the molecule may
require a functional group within the chain that,
together with the hydrophilic group, will promote
translation packing only.

2. o-Amino Acids

Reasoning along these lines was applied for obtain-
ing enantiomeric segregation into 2-D islands of
racemic mixtures of long-chain a-amino acids *Hs-
NCHXCOO™, where X is a long-chain side group,??
by making use of the two common types of hydrogen-
bonding layer motifs of the TfH3NCHXCOO™ moieties
(Figure 4a). The motif in which the moieties are
interlinked only by translation (Figure 4a, right)
embodies axes of length appropriate for intermolecu-
lar N—H---O=C hydrogen bonding between second-
ary amide groups CONH introduced within the
aliphatic X chains. Such chains cannot form favorable
intermolecular N—H---O=C bonds in Figure 4a (left),
since the herringbone arrangement of the chains,
generated by glide symmetry, would preclude N—
H---O linearity. Thus, the amide group within the
hydrocarbon chain should induce the translation
motif.

When X was chosen to be CHzn1—, N = 12, 16,
the racemic mixture crystallized into heterochiral
domains according to the GIXD pattern (Figure 4b,
left) in a rectangular cell containing molecules related
by glide in a herringbone arrangement of the chains
(Figure 4a, left). The enantiomeric form yielded a
GIXD pattern (Figure 4b, right) corresponding to
molecules related by translation in an oblique cell
(Figure 4a, right).

Enantiomeric separation was achieved by intro-
ducing into the chain an amide group, four CH;
groups from the asymmetric atom C(HX), to form
CnH2n+1CONH(CH3)4, n = 15, 17, 21. The enantio-
meric form for n = 17 yielded a GIXD pattern (Figure
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Figure 4. (a) Schematic views of the crystalline monolayer
arrangements of a-amino acid amphiphiles XCH(NH3;")CO,~
(X = chain, depicted as arrow), showing: (left) molecules
of opposite handedness (R and S) related by glide sym-
metry, and (right) molecules of a single handedness (R or
S) related by translation. (b) The GIXD patterns, presented
as 2-D intensity contour plots 1(qyy,q,), of the monolayers
of racemic, (R,S), and enantiomeric, (R) or (S), amino acid
amphiphile C1gH33CH(NH3")CO,~ on water.
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Figure 5. The monolayer crystals of racemic, (R,S), and
enantiomeric, (R) or (S), a-amino acid amphiphile C,Hzn41-
CONHC4HgCH(NH3™)CO, n = 15, 17, 21 on water. (a,b)
The GIXD patterns for the amino acid n = 17 in the form
of two-dimensional intensity contour plots 1(0yy,q;). (c) The
packing arrangement of the racemic mixture n = 17 viewed
parallel to the water surface. Upper chain section is not
shown.

5b) indicative of an oblique unit cell with translation
symmetry only. The GIXD patterns of the racemic
mixture for the three monolayers n = 15, 17, 21 (as
shown in Figure 5a for n = 17) are very similar to
those of their corresponding enantiomeric form. Thus,
the racemic mixture spontaneously separated into
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homochiral domains of opposite handedness induced
by N—H---O hydrogen bonding of the amide groups
along a 5 A axis, complemented by the N—H---O
network of the "THsNCHCOO™ moieties (Figure 5c).

The subtle interplay between the relative contribu-
tions of the hydrocarbon chain and the hydrogen-
bonding amide and glycine groups in determining
whether a racemic mixture will separate into mono-
layer islands of opposite handedness is brought to the
fore by the example of the amphiphile X = CyoHso-
CONH(CH;)4—. Both the enantiomers and the race-
mic mixture of this system exhibit similar GIXD
patterns, indicating molecular packing in a rectan-
gular cell in the regular herringbone motif (Figure
1b right), generated by (pseudo) glide symmetry.
Thus, in the racemic mixture the molecules of op-
posite handedness do not separate into different
islands.

3. Monolayers of Diastereomeric Acid—Base Mixtures

Spontaneous separation of enantiomers of more
complex monolayer systems has been achieved mak-
ing use of acid—base interactions in 1:1 mixtures of
long-chain substituted R- or S-mandelic acid [Ci5H31—
Ce¢Hs—CH(OH)COOH] and R’- or S'-phenylethyl-
amine [Cy4H29—CsHs—CH(CH3)NH_], which form crys-
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cally in the central column of Scheme 4. The GIXD
patterns of the R,R'- and R,S'-films (Figure 6) are
distinctly different, in particular the intensity profiles
of their Bragg rods (Figure 6b). An equimolar mixture
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Figure 6. The GIXD patterns of the crystalline monolayers on water of the three mixtures, (R,R’), (R,S'), and (R,S,R',S')
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and green, respectively. (a) GIXD patterns of the three mixtures showing Bragg peaks I(q,) with their (h,k) indices. (b)
Comparison of the Bragg rod profiles I(q;) of the (1,0), (0,2), and (1,—2) reflections of the three mixtures.
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of the four components (R,S,R’,S') gave rise to a
diffraction pattern almost identical to that of the
R,R'-mixture (see the Bragg rods in Figure 6b),
signifying a separation of R,R'- and S,S'-territories.
Studies involving nonracemic mixtures demonstrated,
however, that mixing of the enantiomers can take
place. Thus, the formation of an oblique 2-D unit cell
containing one molecule only as in the systems
studied by GIXD?>4* does not rule out the presence
of some enantiomeric disorder in the monolayer
crystals.

B. Monolayer Film Domains of Variable Size

Engineering monolayer domains of variable size
was motivated by attempts to get a measure of the
limiting size of 3-D crystal nuclei whose formation
is induced by epitaxial growth from amphiphilic
monolayers (vide infra). The idea involved the prepa-
ration of A-type domains of variable size within a
monolayer sea of B molecules, where only the A-
domains induce the crystal precipitation whereas the
B-domains are inactive. This aim was achieved in
ways shown in Scheme 5a—e. In Scheme 5a, am-
phiphiles A and B each contain the common moiety
C19H39CONH. This hydrogen-bonding amide group
and the hydrocarbon chain provide the driving force
for a continuous network as confirmed by GIXD

Kuzmenko et al.

measurements. The headgroup of A, —(CH).CO,H
was found to both favor segregation and induce
crystallization of a metal—carboxylic acid salt as shall
be described in section VI.E.

A similar approach for gleaning information on the
size of ice nuclei as induced by monolayers of ali-
phatic alcohols (see section VI. A.2) involved mixtures
of diols HO(CH;),OH and alkanes H3;C(CH;),CHj;
(Scheme 5b). In these mixed systems the concept was
that intralayer OH---O bonds between diol OH groups
exposed to air would promote aggregated islands of
diols within the sea of alkane molecules. A combina-
tion of infrared measurements sensitive to intermo-
lecular environment, ice nucleation experiments, and
GIXD data confirmed this model.*® Replacement of
the diol by an alcohol induced a random solid solution
(Scheme 5c¢), as expected. Segregated domains of the
mono alcohols C,H2n+,OH were obtained by using the
fluorocarbon alcohol CyF2n+1CoH4OH as the B-type
molecule (Scheme 5d). It was not possible to reduce
the A-type hydrocarbon domain size below about 100
A. The alcohol C,H.n+1OH domains can be effectively
reduced in size by addition of low concentrations of
the longer chain CyH,m+1OH, m = n + 4, to the host
system (Scheme 5e), which then intercalates within
the CHzn+10OH domains at random sites with the end
CH,CHj3 and CH,OH groups emerging from the layer
and so form point defects.*®

V. Interactions between Amphiphilic Monolayers
and Solution Subphase

The focus below on the interaction between the
hydrophilic headgroups of ordered monolayers and
the liquid subphase, such as water, solutes, and ions,
has a bearing on many processes. For example, the
interfacial region between a charged surface and an
electrolyte is central to electrodeposition, ion trans-
port through biological membranes, preparation of
Langmuir—Blodgett films, and biomineralization.
The studies presented are also a prelude to a discus-
sion on induced nucleation of 3-D crystals by mono-
layers as templates. With undersaturated solutions
of such ions or solutes, it is possible to glean, from
their binding to the monolayer, information on the
way a nucleating crystal’s first layer might be formed.
Amphiphilic monolayers on solution surfaces are also
an ideal vehicle to study the effect of solvent on 2-D
and, by extension, 3-D crystal growth and dissolution.

We have limited the discussion in this section to
those systems that have been characterized by GIXD.
Supramolecular hydrogen-bonding architectures at
the monolayer—solution interface investigated by
Ringsdorf, Kunitake, and others shall be described
in section VIILA

A. Binding of Solvent and Solute to Monolayers

Specific interactions between hydrophilic head-
groups of an ordered monolayer and the pure water
subphase may be deduced by comparative results on
long-chain alcohols and alkanes. For example, the
monolayer packing arrangements on water of the
alcohols?* C,H2,+10OH, n = 31—-15, are compatible
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with ordered binding between the alcohol OH groups
and a layer of water (Scheme 6a). The distances
between neighboring alcohol OH groups range from
about 4.6 to 5.0 A, which allow water molecules to
form hydrogen-bond bridges between neighboring OH
groups. This model is supported by a comparison
between the monolayer arrangements of the alcohols
and several long-chain alkanes.’® Both types of
molecules form the herringbone motif; the alkane
chains are untilted, whereas the alcohol chains are
tilted from the normal to the water surface by angles
ranging from 10° to 20°. The chains of alcohol—alkane
mixtures of the same length are untilted. More direct
evidence that the monolayers of long-chain alcohols
interact with the water molecules comes from non-
linear optical measurements, according to which an
ordered layer of water is bound to the monolayer,5!
as well as the observation that the alcohol monolay-
ers promote ice nucleation,3%5253 discussed in section
VIA.

The interaction of a monolayer of hexacosanoic acid
(C25H5:COOH) with aqueous solution (containing up
to 1 M HCI or 1 M NaOH) was studied by Shen and
co-workers,>® making use of sum-frequency vibra-
tional spectroscopy. At a pH up to about 7, the
carboxyl group is neutral. The O—H bond of the
carboxyl group above pH 3.5 orients to adopt an
antiplanar O=C—-0O—H conformation, perhaps to
form a hydrogen bond with a carboxyl group of a
neighboring molecule.
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Introducing cosolvents to water such as formamide
or formic acid can have a pronounced effect on
monolayer crystallinity and packing of aliphatic
amides and carboxylic acids in view of the hydrogen
bonding between the amphiphile and cosolvent.>*
Concentrated solution of formamide as subphase can
induce a change in packing of some aliphatic amides.
Replacing formamide by formic acid was found to
inhibit the monolayer crystalline formation of
arachidamide C;9H29CONH,. The essential difference
in binding of formic acid and formamide to the
amphiphile involves the replacement of an N—H---O
bond between monolayer-bound formamide molecules
by O(hydroxyl)---O(carbonyl) repulsion between lone-
pair oxygen electrons of the formic acid molecules
(Scheme 6b). Pure formamide as the liquid subphase
instead of water has no observable effect on the
monolayer packing of long-chain alcohols. On the
other hand, it induces the chains of the fatty acid
CnH2n+1COOH, n = 29, to be aligned normal to the
liquid surface unlike the highly tilted orientation on
a water subphase®® and the amide n = 19 to form
multilayers which will be discussed in section VII.A.

Solutes can not only inhibit or retard formation of
monolayer crystallites but also dissolve them as
found when g-alanine, *H3NC,H,CO,~, as solute
caused the disappearance of monolayer crystals of a
perfluorinated o-amino acid surfactant after 2 h%6
(Figure 7a). This process was rationalized in terms
of a strong interaction between f-alanine with the
amino acid headgroups of neighboring amphiphilic
molecules, leading to intercalation and thus destruc-
tion of the crystallites (Figure 7b,c).

Amphiphilic monolayer formation on a liquid mer-
cury surface has been studied by GIXD and X-ray
reflectivity.>*® Both methods applied to a clean liquid
mercury surface revealed a liquidlike in-plane ar-
rangement of the Hg surface atoms, atomic layering
parallel to the surface plane which decays into the
bulk after a few atomic diameters, and sub-Angstrom
roughness. A monolayer of stearic acid on liquid Hg
displayed two weak GIXD peaks.>® Alkanethiol
CnH2n+1SH, (n = 16, 18, 22, 30) monolayers on liquid
mercury were found to be densely packed but,
paradoxically, with no long-range order, according to
surface X-ray scattering data.’® This result was
explained in terms of a strong interaction of the thiol
group with the underlying disordered mercury layer
dominating over the order-promotion interactions of
the alkyl chains. One should also note that the area
per Hg atom in the surface liquid layer is about one-
half that of the alkanethiol chain of about 19 A2,
Thus, only one-half the number of surface Hg atoms
can be covalently bound to the disordered alkanethiol
chains of the monolayer.

B. Detection of Ordered lon Binding to
Monolayers

X-ray reflectivity measurements have demon-
strated that metal ions, when present in solution, lie
close to the charged headgroups of the monolayer at
the interface. Such an arrangement, however, does
not necessarily imply that the metal ion distribution
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Figure 7. Monolayer of C;oF,;C,H,OCOCH,CH(NH3")CO;~ over a $-alanine solution. (a) Bragg peak measurements as
a function of time after spreading the amphiphile. (b) Schematic drawing of “bridging complexes” between the amphiphiles
and the -alanine solute molecules in which the latter intercalates between neighboring amphiphilic headgroups.

in contact with the charged ordered surface is crys-
talline. A direct demonstration of an ordered coun-
terionic layer first came from a GIXD study of
uncompressed cadmium arachidate monolayers over
an alkali aqueous subphase, using ammonia as
base.?”?® The GIXD pattern (Figure 8a, left) showed
10 Bragg peaks, 7 of which arise from the cadmium
layer only, belonging to a 2 x 3 supercell of the
arachidate subcell. X-ray reflectivity measurements
yielded a molar ratio of cadmium to arachidate of
1:1, implying that the counterionic layer consists of
CdOHT ions. Refined Cd positions in the supercell
(Figure 8a, right) gave a very good fit to the observed
GIXD data (see inset, Figure 8a). Another example
of supercell formation, as a result of binding of Cu?"
ions to glycine headgroups and thus indicative of an
ordered arrangement of the Cu?* ions, was found in
the monolayer structures of some enantiomerically
pure a-amino acid amphiphiles on copper acetate
solution. &

The absence of a supercell in monolayer structures
composed of long-chain carboxylic acids and amino
acids bound to metal ions at the air—solution inter-
face does not imply that the metal ions are disor-
dered. Bragg rod data analyses appear to reveal the
presence of ordered binding of K* to the amino acid®®
and Ca?* ion to arachidic acid.?® More direct evidence
has come from a GIXD study of arachidic acid on a
Pb(NO3), solution that has yielded the presence of
monolayer-bound Pb ions arranged in a 2-D lattice
commensurate with the arachidate lattice. The re-
lationship between the arachidate and Pb lattices is
presented in Figure 8b.5?

C. In-Plane Attachment of Water-Soluble
Complexes to Langmuir Films

A model involving intercalation of -alanine solute
molecules within a-amino acid monolayer crystallites
has been presented above. Here we describe evidence
in favor of peripheral attachment of water-soluble
complexes to crystalline monolayer films using chiral-
ity as a probe.’* The monolayer of the amphiphile
S-C15H31CONH—C4H8CH(NH3+)C007, having been
formed on a copper acetate solution, exhibits a more
expanded pressure—area isotherm when pure ala-
nine, serine, or valine of S' rather than of R’ config-
uration is injected into the subphase. We explain this
phenomenon in terms of a more satisfactory attach-
ment of the water-soluble S'—=Cu—S' complex units
to the periphery of monolayer crystals of complex
units S—Cu—S', as opposed to R'—Cu—R' bound to
the monolayer S—Cu—S', as depicted in Scheme 7.

VI. Induced Nucleation of 3-D Crystals by
Langmuir Monolayers

Heterogeneous crystal nucleation is a frequently
observed process that takes place at an interface,
thus lowering the activation barrier for nucleation.
The interaction between the nucleus and the inter-
face can range from nonspecific adsorption to epi-
taxial growth. Here we focus on the use of synthetic
monolayer templates composed of amphiphilic mol-
ecules whose polar headgroups in contact with the
aqueous solution subphase are expedient crystal
nucleating agents through a structural complemen-
tarity between the polar headgroups and a layer of
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Figure 8. (a) Arachidic acid, C15H39COOH, monolayer over a CdCl, subphase (pH 8.8) at 9 °C. The observed GIXD peaks
I(0xy) and the (h,k) reflection assignment is shown on the left. The three reflections with integer indices (1,0), (0,1), (1—1)
correspond to scattering from the arachidic moieties in an a'b’ subcell shown on the right; the reflections with fractional
indices correspond to scattering from the bound Cd layer in a supercell as = 2a’, bs = 3b'. The arrangement of carboxylate
groups (dumbells) in the arachidate repeat cell (shaded area) a = a’, b = a’' + 2b’ and of Cd ions (as black dots) in the
2 x 3 supercell is shown on the right. The Cd ion arrangement yields calculated intensities (grey) that compare well with
the observed GIXD intensities (black) as shown in the inset on the left. (b) Arachidic acid on a Pb(NO3); solution. The two
lattices arising from arachidic acid (small dots) and from the Pb ions (large dots). The two unit cells are commensurate.

the to-be-nucleated crystal (see Scheme 1, left). With
this method it is possible to obtain some insight into
the nucleation process as well as a measure of control
on the size and orientation of the precipitated crys-
tals. Studies along these lines have yielded informa-
tion on the limiting size of crystal nuclei, the inter-
play between the orientation of the nucleating polar
headgroups, and the nucleation process, biological
mineralization, and oriented formation of semicon-
ductor nanocrystals.

A. Induced Nucleation of Ice via Alcohol
Monolayers

Pure water can be supercooled to temperatures
below —20 °C. Therefore, the inhibition or induction
of freezing of water into ice, in particular through

the role of auxiliaries, has far-reaching ramifications
for the living and nonliving world. Promotion of ice
nucleation has been exploited in the induced precipi-
tation of rain by silver iodide seeded in clouds. Ice
nucleation, on the other hand, can result in wide-
scale damage to nonconiferous plants in temperate
climates by frost bacteria, which promotes ice nucle-
ation, preventing supercooling of water below —2 °C.

Various considerations suggested that water-
insoluble long-chain aliphatic alcohols C,H;n+1OH
would promote ice nucleation. For example, there is
a close lattice match between the arrangement of
oxygen atoms in the ab layer of hexagonal ice (Figure
9a) and of the oxygen atoms in the alcohol molecules
packed in the herringbone arrangement of unit cell
dimensions 5 x 7.5 A2 (Figure 9b). Indeed, alcohol
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films of the series ChHzn+1:0OH, n = 13—31, were found
to catalyze ice nucleation253 (Figure 10). The induced
freezing into ice for n odd reaches an asymptotic
temperature just below 0 °C for an upper value of
n = 31, the freezing temperature for n even reaches
a plateau of —8 °C for n in the range 22—30. The
catalytic action of the alcohol monolayers was also
demonstrated by the time taken to freeze supercooled
water drops kept at fixed temperatures and covered
by a monolayer of C3oHe;OH.2

The epitaxial nature of the induced ice nucleation
from an essentially single crystal of the CsHg3sOH
monolayer was demonstrated by an electron diffrac-
tion pattern® (Figure 11a). GIXD studies of self-
assembled monolayers of the alcohols C,Hzn+:0H,
n = 13-31, on water at 5 °C revealed detailed
information that could be correlated with the ice
freezing behavior.?%30 For example, the epitaxial
relation between ice and the alcohol monolayer of
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Figure 9. (a) Schematic representation of a,b layer of
hexagonal ice in terms of the hexagonal cell (a,b) and of a
c-centered rectangular cell (a,,by). (b) Schematic represen-
tation of the herringbone packing of hydrocarbon chains
Cn Han+2 in a rectangular cell (a,b), viewed along the chain
axis. The distorted hexagonal representation of the cell
(an,bn) is also depicted. (c) Three-dimensional structure of
hexagonal ice showing oxygen atoms interlinked by hydro-
gen bonds (bold lines).
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Figure 10. Freezing temperatures (T) of supercooled
water drops covered by monolayers of amphiphilic alcohols
CnhH2n+10H (rhombs and squares) and carboxylic acids
CnH2n+1COOH (open circles). Curves are drawn separately
for alcohols with n odd (filled rhombs) and n even (open
squares).

Figure 11. (a) Electron diffraction pattern from an es-
sentially single crystallite of the C3;Hg3sOH monolayer on
a single crystal of hexagonal ice and the relation between
the reciprocal lattice of ice and of the monolayer, showing
the six {1,0,0} reflections of ice (circles) and the four {1,1}
and two {0,2} reflections of the monolayer (rectangles).
(b) Monolayer crystalline arrangements of alcohols Cp-
H2n+:0H, n = 31, 20 viewed perpendicular to the glide
plane. Molecules related by glide symmetry are in full and
dotted lines, respectively.
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Figure 12. (a) Monolayer crystalline arrangements of the hydroxyl alkyl esters C;9H3sCO2(CH2)sOH n = 9, 10 showing
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OH m = 14, 15 on water. The difference in the spectra of the two monolayers arises from the difference in tilt of their

C—CHj3 bonds.

Cs1Hs3OH, which is an excellent ice nucleator, is
obvious from the similarity between the arrangement
of oxygen atoms in the (001) layer of ice and in the
alcohol monolayer (vide infra, Figure 13e), the pack-
ing arrangement of which is shown in Figure 11b,
left. The alcohols crystallize in a rectangular cell,
with the chains adopting the herringbone motif as
in Figure 1c, right. There is a gradual change in
crystal structure with chain shortening that may be
correlated with poorer ice nucleation behavior. The
molecules become more tilted (see Figure 11b), and
there is an increase in lattice area mismatch between
ice and the alcohol monolayer, a significant increase
in chain motion, and a reduction in the relative
amount of alcohol crystalline material formed and in
their extent of lateral order.?> We compare this be-
havior with monolayers of short-chain alcohols C-
Hzn+10H, n = 8—13, in equilibrium with macroscopic
liquid drops of the alcohol on water, studied by Berge
and co-workers”56¢ that exhibit remarkable coher-
ence lengths of mm size.

The odd—even effect in the ice-nucleating behavior
of ChH2n +10H and the GIXD data implies that the
absolute azimuthal orientation of the hydrocarbon
chains differing in length by one CH, group are the
same, leading to a difference in orientation of their
CH;OH groups. The absolute orientation of the
molecular chains, and thus of the CH,O(H) groups,
was established in the series CrH2m+1CO,CrH2,0OH,
m = 14, 15, 19, n = 9, 10, by GIXD (see Figure 12a
form =19, n =9, 10) complemented by lattice energy
calculations® and independently by infrared—visible
sum frequency generation (Figure 12b).5” This optical
method fixed the tilt angle of the terminal C—CHj
bond and thus the absolute azimuthal orientation of

the molecular chain. In the monolayer packing ar-
rangements of C15H39CO,(CH,),OH, n =9, 10 (Figure
12a), the O—H bond and the lone-pair electron lobes
are equally exposed to water for n = 9 whereas for
n = 10, which is the better ice nucleator of the two,
the O—H bond can point vertically into the water
subphase. This model was confirmed from an assign-
ment of the absolute azimuthal orientation of the
bromo alcohols BrC,H,,OH, n = 21, 22 on water,
determined directly from an analysis of the GIXD
data.®”

A lattice match is not the only determining factor
for induced crystal nucleation For example, com-
pressed monolayers of the alcohol C;5H3;OH induces
nucleation of gypsum (CaS0,4:2H,0) from its {010}
face.%8 The crystal structure is composed of layers of
Ca?" and SO,?" ions interspersed with a double layer
of water molecules, parallel to the {010} face. There
is no lattice match between the alcohol monolayer
and the layer structure of gypsum, suggesting that
overall hydrogen bonding between the alcohol hy-
droxyl and the sulfate groups induced the oriented
nucleation.

1. Critical Size of the Ice Nucleus

An estimate of the critical size of ice nuclei as
induced by an alcohol monolayer, just below 0 °C, was
gleaned from a GIXD study monitoring growth of
(001) plates of ice by a C3;HesOH monolayer®® (Figure
13a—d). Many of these ice crystals had a lateral
coherence length as low as 25 A, as determined from
the width of the (100) reflection of ice (Figure 13d).
This value of 25 A compares well with the domain
diameter of about 30—35 A, over which there is a
match to within 0.5 A between the oxygen positions
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Cs1Heg30OH over pure water cooled to freezing. (a) The Bragg
peaks {1,1} and {0,2} of the monolayer on water at 4 °C.
(b) First stage of ice nucleation just below 0 °C under the
monolayer. The {1,1} Bragg peak of the monolayer and the
(100) Bragg peak of ice are visible. (c) Same as part (b) but
after a time interval of 15 min. (d) After a further 15 min
only the (100) Bragg peak of ice is visible. The disappear-
ance of the Bragg peaks of the crystalline monolayer was
not due to its destruction, but rather because the ice
crystals bound to the monolayer were no longer parallel.
The gy values are in A-lunits. (e) A diagram of the oxygen
positions within the ab layer of hexagonal ice (triangles in
a rectangular unit cell of 4.5 x 7.8 A2) superimposed on
the oxygen positions in the monolayer of C3;Hg3OH (squares
in a rectangular cell of 5.0 x 7.5 A2). Within each ellipse
the 'cz)\xygen atoms of ice and the monolayer match to within
0.5 A.

of the a,b lattice of ice and that of the C3;Hgz:OH
monolayer on water (Figure 13e). A value of about
30 A was also obtained as the calculated size of
‘defect-free’ domains in a monolayer of C,HgOH in
a study simulating the observed ice nucleating ef-
ficiency of Cy9Hg1OH when contaminated with tai-
lored additives (see Scheme 5e).%° Thus, an assumed
maximum diameter of the ice critical nucleus of 30
A would constitute a hemisphere containing about
250 molecules of water. This analysis also suggests
that for a homogeneous ice nucleation just below 0
°C, the number of water molecules in a critical
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nucleus is unlikely to be less than 500. According to
electron diffraction studies of clusters of water mol-
ecules formed on expansion through a nozzle, the
crystalline ice core formed in a water cluster had a
diameter of about 45 A containing about 1200 water
molecules.”® These results suggest that the alcohol
monolayer reduces the effective diameter of the
critical ice nucleus.

2. Ordered Alcohol Monolayers at the Oil-Water Interface

The induced ice-nucleation behavior was exploited
to probe the oil—water interface: the freezing tem-
peratures of water drops placed in hexane solutions
of the alcohols C,H2,+10OH, n > 22, were sufficiently
high to indicate that the alcohols aggregate into
crystalline clusters at the oil—water interface.>® A
direct observation of monolayer amphiphilic crystal-
linity at the oil—water interface by GIXD of CioF2s-
(CH,),OH at the water—hexane solution interface
was made by Schlossman et al.”* Below the transition
temperature the monolayer is in a high-density
ordered phase, whereas above the transition point the
monolayer desorbs into the hexane solution. Another
observation of monolayer crystallinity at the oil—
water interface was carried out by Brezesinski et
al.: They showed that monolayers of phospholipids
at the air—water interface in contact with hexadec-
ane and dodecane are crystalline, with a reduction
of the tilt angle of the aliphatic chains compared to
films at the pure air—water interface.”

B. Amino Acid Monolayer Template for Glycine
Crystallization

The opposite faces of a centrosymmetric crystal
that are chiral, and thus of opposite handedness, may
be used as an advantage to demonstrate epitaxial
nucleation by an ordered monolayer composed of
amphiphilic molecules of a single handedness. Scheme
8, top, depicts a layer of left hands in contact at an
interface with an underlying layer of right hands; by
symmetry, the layer of right hands make equivalent
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Figure 14. (a) Packing arrangement of the a-form of glycine. The red and green colors define the chiral layers, and
crystal faces, of opposite handedness. (b) Bipyramidal crystal morphology of the pure form of a-glycine from aqueous solution.
(c) Schematic view of crystals of a-glycine of pyramidal shape obtained when grown under monolayers of (left)R, and

(right)S, a-amino acid amphiphiles, respectively.

contact with the layer of underlying left hands. These
arrangements are analogous to a floating layer of
water-insoluble ‘left-handed’ molecules, which in-
duces nucleation of a top crystal layer of right-handed
molecules at the air—solution interface and, by sym-
metry, the Langmuir layer of right hands which
induces formation of the enantiotopic crystal face
composed of left hands. This principle was applied
to the induced nucleation of the opposite enantiotopic
{010} faces of the a-form of glycine, TH3NCH,CO,".
The crystal structure (Figure 14a) contains hydrogen-
bonded a,c layers in which the molecules are related
by translation only. These layers are interlinked on
one side by hydrogen bonds to form a centrosymmet-
ric bilayer and on the other side by C—H---O contacts.
Glycine crystallizes from aqueous solution in the form
of truncated bipyramids in which the opposite {010}
faces are weakly expressed (Figure 14b). Monolayers
of long-chain enantiomeric a-amino acids, "H3NCH-
XCOO~, X = CpyH2n+1CONH(CHy)4, were predicted to
form, on the water surface, 2-D crystals with their
glycine moieties arranged in a manner akin to that
of an a,c layer structure of a-glycine itself. These
monolayers, on saturated glycine solutions, induced
formation of floating pyramidal-shaped a-glycine
crystals oriented with their basal (0—10) or (010) face
to air depending upon the chirality of the amphiphile,
shown schematically in Figure 14c,d, in Scheme 8,
bottom. 374 These results were in accordance with a
determination by GIXD of the monolayer crystal
structures of the o-amino acids?? for n = 15, 17 (see
section 1V.A.2), which proved the precise epitaxial
nature of the induced nucleation.

C. Nucleation of p-Hydroxybenzoic Acid via
p-Alkoxybenzoic Acid

This study provides evidence not only that a precise
structural match between the Langmuir monolayer

nucleator and nucleant is not required for oriented
crystallization, but that in order to improve the
match the monolayer may undergo a molecular
rearrangement. One could say that the to-be-grown
crystal takes the role of a template. Crystals of
4-hydroxybenzoic acid monohydrate, HOCsH,CO,H-
H,O, obtained from aqueous solution are composed
of hydrogen-bonded layers parallel to a (401) plane
(Figure 15a), which is not expressed as a crystal face.
A monolayer of C;3H3;0C¢H,CO,H was found to
induce nucleation of the acid monohydrate” floating
from its (401) face (Figure 15b). The structural match
between the monolayer with bound solute, as deter-
mined by GIXD (Figure 15c¢), and the (401) plane of
4-hydroxybenzoic acid-H,O is however incomplete,
necessitating a partial rearrangement of the solute-
bound monolayer to induce nucleation of the acid
monohydrate.”®

D. Nucleation of 3-D Crystals via
Guanidium—Alkane Sulfonates

Another informative example involving a partial
epitaxial match is provided by the oriented crystal-
lization of diphenyl sulfone (C¢Hs—SO,—CgsHs) under
a monolayer of 1-octadecane sulfonate spread over
an aqueous solution containing a mixture of guani-
dine hydrochloride and bezenesulfonic acid.”” The
molecular area of the monolayer as deduced from
surface pressure—area isotherms agrees with the
formation of two-dimensional pseudohexagonal hy-
drogen-bonded mixtures of guanidinium —C(NH;)s"
and —SO;3™ ionic mixtures as shown in Figure 16a.
The mixed monolayer induced nucleation of diphenyl
sulfone, the decomposition product of benzenesulfonic
acid. A model involving a coincident match in the
lattice d-spacing of the nucleator and nucleant has
been invoked.
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Figure 15. (a) Layer arrangement of a 4-hydroxybenzoic acid monohydrate crystal, in the (401) plane. (b) Schematic
view of the orientation of a hydroxybenzoic acid crystal at the air—water interface, floating from the (401) face, when
crystallized from a solution covered by a monolayer of 4-(octadecyloxy)benzoic acid or when the solution contains
4-methoxybenzoic acid as additive, as well as photographs of such crystals. (c) A pair of rows of hydrogen-bonded dimers
formed between the amphiphilic molecules and the hydroxybenzoic acid solute viewed perpendicular to solution surface.
According to the proposed mechanism to explain the oriented 3-D nucleation the molecules in (c) rearrange to simulate
the (401) layer structure of hydroxybenzoic acid shown in (a). The wedges represent the amphiphilic chains.

E. Mixed Monolayers for Induced 3-D
Crystallization

We have already described in section IV.B the
principle of using mixed monolayers for estimating
the limiting size of 3-D crystal nuclei epitaxially
formed under a monolayer. The mixed monolayers
contain segregated domains of type A and B with a
common moiety structured to promote the formation
of a homogeneous array of molecular moieties, com-
mon to A and B. Molecule A, however, contains an
additional group appropriate for the induced 3-D
crystallization, which would also favor their segrega-
tion into domains (Scheme 5a). As B we used CigH30-
CONH> and as A C19H39CONH—(CH2)2—C02H for
induced crystallization of bilayer compounds com-
posed of metal salts of carboxylic acids.”

The crystal structure of silver propionate, CH3;CH,-
CO,AqQ, consisting of layers in which the Ag ions are
embedded within cyclic dimers of COO groups, was
chosen as an appropriate system. Mixed monolayers
with a molar ratio A:B down to a limiting value of
1:10 induced oriented formation at the air—solution
interface of platelike silver propionate crystals. The
segregated nature of the A+B domains was indepen-
dently demonstrated by X-ray reflectivity, making
use of cadmium ions bound to neighboring CO,~
headgroups. The homogeneous, ordered, nature of the
C19H39CONH moiety of the mixed monolayer was

proven by GIXD for a variety of A:B mixtures. A
randomly distributed monolayer mixture of stearic
acid A" and stearyl alcohol B’ in a ratio as high as
1:1 did not induce silver propionate precipitation.
These results show that the A-type domains must be
of finite size to induce nucleation of the silver salt.
This domain size should provide an inkling on the
critical size of the ‘nuclei’ en route to precipitation.

F. Monolayer-Induced Nucleation of NaCl

The induced nucleation of zwitterionic glycine via
an a-amino acid monolayer triggered a search for an
ionic crystal whose layer structure would complement
the arrangement of NH3t and CO,~ moieties of the
o-amino acid monolayer (Figure 5c¢). The structure
of NaCl at its (110) face (Figure 17a), with alternating
rows of Na and Cl ions separated by 2.8 A, appeared
to fit this requirement; indeed, NaCl was nucleated
from this face via amino acid monolayers.” The
crystals of NaCl are composed of alternating {111}
layers of Na* and CI~ ions (Figure 17b), which
suggested that a monolayer of charged long-chain
carboxylic acids would induce nucleation of sodium
chloride from an (111) face by electrostatic comple-
mentarity only. This prediction was experimentally
demonstrated.” The crystals of NaCl developed (100)
plates when stearylamine was used as a nucleating
matrix (Figure 17c), which may be rationalized in
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Figure 16. (a) Schematic representation of the 2-D hydrogen-bonding network present in guanidinium alkane- and
arenesulfonate salts. The network can be described as 1-D ribbons, highlighted in bold, held together by hydrogen bonding
between residual sulfonate oxygen lone pairs and guanidinium protons. 3-D single-crystal X-ray diffraction studies have
revealed that the steric requirements of the R groups in many salts induce puckering of the sheetlike network about a
“hydrogen-bonding hinge” formed by these residual hydrogen bonds. Such puckering is unnecessary in monolayers on
solution. (b) Bilayer motif observed in guanidinium sulfonate salts of 3-D crystals for sterically undemanding R groups. (c)
Langmuir isotherm of sodium 1-octadecanesulfonate over 0.009 M guanidinium sulfate at room temperature. The
compression isotherm is indicated by the solid line (Reprinted with permission from M. Ward ref 77).

Figure 17. (a—c) Photographs of NaCl crystals nucleated via amphiphilic monolayers of a-amino acids, long-chain acids
and amines respectively, and schematic views of the atom arrangement of the corresponding crystal faces.

terms of intercalating CI~ ions between the stearyl-
amine NH3" groups.

G. Induced Nucleation of CaCO3 Relating to
Biomineralization

Inorganic crystals of defined phase, shape, and
orientation are produced by biological systems The
specific orientation of biogenic crystals with respect

to an underlying organic matrix has been observed,;
for example, aragonite crystals in mollusc shells are
aligned with respect to the 5-pleated protein. Addadi,
Weiner, and co-workers demonstrated (001) oriented
calcite nucleation from j-pleated sheet proteins.&°

Mann, Heywood, and co-workers made use of

organized organic surfaces of amphiphilic monolayers
in model studies on biomineralization.8>-8 They



1678 Chemical Reviews, 2001, Vol. 101, No. 6

(a)

Air-water interface

0 [9)
Carboxylate layer —° } - )-
Q

i CaZ+ H
Water / counterion layer 3‘) >
H H

dl' oll
2 \ =z \ 2

Carbonate layer C—o0 C—0 C—o0
/ / /

Kuzmenko et al.

(b) Vaterite (CaCOy) sub-cell a=7.15 A, ¢=17.00 A

Figure 18. (left): Schematic representation of a calcium stearate monolayer. A stoichiometry of one calcium ion per two
COO™ carboxylate moieties is required for charge neutrality. Interleaved water molecules in the cationic layer form hydrogen
bonds with the carboxylate layer and with a carbonate layer oriented as in the (0001) layer structure of the vaterite form

of CaCOj3; shown on the right.

examined the oriented crystallization of CaCO3 under
a variety of monolayers. All three polymorphs of
CaCO3; were obtained at the monolayer—solution
interface depending upon experimental conditions.
Calcite, thermodynamically the most stable form, and
vaterite, the least stable, are arranged in hexagonal
cells. All three crystal structures are composed of
alternating ab layers of Ca?t and COs?~ ions. In
calcite and aragonite, the CO32~ plane is parallel to
the ab plane; in vaterite, it is perpendicular to this
plane. A mechanism has been suggested that water
molecules, interleaved between stearic acid mono-
layer-bound Ca?* ions, may promote nucleation of
calcite and vaterite (Figure 18) via hydrogen bonding
to the carbonate COs?" ions.® This orienting role of
water is supported by induced precipitation of vater-
ite via octadecylamine monolayers whose charged
amino groups can form hydrogen bonds with the
carbonate ions.8223 In all these systems there is also
the possibility of a partial lattice match. The mono-
layers of n-eicosyl sulfate and n-eicosyl phosphate
induce nucleation of calcite from the (001) face; in
the presence of Mg?" ions in solution, aragonite is
formed from the (001) face.® The trigonal symmetry
of the sulfate and phosphate groups coupled with an
approximate structural match to the (001) arrange-
ment of Ca?" ions in the (001) planes of calcite and
aragonite has been invoked to account for the induced
nucleation.

Polymeric Langmuir—Schaefer films of C1,Hs—C=
C—C=C—CgH1s—COOH were found to nucleate cal-
cite at the (012) face.®68” The crystals were coaligned
with respect to the polymer’s conjugated backbone,
explained in terms of a stereochemical match be-
tween tilted carboxylates of the film and the carbon-
ates of the crystal. There is the alternative explana-
tion, already invoked above, that water molecules
intercalated between the Ca?" ions of the top layer
help induce the oriented nucleation of calcium car-
bonate crystals.

H. Formation of Semiconductor Nanoparticles

Compressed monolayers of arachidic acid have
been employed to direct the oriented growth of

Figure 19. Transmission electron micrograph of PbS
crystals formed by infusion of H,S into an aqueous sub-
phase of Pb(NO3), under an arachidic acid monolayer. The
diameter of the aperture is about 0.4um. Reprinted with
permission from J. Fendler, ref. 88. Copyright 1992 Ameri-
can Chemical Society.

semiconductor crystals of PbS,88° PhSe,* and CdS.%*
For example, induced crystallization of PbS was
achieved by spreading the surfactant on a subphase
of Pb(NO3), followed by injection of H,S into the
subphase. Equilateral triangular nanocrystals vary-
ing in size from 30 to 60 nm and oriented vis-a-vis to
each other were nucleated from a {111} face (Figure
19). PbS has a cubic NaCl-type structure. The struc-
ture is composed of alternating layers of Pb and S
atoms parallel to the {111} plane in a hexagonal
sublattice with a repeat area of 15.3 A2, which is
decidedly less than the unit cell area per molecule of
lead arachidate of ~18 A2, Nevertheless, the oriented
alignment of neighboring triangular crystals of PbS
indicates induced nucleation via a partial match
between the hexagonal subcell of PbS in its {111}
plane and a subcell of the monolayer of Pb arachi-
date.
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. Evidence for Ordering of Water-Soluble
Amphiphiles at Interfaces

The degree of coverage on the water surface of
water-soluble amphiphiles and their orientation vis-
a-vis the water surface can be evaluated by methods
such as surface tension measurements, second har-
monic generation spectroscopy, and X-ray and neu-
tron reflectivity. These methods, however, provide no
direct evidence of 2-D molecular ordering. Oriented
nucleation of crystals at the air—solution interface
via a monolayer of water-soluble amphiphiles can
provide indirect evidence of 2-D ordering of the
amphiphiles, in particular if a long-chain water-
insoluble counterpart behaves similarly. Evidence in
favor of 2-D ordering of the S and R enantiomers of
the naturally occurring hydrophobic a-amino acids
at the air—aqueous solution interface has been
gleaned by induced crystallization.®? The addition of
such amino acids of a single handedness to glycine
solution yielded floating pyramidal-shaped a-glycine
crystals oriented with their basal (010) or (0—10) face
to air depending upon the chirality, R or S, of the
additive. This result mirrors those obtained with
water-insoluble long-chain a-amino acids (see Scheme
8 and Figure 14c) whose crystalline monolayer struc-
tures were determined by GIXD (see section IV.A).
Thus, we may deduce that naturally occurring hy-
drophobic a-amino acids form ordered 2-D domains
at the solution surface, but which were not observed
by GIXD, perhaps because of too small a domain size
and insufficient amount of crystalline material.??

The second example centers on the induced crys-
tallization of p-hydroxybenzoic acid monohydrate. We
described the crystallization of this molecule induced
via ordered monolayers of p-alkoxybenzoic acid (sec-
tion VI.C). The added presence of p-methoxybenzoic
acid, H3COC¢H4COOH, in an aqueous solution of
p-hydroxybenzoic acid also induces crystal formation
of the latter floating from its (401) face (Figure 15b),
which suggests that the additive accumulates at the
solution surface, facilitating layer-type aggregation
with hydroxybenzoic acid.”

Evidence, albeit indirect, of 2-D ordering of water-
soluble hydrophobic molecules has also been obtained
by topochemically controlled photoreactions. We have
already described that crystalline monolayers on
water of the acid p-CigH3;O0CsH4,CH=CHX, X =
COOH, photodimerize in accordance with a 4 A
separation between the C=C bonds (Figure 3a) but
that crystalline monolayers of the amide, X = CONH,,
undergo a trans—cis isomerization because the in-
termolecular C=C distance of 5 A is too long for
photodimerization (Figure 3b). Thus a surface-active,
yet water-soluble, trans-cinnamic acid, RCsHsCH=
CHCOOH, where R is a hydrophobic group, stacked
parallel along a 4 A ‘axis’ on the solution surface,
should yield mirror dimers on UV irradiation, but the
corresponding amide should only isomerize. This
hypothesis was tested with 4-methoxy-trans-cin-
namic acid and the corresponding cinnamamide
(R = —OCHg3). The photoproducts formed in bulk
aqueous solution and at the solution surface were
experimentally differentiated. Only the latter yielded
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Figure 20. Two-dimensional intensity plots 1(gxy,q;) of the
GIXD pattern of arachidamide on 70% formamide-water
subphase. (Top) GIXD patterns (red, yellow) of the crystal-
line dimorphs of pure arachidamide; (Bottom) GIXD pat-
tern of only one dimorph of arachidamide appears when
the spreading solution contains 5% N-methylarachidamide.

the mirror dimer for the acid; the amide underwent
trans—cis isomerization.%

VII. Multilayer Crystallites on Liquid Surfaces

Amphiphilic molecules almost invariably form mono-
layers on the water surface. We shall describe results
showing that certain amphiphiles spontaneously
form multilayers on liquid formamide. This result
was interpreted in terms of partial dissolution of the
amphiphile in the subphase. Molecules containing
hydrogen-bonding groups at both ends of the chain,
i.e., bolaform amphiphiles, as well as pure long-chain
alkanes were found to form, on the water surface,
multilayer crystallites whose packing arrangements
may be determined to almost atomic resolution. The
multilayer systems of the various types of molecules
exhibited polymorphic behavior whose interlayer
growth as well as polymorphism could be controlled
with the use of tailor-made inhibitors. These results
have bearing on the control of polymorphic behavior
of 3-D crystals with the use of tailor-made auxiliary
molecules.®*

A. Multilayer Formation of Amphiphilic Molecules

Recent GIXD studies have demonstrated that
certain amphiphiles, when spread on liquid surfaces,
spontaneously form not monolayers but rather mul-
tilayer crystallites. For example, arachidamide, C;gH30-
CONH;, when spread on water aggregates into a
crystalline monolayer. On the other hand, when
spread on liquid formamide, the molecules form first
a crystalline monolayer, later developing into dimor-
phic trilayers,®>% exhibiting different chain tilts from
the normal to the liquid surface. A formamide—water
subphase yielded a mixture composed of the tilted
trilayer phase plus the untilted phase in monolayer
form, according to the GIXD data (Figure 20, top).
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Figure 21. Model structure of the trilayer CigHz;—Hg—CigH37:+-C1gH37—S—Hg on liquid mercury.

Addition of 5—10% of additive C;oH33CONHCHG3,
where the role of the N—CHs; group is to interfere
with regular formation of interlayer growth from the
subphase, inhibited the trilayer formation, yielding
monolayer only of the untilted arrangement, accord-
ing to the GIXD pattern (Figure 20, bottom). These
results were interpreted in terms of multilayer
growth at the side of the film in contact with the
liquid formamide for systems where the amphiphile
is partially soluble in the solvent,2° which is in
agreement with trilayer formation on water of enan-
tiomerically pure C1;H23CONH(CH,),CH(NH3")COO,
whose longer-chain analogues form monolayers?? (see
Figure 5).

In all these structures only trilayers are formed,
presumably because in this way the uppermost
molecule exposes methyl groups; a film with an even
number of layers would expose hydrophilic groups.

B. Alkanethiol Multilayers on Liquid Mercury

As already discussed (section V.B), alkanethiol
CnhHon+1SH (n = 16, 18, 22, 30) films on liquid
mercury were found by Magnussen et al.’° to be
densely packed but with no long-range order. At high
thiol coverages, alkanethiol trilayers were formed,
comprised of a bilayer, containing an intercalated Hg
layer, on top of the alkanethiol monolayer (Figure 21)
according to X-ray reflectivity.® GIXD measurements
showed the film to be crystalline, but whether only
the top bilayer is ordered has yet to be established.%®
The unit cell of the crystalline bilayer, of dimensions
ab,y,=4.3A, 4.7 A, 109°, contains only one Hg atom
bound to two alkanethiol molecules from opposite
sides (Figure 21). The density of this Hg layer is
about one-half that of the liquid surface Hg layer.
The unit cell is similar in dimension to the repre-
sentative subcell (4.3 A, 4.7 A, 111°) of 3-D crystals
of a class of hydrocarbons whose chain axes are
perpendicular to the ab plane.®” With this informa-
tion, the azimuthal orientation of the alkanethiol
chain vis-a-vis the ab cell axes can be fixed and also
the relative positions of the alkanethiol and the Hg
atom, given the geometry of the S—Hg bond.

C. Multilayer Formation of Bolaform Amphiphiles
on Water

The diol HO—(CH,),,—OH on water, studied in
relation to ice-nucleating activity, exhibits a limiting
area per molecule of less than 10 A2 along its surface
pressure—area isotherm, triggered the following rec-
ognition: A bolaform amphiphile, such as X-(CH;)n—
X, where X is a group that can make interlayer

hydrogen bonds, such as OH or COOH, may display
a tendency for crystalline multilayer formation on the
aqueous surface. This prediction was demonstrated
with the GIXD measurements of HO(CH,),,OH on
water, which yielded a bilayer packing arrange-
ment.®® The morphology was imaged by cryo-trans-
mission electron microscopy on vitreous ice. The
multilayer growth of HO(CH;),2OH could be inhibited
upon addition of 10% of long-chain monoalcohols as
monitored by atomic force microscopy.®® The diacid
HO,C—(CH3)22—CO2;H on pure water forms dimor-
phic multilayers,’® with somewhat different chain
tilt angles from the normal to the water surface for
the dominant and minor dimorphs.

D. n-Alkane and Oligothiophene Multilayers on
Water

The formation of crystalline multilayers at zero
surface pressure on water for the a,w-alkane diols
suggested that the alkanes CyHzn42, 20 < n < 30,
with a similar surface pressure—area isotherm be-
havior, also self-aggregate into multilayers on water.
This prediction proved to be correct according to
GIXD data.®® For n > 31, monolayers were formed,
and as the chain length decreased from CyyHs; to
CasHys, the number of layers increased from 2 to
about 20. The molecular chains in these crystals are
aligned normal to the layer plane adopting the
herringbone packing but for the hydrocarbon chains
of Cy4Hso, which are highly tilted and related by
translation only. For some of the long-chain alkanes,
such as n = 34 and 50, the Bragg rods assume a
skewed shape (see Figure 2b) interpreted in terms
of bent crystalline films, perhaps assuming a concave-
like shape.

Multilayer growth of the alkanes C,3H4s and Cy4Hsg
was inhibited on addition of 5—10% of the respective
alcohols C,7Hs50H and C,sHs;OH. Not only was film
thickness reduced from 20 layers to a bilayer, but a
change was induced in the packing arrangement of
Ca4Hso from triclinic P1 to orthorhombic Pbc2; ac-
cording to their GIXD patterns (Figure 22). This
result was explained by energy computations: The
crystal lattice energy of the P1 form of C,4Hso is more
stable by 0.5 kcal/mol. However, the situation is
reversed for their layer energies, with a difference
of 0.8 kcal/mol in favor of the orthorhombic form,
whose preferred precipitation may be understood if
the additive induces layer by layer growth from
inception; otherwise crystallization of the triclinic
form should be preferred.

Aromatic hydrocarbons such as oligothiophenes
H—(C4H2S),—H, n = 4—6) were also found to self-
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Figure 22. (Top): Schematic representation of the multilayer crystalline packing arrangements on water of the alkanes
Ca4Hso of triclinic symmetry P-1 and C,3Hag of orthorhombic symmetry Pbcm, together with the two-dimensional intensity
distributions 1(qxy,0,) of their GIXD patterns. (Bottom): Bilayers of orthorhombic symmetry were formed on addition of
small amounts of alcohol additives, according to the GIXD patterns for C,4,Hso + additive and for C3Hyg + additive which

were essentially the same.

organize on the water surface,'? yielding multilayers
from the shorter homologues n = 4, 5 and monolayer
from n = 6.

The lack of hydrophilic headgroups suggests that
the alkanes and oligothiophenes grow layer by layer
above the water surface, perhaps from liquid drops.

E. Surface Layer Freezing in Chain Molecules on
Bulk Melt

In general, the solid surfaces of 3-D crystals melt
at a temperature lower than that of the bulk02103
since the molecules are less confined at the surface
and therefore have a higher entropy than that of the
bulk. The opposite effect, called surface freezing,
when an ordered surface layer coexists with its own
bulk melt has been recently discovered in crystals
containing aliphatic chains.1%4~1%8 These results are
in a sense akin to smectic layering at the free surface
of a nematic or isotropic bulk.09-111

The long-chain alkanes CnHzn+2, N = 16, form
ordered monolayers at a temperature Ts a few
degrees above the bulk freezing temperature T, and
may be classified into three groups according to their
n values as exemplified in Figure 23, which shows
the GIXD patterns and schematic packing arrange-
ments for n = 20, 36, and 44. For n =< 30, the
molecules appear in a hexagonal unit cell with an
area A = 19.7 A2, in which the chains are aligned
normal to the layer plane (Figure 23a,d). For 30 <
n < 44 (Figure 23b,e), the molecules also appear in
a hexagonal cell whose area A increases with n as a
result of a larger chain tilt along the direction of
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Figure 23. Surface layer freezing of three alkanes C,Hzn+2,
n = 20, 36, 44. (a—c) Bragg peaks 1(qyy)., where gr = Qyy.
(d—f) Bragg rodsl(g;) and corresponding tilt directions of
the chains. The terms NN and NNN indicate that the
chains are tilted in the direction of nearest-neighbor and
next-nearest-neighbor respectively (Reprinted with permis-
sion from M. Deutsch ref 108).

nearest neighbors, with the constraint that the
molecular cross-sectional area A, remains at 19.7 A2,
For n = 44 (Figure 23c,f), the cell is hexagonal in
which the chains are tilted in a direction between
nearest neighbors, where the molecular area Ay is
reduced to 18.7 A2,
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Figure 24. (a) U-, inverted U-, and M-shaped chain like molecules 1—5, whose crystalline monolayer structures formed
at the air—water interface had been characterized by GIXD. (b) The packing arrangements of 2 (left, center) and of 5
(right) each displaying folding of chains evenly spaced along the b axis.

The surface freezing layers of the alkanes 16 <
n < 44 form a rotator phase!®” which is characterized
by the existence of long-range order in molecular
position but not in rotation angle about the molecular
axis. For n > 44, the surface layer was described as
a true monolayer crystal which is in keeping with
the molecular cross-sectional area of 18.7 A2, For
n > 30, the alkane chains are tilted and therefore
the packing symmetry is not hexagonal since the
distances between any chain and its six nearest
neighbors are not all the same. We note that the unit
cell dimensions are all hexagonal irrespective of the
value of n. Whether this behavior is imposed upon
by the underlying liquid phase is a moot point.

The surface freezing behavior of the long-chain
alcohols CyH2n4+20H, 16 < n < 28, were also exam-
ined.107.112 Syrface freezing was found to occur only
for n even. X-ray reflectivity measurements indicated
that a surface bilayer is formed.

F. Ordered Polymer Films at the Air—Water
Interface

The observed monolayer crystalline formation of
the alkane CsoHip, prompted the engineering of a
crystalline monolayer composed of undulating oligo-
mer chains at the air—water interface. GIXD experi-
ments have demonstrated the feasibility of such an
approach with the monolayer crystalline formation
of U-, inverted U-, and M-shaped chainlike molecules

(Figure 24a) that appeared in the arrangements
shown in Figure 24b 113114

In a different set of experiments a short-chain
oligomer and the polymer of Nylon-6,6 on water were
found to form hydrogen-bonded arrangements akin
to that of the macroscopic 3-D crystal of polymeric
Nylon-6,6 but where the oligomer assembles into a
monolayer with the chain axis somewhat tilted from
the surface normal and the polymer forms a multi-
layer whose chain axes lie parallel to the water
surface.%®

VIIl. Supramolecular Architectures Prepared in
Situ at the Air—Solution Interface

The self-assembly at the air—water interface of
simple chainlike molecules into thin crystalline films
has been extended to the generation of crystalline
films composed of supramolecular architectures pre-
pared in situ at the air—solution interface. One
approach involves the use of two complementary
molecules, one water-insoluble with a long chain and
the other water-soluble, extracted from the solution
subphase. Different architectures may be prepared
in this way, for example, monolayers by complemen-
tary hydrogen bonding or interdigitated films engi-
neered via acid—base interactions between long-chain
water-insoluble and water-soluble organic molecules.
Another procedure involves complexation at the air—
solution interface between water-insoluble organic
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to receptor monolayers, and (c) barbituric acid to a melamine
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molecules and metal ions from the solution. This
approach has yielded multilayers composed of simple
structures such as organic long-chain dicarboxylic
acids and metal ions or supramolecular multicom-
ponent systems. Finally, organically functionalized
metal nanocrystals have been found to self-assemble
into monolayer superlattices on the water surface.
Here we describe the design and characterization of
these systems.

A. Hydrogen-Bonded Host—Guest Monolayer
Systems

Hydrogen bonding plays a decisive role in the
assembly of nucleic acid polymers via complementary
base pairing. Such molecular interactions were mim-
icked at the air—water interface by Kitano and
Ringsdorf,1*® who studied z—A isotherm behavior of
an adenine-functionalized amphiphile on aqueous
nucleosides from which they proposed an adenine—
thymine-type pair at the interface. A systematic
study of complementary hydrogen bonding in the
formation of monolayers at the air—aqueous solution
interface, making use of nucleic acid base pairs and
other biological hydrogen-bonding moieties, was initi-
ated by Kunitake and co-workers.''” They provided
more direct evidence in favor of the proposed models
of guest binding by transfer of the films to solid
surface and characterization by photoelectron spec-
troscopy (XPS) and FT-IR spectroscopy, two examples
are which are given in Figure 25a,b.118119

Complementary hydrogen bonding, as between
melamine and cyanuric acid used in the construction

Chemical Reviews, 2001, Vol. 101, No. 6 1683

of supramolecular motifs in organic media and in 3-D
crystals,’?%121 has also been employed in the con-
struction of monolayers at the air—aqueous solution
interface. This approach is exemplified in the binding
of triaminopyrimidine to barbituric acid amphiphiles'?
and the formation of an interfacial network of bar-
bituric acid and melamine-type amphiphiles!?3.124
shown in Figure 25c. The crystallinity of all these
monolayers has not yet been examined by diffraction
methods.

B. Interdigitated Crystalline Films via Monolayer
Compression

Bilayers composed of interdigitated molecules A
and B with acid—base complementarity can be formed
at the air—solution interface, where A has a long
hydrocarbon chain and B does not, as depicted in
Scheme 4 (bottom of left and right columns).

Use was made of mandelic acid, CsHsCHOHCO,H
(MA), and phenylethylamine, CsHsCHCH3;NH, (PEA),
as chiral functional groups for interdigitation, where
either the acid (MA) or the amine (PEA) is modified
by attaching the chain CisHs;— in the para position.
A film of Cy;sH3—CsH4,CHOHCO,H of R configura-
tion, labeled R-(CisHsz;—MA), over a solution of S'-
(PEA) did not diffract at any point along the com-
pression isotherm. In contrast, replacing the solution
by R'-(PEA) yielded a GIXD pattern after high
compression. The film structure (Figure 26a) is an
interdigitated crystalline trilayer whose alkyl chains
exposed to air are disordered.'?®> Indeed, the system
will only pack well in a crystalline bilayer containing
interdigitated chains. The effect of chirality may be
explained in terms of the 3-D crystal structures of
MA and PEA;'?6127 only the chiral groups MA with
the same handedness, e.g., R-(MA) and R-(PEA), are
compatible with formation of the interdigitated bi-
layer but not the groups PEA and MA of opposite
handedness. In an analogous manner, crystalline
interdigitated films composed of up to seven layers
have been formed from the binary acid—base system
composed of a long-chain benzoic acid and a water-
soluble amidinium molecule (Figure 26b).%28

An interdigitated molecular system has in all
likelihood been obtained upon deposition of 1-sodium
octadecane sulfonate amphiphile over an aqueous
subphase containing guanidinium sulfonate, studied
by Ward and co-workers.'?®130 This acid—base system
yielded a surface pressure—area isotherm (Figure
16c) compatible with intercalation of the guanidinium
C(NHy);* cations between the octadecanesulfonate
(C18H37S03)~ anions into a 2-D hydrogen-bonded
network (Figure 16a).”” The shape of the isotherm
after monolayer collapse (Figure 16c¢) is in keeping
with interdigitation, as observed in the 3-D crystal
structures of guanidinium arenesulfonate (Figure
16b).

It appears that the basic requirement for inter-
digitation is the spontaneous formation first of the
mixed monolayer comprising the two complementary
acid—base components in proper registry, despite the
loss in effective chain packing as shown in Scheme 4
(top left and right columns). A general model for the
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reorganization leading to an interdigitated crystalline multilayer upon compression of an amorphous monolayer composed
of the water-insoluble and water-soluble species as in Scheme 4 (top left and right).

process of molecular reorganization as function of
film compression, for the formation of an interdigi-
tated multilayer system is depicted in Figure 26¢.125128
The figure incorporates a basic premise that the
monolayer film becomes buckled upon compression
with a tendency toward corrugation. Such a regular
distortion of a monolayer has been reported by
Daillant and co-workers in a GIXD study on a film
of cadmium arachidate on solution (Figure 2a),
yielding an average corrugation wavelength of 20
nm.32

C. Metal Complex Films

The formation of the interdigitated two-component
systems discussed above led to the idea that water-
insoluble and water-soluble components can interact
at the air—solution interface to spontaneously form
oriented crystalline architectures. The long-chain
o,w-dicarboxylic acids, when deposited on water, form
crystallites in which the molecules are aligned with
their long axes somewhat off the normal to the water
surface (see section VII.C). A different organization
of these molecules was determined by GIXD (Figure
27a,b) on aqueous subphases containing divalent
Cd?" and Pb?* ions.1% The diacids react with the ions
to form the corresponding salt, which self-assemble
with their hydrocarbon chains parallel to the water
surface, forming crystalline films about 50 A thick
(Figure 27c¢). Such crystalline multilayers on transfer
to glass followed by reaction with H,S yield quantum

dots with a diameter ranging from 2 to 4 nm for both
the cadmium and lead salts.*3!

More complex crystalline film architectures could
be self-assembled at the air—solution interface. Re-
cently, spontaneously assembled, oriented crystalline
films composed of nxn grids n = 2 and 3 of silver ions
bound to ligand molecules were prepared in situ at
the air—aqueous solution interface by interaction of
the free ligand molecules spread on the aqueous
solution with the silver ions, as established by their
GIXD patterns (Figure 28a,c), complemented by
X-ray reflectivity, scanning force microscopy, and
X-ray photoelectron spectroscopy.32133 The packing
arrangements of the 2 x 2 silver grid that forms a
monolayer and of the 3 x 3 silver grid that self-
assembles into a bilayer are presented in Figure
28b,d.

D. Superlattices of Organically Capped Metal
Nanocrystal Monolayers

Rapid progress has been made over the past
several years for the preparation of organically
soluble semiconductor and metal nanocrystals show-
ing a narrow size distribution.’®13¢ | angmuir—
Blodgett procedures have been applied for the prepa-
ration of ordered close-packed 2-D arrays of tri-
octylphosphine oxide-capped CdSe nanocrystals with
narrow size distributions upon compression on wa-
ter.r¥” Organically passivated particles of silver and
gold can also form ordered, close-packed, 2-D arrays



Crystalline Thin Film Architectures at the Air-Liquid Interface

~
Y]
N’

w

P4 diacic

n
0
Y
+

—

P, SeF]

Corrected intensity (a.u.)

(@]

10 15 20
qu / g(001)

(c)

(b)

Chemical Reviews, 2001, Vol. 101, No. 6 1685

Intensity

4N N\ AN /
M) s M) WM >M
\ N AN AN
M) M/ M) W >M
\ AN 7
M > WMy WMy WM
\ AN AN /
M M M 2
M — _M_/_. —_— N/ N\ — N7 M=Cd-,+Pb2+

-— — —— —— Aqueous solution — —— — ——

Y—— = ~00C-(CH3) ;-COO

Figure 27. (a) GIXD pattern of HOOC—(CH,),,—COOH on a lead chloride aqueous solution. (b) The Bragg rods of three
of the (00I) refections, and of the (—110) and (100) reflections. (c) Schematic view of the multilayer crystal of the lead

diacid salt on solution.

upon compression on water, depending upon the
chain length of the capping agent and the radius of
the metal sphere, as shown, for example, in Figure
29_138

E. Superlattices of Short-Chain Peptide
Monolayers on Water

Hydrogen-bond-mediated assembly of peptides pro-
vides a powerful tool for the generation of ordered
supramolecular architectures.'®161 Spectroscopic stud-
ies on Langmuir films of amphiphilic peptides with
alternating hydrophilic and hydrophobic side groups
have provided evidence of 3-sheet formation.42.143
Nonetheless, spectroscopic measurements do not
provide information on long-range order. In particu-
lar, the flexibility of the peptide backbone and,
paradoxically, the repetitive nature of the amino acid
sequence may induce one-dimensional (1-D) long-
range order only along the peptide hydrogen-bond
direction (Figure 30a, inset). To induce the crystalline
order in 2-D (Figure 30a), a family of peptides
represented by the sequence X—Y—(Z—Y),—X were
studied;*** the N- and C-terminal residues of the
peptides (X) bear charged ammonium and carboxy!l-
ate groups, respectively, and Y and Z are alternating
hydrophilic and hydrophobic amino acids. In a mono-
layer assembly of 5-sheet peptides, the chain termini
govern intermolecular interactions between juxta-
posed fS-sheet ribbons (along b) whereas hydrogen
bonds along the chain dominate the intermolecular
interactions in the direction normal to the peptide
chain (along a).

In the peptide Pro-Glu-(Phe-Glu),—Pro, Pro =
proline, Glu = glutamic acid, and Phe = phenylal-
anine, the rigidity of the Pro side chain has been
anticipated to induce the juxtaposition of S-sheet
ribbons. Glu in its protonated state was selected as
the hydrophilic amino acid (Y), as it may form a
hydrogen-bond network between carboxyl groups
bridging adjacent strands. Phe has been chosen as
the hydrophobic amino acid (Z) since it can span the
spacing between neighboring strands via favorable
phenyl ring contacts.45146

The Pro-Glu-(Phe-Glu),—Pro films on pure water
self-assembles into 2-D crystalline -sheet monolay-
ers, according to GIXD measurements. The GIXD
pattern (Figure 30b) could be indexed in accordance
with the structural model depicted in Figure 30a,
yielding a spacing of 4.7 A, characteristic of pleated
peptide strands interlinked by N—H---O=C hydrogen
bonds, and a 37.4 A spacing, attributed to the repeat
distance defined by juxtaposition of neighboring
hydrogen-bonded ribbons. The crystalline coherence
length L, a measure of the extent of lateral molecular
order, is approximately 400 A along both the 4.7 and
37.4 A spacing directions.

Principal molecular packing features of the mono-
layer of Pro-Glu-(Phe-Glu),—Pro could be extracted
by X-ray structure factor calculations of molecular
models that were refined to provide a good fit to the
observed GIXD pattern. The GIXD data has been
matched by a model that involves superposition of
two structures (see Figure 30c) exhibiting Phe groups
oriented generally in opposite directions relative to
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Figure 28. GIXD patterns and structures of in-situ self-assembled crystalline films composed of nxn silver grids bound
to ligand molecules and derived crystalline structures. (a,b) The 2 x 2 silver grid that self-assembles into a crystalline
monolayer. (c,d) The 3 x 3 silver grid that self-assembles into a crystalline monolayer.

the b axis. The large intramolecular spacing of 6.9 A
between adjacent amino acids of the same type (see
Figure 30a) gives rise to relatively high librational
motions of the side chains and thus to the possibility
of various amino acid side-chain conformations.

IX. Ordered Assemblies of Membrane-Active
Compounds on the Water Surface

Natural biomembranes are systems of a variety of
compounds such as phospholipids, cholesterol, pro-
teins, etc., held together by noncovalent interactions.
Structural studies of model membrane films may
provide knowledge on the tendency of the different
components to form ordered domains.

A. Thin Crystalline Films of Cholesterol

Cholesterol is the most abundant sterol in animal
tissues playing an important role in determining the
rigidity of cell membranes. Faulty control of choles-
terol levels may lead to its precipitation, also in
crystalline form, in human bodies, prevailing as the
pathological processes of atherosclerosis and gall-
stone formation in the bile.
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were extracted from the Langmuir trough at a pressure
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Figure 30. (a) Schematic representations of a -sheet crystalline assembly of peptide chains at the air—water interface,
in the form of one- and two-dimensional (1-D, 2-D) arrangements, and one containing the chemical structure of the peptide
Pro-Glu-(Phe-Glu),—Pro. The repeat distances depicted along the a and b directions are those that have been observed
before for crystalline g-sheet structures. (b) The observed GIXD pattern 1(gx,) of the crystalline monolayer Pro-Glu-(Phe-
Glu)4—Pro film on deionized water. Inset contains the observed and calculated Bragg rod profiles 1(q;) that correspond to
the packing arrangements shown. (c) View perpendicular to the plane of the 5-sheet of the two model packing arrangements
of Pro-Glu-(Phe-Glu),—Pro each forming hydrogen-bonded ribbons, and assumed to be randomly disordered in order to

yield the calculated Bragg rods shown in (b).
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Figure 31. (Left): GIXD intensity patterns 1(qyy, of a film
of cholesterol on water at different compressions. (Inset):
The surface pressure—area isotherm at 5 °C with arrows
indicating the points at which the GIXD measurements
were made. (Right): Schematic packing arrangements of
the bilayer (side view) and of the monolayer (top view).
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A film of cholesterol at the air—water interface!4’
in the uncompressed state exhibits one broad reflec-
tion (Figure 31, left, curve A) corresponding to a
crystalline lateral coherence length of about 70 A.
The Bragg rod profile of that peak indicates a
monolayer with the long axis of the molecules aligned
normal to the plane of the water. A hexagonal unit
cell a=b = 6.6 A containing one molecule would be
the most basic structure that can be assigned for this
single reflection, but such a lattice implies high
librational motion about the long molecular axis,
which is precluded since the intermolecular contacts

would be too close. However, a trigonal crystal
composed of a unit cell 8’ = b’ = +/3a containing three
molecules of cholesterol related by a 3-fold symmetry
(see Figure 31, right) meets the condition of accept-
able intermolecular contacts, and calculated X-ray
structure factors are in agreement with the experi-
mental diffraction data.'#®

High compression (see inset to Figure 31, left) gives
rise to several sharp Bragg reflections (curve C)
corresponding to a rectangular unit cell a = 10.1 A,
b = 7.6 A, containing two molecules in the layer
plane. The widths of the Bragg rods point to a bilayer
of 35 A (Figure 31, center). This rectangular unit cell
is fingerprint evidence of a particular layer packing
found in several cholesterol-like molecules. Addition
of certain phospholipids at 1:1 or 1:10 molar ratio of
phospholipid to cholesterol depresses formation of
cholesterol in the crystalline bilayer form.**” Further
structure analysis yielded the packing arrangement
of the crystalline bilayer, and additional experimental
GIXD data showed a transformation from the cho-
lesterol bilayer to a crystalline trilayer phase that
incorporated a layer of ordered water.'#® This struc-
ture proved to be similar to that of the macroscopic
cholesterol monohydrate phase, a form found in
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Figure 32. Monolayer crystalline structure of the valino-
mycin-potassium ion complex on KCI solution, the molecule
adopting a bracelet-like shape.

pathological precipitants. It is also noteworthy that
stigmasterol, which has a molecular structure akin
to cholesterol but for a more bulky exocyclic moiety,
forms, upon compression on the water surface, a
crystalline trilayer with a layer of occluded water
molecules between the top two cholesterol layers.
This arrangement is similar to, but not the same as,
stigmasterol hemihydrate, the crystalline bulk form.4®

B. Crystalline Films of lon-Bound lonophores

lonophores are capable of selectively carrying ions
across natural and artificial membranes. The ion
transport is associated with structural reorganization
that takes place inside the membrane and at its
interface. Valinomycin, a cyclic dodecadepsipeptide,
is highly selective to binding of potassium and
rubidium cations; Nonactin, a cyclic macrotetrolide,
complexes efficiently with ammonium, potassium,
and sodium cations. Physicochemical studies, aiming
at revealing the mechanism of ion transport by
ionophores, have been the major source of informa-
tion regarding the conformations adopted by iono-
phores in different solvents and in the presence of
ions.

Structural studies of model membranes containing
ionophores as films at air—solution interfaces should
contribute to the elucidation of the processes that
take place at the hydrophilic—hydrophobic interface
and inside the 2-D environment of the long chain
lipids. Moreover, this type of study may also be of
benefit for the design of ionoselective films for
electrodes and sensors utilizing supramolecular ar-
chitectures containing ionophores.

GIXD has been applied for study of the structural
characteristics of 2-D crystallites of the ionophores
valinomycin and nonactin when complexed with
various cations at the air—solution interface.'*® Vali-
nomycin on KCI solution and thus complexed with
K* assumes a bracelet shape that packs in a 2-D
hexagonal unit cell (Figure 32). Other crystalline
phases were formed on potassium iodide and barium
perchlorate solutions. The presence of hydrophobic
monolayers such as phospholipids or stearic acids,
which provide a membrane-like environment, in-

Kuzmenko et al.

duced ordered stacking of valinomycin—potassium
chloride complexes into three to four layers. Nonactin
packs in a pseudotetragonal unit cell on solutions of
NH;SCN and KSCN. Upon compression of the non-
actin—NH4SCN film, crystallites about seven layers
thick were detected. The observed Bragg rod data
could be fitted to a molecular model of the multilayer
crystallite exhibiting a structure similar, but not
identical, to the known 3-D crystal.

The high molecular symmetry characterizing these
ionophores, reflected in their tendency to form 2-D
ordered arrays and the relative ease by which mul-
tilayers of these complexed ionophores are assembled
at interfaces, forming channel-like architectures, may
have a bearing on ion transport through membranes,
via stacking.

C. Cyclic Peptide Nanotubes

Cyclic peptides of an even number of alternating
R- and S-amino acids have been shown by Ghadiri
and co-workers to self-assemble by N—H---O hydro-
gen bonding into nanoscalar tubular structures.'® As
these architectures have a potential use as size-
selective transporting components of molecular de-
vices, biosensors, and drug-delivery systems, it is
advantageous to study the principles that govern the
organization of these tubular components at inter-
faces.

The assembly, orientation, and structural features
of nanoscalar tubes composed of cyclic peptides
formed at the air—water interface were detected by
GIXD, complemented by atomic force microscopy
(AFM) on transfer to mica support.’® The eight
residue cyclic peptide cyclo-[(L-Phe-D-N-MeAla-), ex-
hibits 2-D crystallinity in which the peptide ring lies
parallel to the water interface in an arrangement
similar to its 3-D crystal form. The peptide cyclo-[(L-
Trp-d-Leu)s-L-Ser-p-Leu] forms mostly aggregates
composed of several nanotubes in planar lateral
registry assuming a raft-like structure parallel to the
air—water interface (Figure 33). The cyclic peptide
[(L-Trp-D-Leu),] has the lowest tendency, if at all, to
form a crystalline 2-D array of nanotubes.

This study highlights the factors involved in the
formation of ordered arrays of cyclic peptide nano-
tubes at the air—water interface, a key factor for the
generation of a continuous domain of nanotubes
oriented normal to the interface resides in achieving
a more equal balance between the strong hydrogen-
bond energy of attachment of the cyclic peptide to
an end of a growing tube as compared to the
relatively weak lateral forces between tubes. Bulky
and rigid amino acid residues, such as Trp on the
tube periphery, do not promote attractive intertube
interactions. Smaller and more flexible moieties,
particularly GIn and Glu which can form intertube
hydrogen bonds, would appear to be more favorable
for the formation of extended arrays of tubes oriented
normal to the surface.

Here it is worthy of mention that films on water of
both mono- and polydisperse samples of a-helical poly
(y-benzyl L-glutamate) has been characterized by
Pershan, Tirrell, and co-workers.'®! The film in the
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uncompressed state forms monolayer-like islands
according to Brewster angle microscopy images.
GIXD data shows an interhelix peak corresponding
to parallel alignment of the rodlike a-helices. Com-
pression results in an incomplete and incommensu-
rate second layer with an average density less than
the bottom layer according to X-ray reflectivity and
GIXD data.

D. 2-D Crystallization of Proteins at the
Air=Solution Interface

Several years ago Kornberg, Ribi, and co-
workers'®27157 demonstrated by image processing of
electron micrographs that 2-D crystals of water-
soluble proteins are readily formed at the air—
solution interface under monolayers of lipids, some
of which contain headgroups which bind specifically
to the protein. With this approach, a variety of
protein structures have been studied; for example,
streptavidin on biotinylated monolayer,'%8 character-
ized to a resolution of about 20 A, yielded a structure
that corresponded well with the 3-D structure deter-
mined by X-ray diffraction. In all these electron
microscopy studies, the lipid protein layer was trans-
ferred onto electron microscope grids and stained. In
contrast, the structure at the air—water interface of
streptavidin bound to biotinylated lipids has been
studied in situ by X-ray and neutron reflectivity;159.160
a GIXD pattern has also been measured showing
broad Bragg peaks compatible with the electron
microscopy structure.'®! Recently high-resolution GIXD
data on three different proteins bound to lipid mono-
layers have been recorded yielding crystal coherence
lengths several micrometers in size.'62

GIXD has also been applied to help characterize
2-D crystals of membrane proteins that are not easily
amenable to 3-D crystallization. Recently, GIXD
patterns have been measured from purple membrane
patches at the air—water interface up to a resolution
of about 8 A.163 At this resolution the electron density
map constructed with the phases known from elec-
tron microscopy shows the typical arrangement of
bacteriorhodopsin a-helices.

X. Summary and Outlook

Over the past decade, enormous strides have been
made in the design, characterization, and under-
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Figure 33. Raft-like structure of the nanotobe composed of the peptide molecules cyclo [(L-Trp-D-Leu)s-L-Ser-D-Leul].

standing of molecular assembly in ultrathin films at
the air—liquid interface by virtue of surface sensitive
methods for in situ investigation of molecular orga-
nization at interfaces. Early interest in monolayers
of simple chainlike amphiphilic molecules has gradu-
ally expanded toward complex supramolecular thin
film architectures and membrane proteins at the air—
liquid interface. The structural elucidation of thin
organic films was mostly due to the development of
the GIXD method, complemented by various optical
and spectroscopic techniques.

GIXD studies of Langmuir films of the simple
amphiphiles such as fatty acids and alcohols has
provided a deep insight into the state of their 2-D
phases ranging from the ‘gaseous’ through the ‘me-
somorphous’ to the ‘crystalline’ state. Other types of
amphiphilic molecules of a more complex nature such
as phospholipids, cholesterol, and derivatives thereof
form mesomorphic or highly crystalline domains. In
general, the extent of order depends on factors such
as temperature, surface pressure, molecular chain
length and flexibility, and the nature of the hydro-
philic headgroup and the liquid subphase.

The ability of two- or multicomponent monolayer
mixtures to phase separate or form composite phases
can also be probed in situ. For example, it has proven
possible by GIXD to establish whether racemic
mixtures of amphiphiles spread on water form 2-D
crystals in which the molecules of opposite handed-
ness either combine to form heterochiral domains or
spontaneously segregate into islands of opposite
chirality.

The effect of solute molecules on the growth,
dissolution, and structure of crystalline monolayers
can be monitored. Ordered binding of solute mol-
ecules to the amphiphile may be applied for the
design of monolayers, which would promote nucle-
ation of 3-D crystals by means of a complementarity
between the hydrophilic headgroups of the monolayer
and the layer arrangement of the to-be-nucleated
crystal. Monitoring the induced crystallization of ice
under the long-chain alcohol monolayers by GIXD
has provided information on the minimum critical
size of the induced nuclei.

GIXD experiments have shown that crystalline
multilayers may be readily formed by bolaam-
phiphiles, whose headgroups form interlayer hydro-
gen bonds, as well as by molecules as diverse as long-
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chain normal alkanes, oligothiophenes, and nylon
polymers.

The GIXD studies of the crystalline multilayer
films at the air—liquid interface casts light on the
general phenomenon of crystal polymorphism. Sev-
eral systems were found to form polymorphic thin
film crystallites on liquid surfaces. In addition, some
multilayer structures on the liquid surface were
similar to, but not the same as, their 3-D macroscopic
counterpart. For example, cholesterol bilayer and
stigmasterol trilayer were found to have crystal
structures different than that of the corresponding
bulk form, which may be of relevance to the possible
state of cholesterol within biological membranes and
mechanisms of crystallization therefrom.

The data on multilayer crystals suggest that nuclei
of 3-D crystals growing in solution may be composed
of aggregates of different structures, some of which
are akin to, but not the same as, that of the stable
macroscopic crystal. Such a hypothesis was assumed
for the control of crystal polymorphism using tailor-
made additives designed to inhibit nucleation of
undesired polymorphs.®*1%4 Moreover, interlayer
growth of multilayer crystals may be inhibited and
their polymorphic behavior, if present, controlled
with tailor-made additives.

Supramolecular architectures may be formed at the
air—solution interface and their structures eluci-
dated. These include grids composed of water-
insoluble ligand molecules and water-soluble metal
ions, superlattices of organically capped metal nano-
crystal monolayers, 2-D superlattices formed by
peptide chains arranged in -sheet monolayers, and
raft-like aggregates composed of peptide nanotubes.
Structure determination of such thin film architec-
tures can be achieved in favorable cases to near
atomic resolution by a combination of experimental
and computational techniques. The more complex
molecular systems require X-ray structure-factor
least-squares refinement using the GIXD data but
with constraints imposed on the structure.

In the future we may anticipate advances not only
in the design, preparation, and structural elucidation
of thin film architectures, but also such films of
relevance to dynamic processes and reactions at
interfaces.
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Figure 34. Refracted (E';) and reflected (E,) waves result-
ing from an incident plane wave with amplitude E; upon
an interface between air and a material of refraction index
n. Electric fields E are illustrated for one polarization only.
The symbol q is the scattering vector, with k; and k, the
incident and reflected wave vectors of magnitude 2m/4,
where 1 is the wavelength. Note thatasn < 1, o'y < o =
o. This provides for total reflection at angles a, < a., where
o, is the critical angle for total external reflection.

XIll. Appendix

A. Surface-Sensitive X-ray methods

The intensity measured in a conventional X-ray
scattering experiment is proportional to the number
of scatterers, i.e., the irradiated sample volume. This,
in turn, is proportional to the penetration depth of
the radiation in a sample. For X-rays of about 1 A
wavelength, this penetration ranges from a few
micrometers for highly absorbing materials to a few
millimeters for low absorbing materials. Conse-
quently, scattering from the top region about 100 A
deep shall be so weak compared to that from the bulk
that it will be completely swamped. A method re-
stricting the penetration depth to the surface region
is, therefore, a prerequisite for all surface diffraction/
scattering experiments. This can be achieved by
using grazing angles of incidence and employing the
phenomenon of total external reflection from the
surface.

The refractive index n of matter for X-rays in the
1 A wavelength range is given by eq 1,19 where 6 =
27pro/k?. k = 27/4 is the X-ray wavelength where 1 is
the wavelength, p is the electron density, and r, =
2.82 x 107'% cm is the classical electron radius.
Typically ¢ is on the order of 1075. The term § is equal
to —u/2k, where u is the linear absorption coefficient.
For X-rays of wavelength A ~ 1 A, absorption is small
and < 6.

n=1-0-ip 1)

Consider now a plane wave with wavevector k;
incident at an angle o; on a planar interface separat-
ing a homogeneous medium from the vacuum as
shown in Figure 34. The wave will be partially
reflected into the vacuum in the direction given by
o, = g and partially refracted into the lower medium
in the direction given by o'r. Snell’s law for this case
yields eq 2.
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Figure 35. X-ray beam penetration depth A in water at
2 = 1.38 A versus incidence angle o; /o, , o being the critical
angle for total external reflection. The limiting value A, of
the penetration depth for o; /o, < 1 is a characteristic
materials constant, A, = (7tr,p)~Y2/4, independent of the
X-ray wavelength 1. For a; /o, >1 the penetration depth is
ai u~* where the linear absorption coefficient x4 does depend
on A.

N cos o', = COS o 2

As n < 1, for angles of incidence «; less than or equal
to an angle a., which is defined as o, = cos™(n) =
(26)¥2, the well-known phenomenon of total reflection
occurs:'% the incident wave is totally reflected, while
the refracted wave becomes evanescent travelling
along the surface. The amplitude of the evanescent
wave decays exponentially with depth. Figure 35
shows the penetration depth A of the X-rays in water
versus angle of incidence ai. For ai < 0.50¢, the
penetration depth is about 50 A independent of
wavelength. The evanescent wave may, therefore, be
diffracted by crystalline material in a surface layer
of that thickness and provides information on its in-
plane structure. Such diffraction is called grazing
incidence X-ray diffraction (GIXD).167.168

1. Principles of Grazing Incidence X-ray Diffraction

In three-dimensional crystals (3-D), diffraction
from a set of crystal planes with an interplanar
spacing d occurs only when the Bragg law is satisfied.
Namely, when, first, the scattering vector length q
(given by |kout — Kin| = 4msin 6/, where the wave
vector K is of length 27/4 and the angle between Kqut
and ki, = 20) is equal to 2xd*, where d* is the re-
ciprocal of the interplanar spacing d, and, second, the
normal to the planes bisect between the incident and
outgoing beams (Figure 36, top). This condition may
be mathematically expressed in terms of the recipro-
cal lattice vectors d* = ha* + kb* +Ic*, where
a*,b*,c* are the reciprocal vectors of the unit-cell
axes a,b,c and h,k,l are integers that represent the
Miller indices of planes with a spacing dn = 1/d*hi.
Diffraction, therefore, takes place in 3-D crystals from
a set of planes with indices (h,k,l) only when the
scattering vector g coincides with the vector 2zd*
(Figure 36, top).

For a 2-D crystal there are no selection rules or
restrictions on the scattering vector component q;
along the film normal. Thus, the Bragg scattering
extends as continuous rods (BR) through the 2-D
reciprocal lattice points (Figure 36, bottom).169.170
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Figure 36. The conditions for diffraction from: (top) A
3-D crystal; (bottom) A 2-D crystal. Diffraction from a
particular set of h,k,I planes of a 3-D crystal will be
achieved if the scattering vector q is coincident with the
reciprocal lattice vector 2mx(ha*+kb*+Ic*). For a 2-D
crystal the diffraction for a particular value of g, of an (h,k)
Bragg rod requires that the horizontal component gy, of
the vector q, is coincident with the reciprocal lattice vector
2x(ha*+kb*). The axes 2z(a*,b*,c*) = (aj*,i =1,3) in the
figure.

Diffraction, therefore, takes place only when the
horizontal component of g, given by gy, coincides
with a vector 2z(ha* + kb*). The finite thickness of
the 2-D crystal causes the BR to extend over finite
g. intervals. The intensity distribution along these
intervals is determined by the vertical electron
density distribution in the molecules and is expressed
as the Fourier transform of the resulting electron
density along the film normal.

In the GIXD geometry (Figure 37), the angle of
incidence of the X-ray beam «; is kept just below the
critical angle, limiting the penetration of the beam
to that of an evanescent wave with a depth in the
range 50—100 A. X-ray scattering due to the sub-
phase is thus efficiently eliminated, which allows an
accurate measurement of the weak signals originat-
ing from the crystalline film. The evanescent wave
is diffracted by the two-dimensional order in the film,
resulting in a beam that makes an angle as with the
water surface (see Figure 37). If the order is crystal-
line, the evanescent wave may be Bragg scattered
from a grain which is oriented so that its h,k lattice
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Figure 37. (Top) Experimental setup of the diffractometer
at beamline BW1 (X-ray synchrotron source at Hasylab,
Hamburg) for studying liquid surfaces. The white X-ray
beam is monochromated and deflected down toward the
sample by tilting the Be monochromator crystal in Laue
geometry. The incident and specular reflected beam inten-
sities are monitored by the Nal Beam Monitor and the Nal
XR Detector, respectively. The diffracted beam is detected
with a position-sensitive detector (PSD). (Bottom) Side and
top views of the grazing incidence X-ray diffraction geom-
etry. The PSD has its axis along the vertical. Only the
cross-beam area contributes to the measured scattering.
The Soller collimator defines the horizontal resolution of
the detector.

“planes”, with a d, x spacing, make an angle 6y, x with
the evanescent beam fulfilling the Bragg condition
A = 2dnhxSinbn k. The grazing incidence beam illu-
minates a certain footprint of the surface. In general,
the layerlike crystallites on the water surface are
azimuthally randomly oriented and so may be de-
scribed as a “two-dimensional powder”.

As shown in Figure 37, the collection of the dif-
fracted radiation by means of a position-sensitive
detector (PSD) is made by scanning the detector over
a range along the horizontal scattering vector oy
(4 sin 60,/1), where 260y, is the angle between the
incident and diffracted beams projected onto the
horizontal plane, and integrating over the whole g,
window of the PSD to yield the Bragg peaks. Simul-
taneously, the scattered intensity recorded in chan-
nels along the PSD, but integrated over the scattering
vector gy, in the horizontal plane across a Bragg peak,
produce q,resolved scans called Bragg rods. For
various purposes the scattered intensity may also be
presented in 2-D contour plots as a function of gy
and q,.

Several different types of information may be
extracted from the measured profiles. The angular
260 positions of the Bragg peaks yield the repeat
distances d = 27/qy, for the 2-D lattice structure. The
Bragg peaks may be indexed by the two Miller indices
h,k to yield the a,b unit cell. The full-width at half-
maximum (fwhm) of the Bragg peaks in g, units
yields the crystalline coherence length L in the a,b
plane associated with the h,k reflection. The intensity
at a particular value of g; in a Bragg rod is deter-
mined by the square of the molecular structure factor
|Fnhk(92)|?. The structure factor Fn k() is given by eq
3, where fj is the scattering factor of atom j, x;a +
yjb is the vector specifying the position of atom j in
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the unit cell, and z; is the atomic coordinate along
the vertical direction.

Fr(d,) = =f exp i[2n(hx+ ky) +9,z]1  (3)
The measured intensity is given by eq 4

I (@) = IV(a,)IFp (@) @)

In general, the observed Bragg rod intensity is a sum
over the (h,k) and (—h,—k) reflections since they
coincide at 26y (or gnk) positions because the crystal-
line film on the liquid surface is generally a “two-
dimensional powder”. The factor V(q,) describes the
interference of X-rays diffracted upward with X-rays
diffracted down and subsequently reflected up by the
interface.'®® The factor V(q,) differs from 1 only in
the vicinity of q, = 1/2q., where it contributes a sharp
peak to the intensity. Thus, in eq 3 the most
important variation is due to the structure factor
|Fn(d2)]?.

For molecules of arbitrary shape, the overall crys-
talline structure can be established from an analo-
gous 3-D crystal structure if known, or by trial and
error, and eventually by constrained least-squares
refinement to near atomic resolution in favorable
systems. For the simple linear surfactant molecules
that contain aliphatic hydrocarbon chains, the square
of the structure factor is a bell-shaped function which
reaches its maximum when the scattering vector
gq = (gnk, g2) is orthogonal to the molecular axis. Thus,
for chainlike molecules, precise information on the
molecular chain orientation in a 2-D crystal may be
obtained from the positions of the maxima of the
Bragg rods, assuming the chains to be uniformly
tilted? as demonstrated in Figure 38 for three differ-
ent packing arrangements.

2. Specular X-ray Reflectivity

The variation in electron density of a film floating
on the water surface in the direction normal to that
of the surface can be obtained from specular X-ray
reflectivity measurements. Specular reflection im-
plies that the reflected ray measured is in the plane
spanned by the incident wavevector k; and the vector
normal to the surface and that o; = o, (Figure 34).
The specular reflectivity of an ideal surface is given
by the well-known Fresnel law of optics.'¢ In the
limit of small angle of incidence,>'"1~173 applicable
here, and where absorption effects are neglected, it
is given by eq 5, where g, = (4n/A)sin o; and q. =
(4z/A)sin a. is the critical value of g, for total external
reflection. For g, < qc, eq 5 yields Rg = 1, i.e., total
reflection. As q; is increased beyond qc, however, Rg
decreases and, for g, = 4q., approaches Rg(q,) ~
(9¢/29,).* As the range of interest may extend to
g-/q. ~ 30 or more,21717173 reflectivities down to 10~8
have to be measured. Hence, the importance of high-
intensity synchrotron sources or high-power rotating
anode X-ray generators for XR measurements. It is
important to note that eq 5 is valid only for an ideally
flat surface across which the electron density p(z)
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Figure 38. Three monolayer crystal packing arrange-
ments of alkyl chains (left column) and their diffraction
patterns (central and right columns) assuming the mono-
layer is in a 2-D “powder” form. We assume the chains are
cylindrical rods. The middle column shows the Bragg peaks
1(axy) each integrated over d,, and the right column shows
the Bragg rod pattern 1(dxy,q;) in the form of a contour plot.
When the molecular axis is perpendicular to the water
surface the lattice is hexagonal (top row), and the three
{1,0},{0,1} and {1,—1} reflections coincide. The Bragg rod
obtained from the single in-plane diffraction peak has its
maximum at g, = 0 A~1. When the molecular axis is tilted
toward nearest neighbors along the a axis (middle row),
the unit cell is centered rectangular, yielding two Bragg
peaks. One comprises two coincident reflections and the
other is a singlet. The Bragg rod of the two degenerate
reflections (1,1) and (1,—1) is centered at g, > 0 A1, the
position of the center depending upon the extent of the
molecular tilt. The singlet corresponds to the (0,2) reflection
whose Bragg rod is centered around g, = 0 A~1. Finally,
the molecular axis tilted in a nonsymmetry direction, yields
an oblique 2-D lattice (bottom row). The peak positions of
the three Bragg rods determine the chain tilt angle as well
as the azimuthal position of the chain vis-a-vis the unit
cell axes.

varies steplike between two constant values. If p(z)
is not a step function but varies continuously in the
surface region, the reflectivity is modified,>171-173
yielding eq 6, where ¢ is defined as in eq 7 and p. is
the constant electron density in the subphase bulk.
Thus, by measuring R(q) it is possible, in principle,
to determine p(z), the variation of the electron density
normal to the surface, and, in particular, the electron
density of a monolayer floating on it. ¢ is a complex
function, and only its modulus can be derived from
the measured reflectivity but not its phase. Thus, one
is faced with the usual phase problem of X-ray
crystallography, and therefore, to date virtually all
specular reflectivity data has been analyzed by fitting
a parametrized model density p(z) to the measured
data via eqs 5—7.

Re(0,) = [{a, — (@°, — °)" a, + (@, — a® )} 71
(5)
R(q,) = Re(0,)l6(a,)® (6)
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Figure 39. Top: Space-filling model of the molecule
C19H39COOH at the water surface. Bottom: Full lines: The
total electron density at the interface is the sum of
contributions from the subphase and the monolayer. The
monolayer density is the sum of contributions from indi-
vidual atoms of the amphiphile. Thermally excited capillary
waves lead to an rms diffuseness o, and all densities are
smeared accordingly. The density may alternatively be
described by a two-box model (dotted line) which, smeared
by o (dashed line), agrees well with the profile calculated
from contributions from the individual atoms (full line).

where

¢(d,) = (Up.)) [ [dp(2)/dz] exp(ia,z)dz  (7)

One strategy employed has been to generate p(z) as
the sum of densities pi(z) from individual atoms at
height z = z; and refine this atomic model of the
monolayer molecules under suitable constraints. ®
A typical constraint would be that the hydrophobic
moiety must tilt as a rigid body, i.e., without distort-
ing the a priori assumed internal bond lengths and
angles. Adjustable parameters, then, would be the
tilt angle of each molecular segment, the height of
the molecule above the interface, and the area per
molecule.

A computationally slightly simpler strategy is to
represent the monolayer as a stack of slabs,'’* each
with a constant density p; and thickness I;. Two such
slabs would be needed for representing a simple fatty
alcohol or acid monolayer.'”> When refining such a
slab model, a possible choice of fit parameters, then,
would be the densities p; and thicknesses |; of the
slabs.

For either representation of the monolayer, the
constant density of the semi-infinite subphase has
to be added below the interface. Finally, either model
density must be smeared out in the z-direction to
account for the vertical roughness or diffuseness of
the interface. The root-mean-square roughness, o, is
on the order of 3 A and stems mainly from thermally
excited capillary waves on the water surface 2172173
It leads to a Debye—Waller factor exp(—g,2¢?) in
|¢(d2)I* (eq 5).

The rather large value of o ~ 3 A (equivalent in
normal crystallographic parlance to B = 8720 ~ 700
A2 means that in the atomic model of p(z) it is
unnecessary to use accurate charge densities for the
atoms; so long as each atom contributes its proper
charge Z;, the description will be adequate. Also,
replacing groups of atoms by pseudoatoms is feasible.
The large value of ¢ is also the reason that the
monolayer may be adequately represented by the slab
model. This is illustrated in Figure 39, which shows
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that the density p(z) of a fatty acid monolayer may
be represented by either model.
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