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The controlled transfer of organized monolayers of amphiphilic molecules from the air-
water interface to a solid substrate was the first molecular-scale technology for the creation
of new materials. However, the potential benefits of the technology envisioned by Langmuir
and Blodgett in the 1930s have yet to be fully realized. Problems of reproducibility and
defects and the lack of basic understanding of the packing of complex molecules in thin
films have continued to thwart practical applications of Langmuir-Blodgett films and devices
made from such films. However, modern high-resolution x-ray diffraction and scanning
probe microscopy have proven to be ideal tools to resolve many of the basic questions
involving thin organic films. Here, studies are presented of molecular order and organi-
zation in thin films of fatty acid salts, the prototypical system of Katharine Blodgett. Even
these relatively simple systems present liquid, hexatic, and crystalline order; van der Waals
and strained layer epitaxy on various substrates; wide variations in crystal symmetry and
interfacial area with counterions; modulated superstructures; and coexisting lattice struc-
tures. The wide variety of possible structures presents both a challenge and an opportunity
for future molecular design of organic thin-film devices.

The trend in new materials has been in-
creasingly toward the more sophisticated
control of chemical specificity and physical
dimensions. High-tech acronyms such as
MBE (molecular beam epitaxy), MOCVD
(metal organic chemical vapor deposition),
and LPE (liquid phase epitaxy) describe
some of the ways available to create new
materials by the modification of a substrate
with a thin layer or layers. Although not
usually grouped with these techniques, the
transfer of organized monolayers of am-
phiphilic molecules from the air-water inter-
face to a substrate [commonly known as the
Langmuir-Blodgett (LB) technique, with
materials known as LB films] was the first of
the molecular-scale materials technique (I,
2). However, the controlled fabrication of
molecular films was a novelty 60 years ago,
because there was no need for such highly
evolved molecular architectures (1). With
the current demand for materials with tai-
lored interfacial properties, LB technology
should be reevaluated as a future component
of “molecular engineering.” Of course, as in
all thin film techniques, limitations exist: LB
films are restricted to amphiphilic molecules
capable of forming monolayers at a liquid-
vapor interface.

The films produced by LB deposition
have many of the same potential applica-
tions in optical and electronic devices as do
thin films produced by MBE or CVD (1-4).
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The richness of chemical functionality
made possible by novel organic synthesis
makes organic thin films a likely area for
future advances as the limitations of single
crystal forms of elements such as silicon and
germanium become more apparent (1-4).
Because living cells are made up of many of
the same materials as LB films (fatty acids,
phospholipids, and proteins), excellent po-
tential also exists for the development of
compatible interfaces between convention-
al materials and biomaterials to create bio-
sensors or biochemical probes (4). Organic
thin films have also been used as templates
to grow oriented crystals of proteins (5) or
inorganic materials (6) and can often alter
crystalline habits or growth kinetics, as in
biomineralization (7) or the formation of
zeolites (8).

In the conventional scheme of the LB
technique (Fig. 1), the monolayer organi-
zation on water is expected to be transferred
relatively unchanged to the substrate (I,
2). However, x-ray scattering (9), phase
behavior, and fluorescence (10) and Brew-
ster angle optical microscopy (11) have
provided sufficient information that mono-
layer structure at the air-water interface can
be compared to LB film structure on sub-
strates as determined by electron diffraction
(12), x-ray diffraction .(13-15), and scan-
ning probe microscopy techniques (16—
41). These studies have shown that the
relation is not as simple as was hoped. LB
film structure is influenced by a number of
factors that are different from those that
govern structure in Langmuir monolayers.
As a result, current research is being fo-
cused on how molecular organization
evolves during transfer and subsequent
stages including drying and annealing to
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predict how chemical perturbations, the
number of layers, the proximity to the
substrate or free surface, and the chemical
environment influence the structure,
growth, and stability of the LB films. Sev-
eral books and reviews are available that
describe the state of the art of LB films up to
about 1990 and provide an excellent back-
ground on LB film deposition, characteriza-
tion, applications, and history (1-4).
Since 1990, scanning probe microscopy
has helped to resolve many long-standing
questions about LB films. For example, one
of the major impediments to applications
has been the lack of a routine method to
assess film quality nondestructively on the
nanometer scale. Although LB films have
been extensively studied by spectroscopy
and x-ray and electron diffraction (1-4,
12-15), these techniques are not sensitive
to defects such as pinholes or tears within
layers. Film defects have been examined
with optical or electron microscopy but
only at low resolution; such techniques
usually result in destruction of the films
(42). Atomic force microscopy (AFM)
(16-18), on the other hand, has turned out
to be a nearly ideal, nondestructive, high-
resolution method to investigate LB film
structure and defects at length scales from
<0.1 nm to >10 wm (19-41). Hence, it is
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Fig. 1. Conventional schematic of the' LB tech-
nique. In the first step (A), a suitable am-
phiphilic molecule is dissolved in a volatile
solvent that is then spread at the air-water
interface to form a Langmuir monolayer. With a
barrier, the area of the trough can be altered to
change the local density of the molecules, and
usually the local organization and order as well.
The structure of the monolayer has been exten-
sively studied (70). To form the LB fim (B), a
substrate is passed through the interface a
given number of times, with each pass adding
another monolayer to the LB film (C and D).



now possible to characterize the structure of
LB films quickly and reliably with AFM and
to use this information as feedback to im-
prove film quality. In addition to quality
control, high-resolution studies of LB films
can provide a wealth of information on the
structure of condensed phases of complex
molecules. A variety of LB films have been
investigated with AFM, including lipid and
protein films (25-28), polymer films (25,
29-31), and specially functionalized molec-
ular films (25, 32-34). The atomic force
microscope can also investigate the local
frictional and elastic properties of the films
with nanometer resolution (41).

Here, we present work done on proto-
typic LB films made from saturated fatty
acids. These films have been the workhorses
of both research and applications since the
days of Langmuir and Blodgett (1). How-
ever, fatty acid films are far from simple.
They exhibit a complex assortment of struc-
ture and organization including amorphous,
hexatic, and crystalline in-plane order (18—
25, 35-40); systematic trends in interfacial
density (36—40); in-plane lattice spacings
and positional correlations that are coupled
to the number of layers of and the proximity
to the substrate (37, 38); multiple lattices
coexisting in the same layer (36,37, 40);
the spontaneous symmetry breaking of achi-
ral molecules into chiral lattices (36, 39);
and stable, periodic defect structures that
arise from competition between preferred
head and tail lattice spacings (21, 23, 36,
37, 39, 40). Lattice defects such as disloca-
tions (18, 24) and grain boundaries (21, 23,
33) can also be studied, and their effects on
film applications can be assessed. LB film
stability can also be addressed in realistic
environmental conditions. (20). To further
the applications of LB films in technology
requires a good understanding of how com-
plex molecules fit together and what type of
order within the layers, between the layers,
and between the substrate and the film is
best suited to a particular application. This
understanding might also lead to better
design criteria for synthesizing the mole-
cules themselves (43).

Effect of Competing Length Scales
and Symmetry on Molecular Packing

The amphiphilic molecules in LB films
incorporate disparate chemical functional-
ities in their hydrophobic “tail groups” and
hydrophilic “head groups.” These varied
functionalities lead to competing interac-
tions and conflicts between the packing
requirements of the heads and tails (40).
Atomic force microscopy studies of fatty
acid salts have shown that the interfacial
area per molecule is controlled by the in-
teraction of the counterion with the car-
boxylic acid head group, or more generally,

by the area or bonding requirements (or
both) of the head group (Table 1). After
the interfacial area is set by the head group,
the alkane tails pack in such a way as to
maximize the van der Waals contact
(equivalent to maximizing the alkane den-
sity), usually in ways similar to bulk alkane
lattice configurations (44). For example,
the lattice parameters, area per molecule,
and symmetry of lead stearate and cadmium
aracidate (CdA,) films (37) are nearly iden-
tical to those of bulk polyethylene (44—46).
In many of the more complex molecules
used to make LB films, a significant portion
of the tail group is a straight chain, saturat-
ed alkane (I, 2), and the organization of
the films will quite likely be determined by
a competition between the alkane packing
constraints relative to the rest of the mole-
cule (46). This extension to more complex
molecules is somewhat simplified by the fact
that palmitate (P), stearate (St), arachidate
(A), and behenate (B) lattices (C,4 to C,5)
are identical for a given head group. By an
understanding of the relation between the
alkane packing requirements and the size
and shape of the functional group necessary
for a particular application, ‘more reasoned
choices can be made as to molecular design
(43). These studies should also be com-
pared to Monte Carlo and molecular dy-
namics simulations of alkane packing as a
function of interfacial density (45, 46).
As can be seen from Table 1, the inter-
facial area per molecule is well correlated
(except for zinc) with the degree of ionic
versus covalent bonding as determined by
the difference between the electronegativi-
ties of the carboxylic acid oxygen [about 3.5
(47)] and of the various counterions. An
electronegativity difference greater than 2
suggests ionic bonding, while a difference
less than 2 suggests covalent bonding (47).
Surface potential measurements on Lang-
muir monolayers (48) show that the alka-
line earth metals (Ba, Ca, and Mg) interact
with fatty acids electrostatically by the
screening of negative charges in a nonspecif-
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ic way, while Cd, Mn, and Pb interact more
specifically by covalent bonding (49). The
effect of pH on isotherms shows a similar
trend. Both Cd and Mn effectively remove
the “liquid condensed” phase in monolayer
isotherms over a pH range of 6 to 7, which is
consistent with the estimated pK (acidity
constant) of the fatty acid film of about 5.6
(48, 50). Langmuir-Blodgett films of CdA,
show complete saturation of the carboxylic
acid with Cd at a pH =6.5 (50). Lead affects
the monolayer at significantly lower pH,
with the liquid condensed phase in mono-
layer isotherms absent at pH > 4 (48), and
completely saturates the carboxylic acid in
LB films at pH =4.5 (50). Barium, calcium,
and magnesium fatty acid LB films do not
fully saturate until pH 8.5 (50).

Although the interfacial area of the
molecule changes by more than 20% be-
tween ions, the alkane chain density can-
not change by this-amount and maintain a
crystalline lattice. The minimum cross-sec-
tional area of a saturated alkane in a con-
densed phase is about 18 A? (51). As the
interfacial density decreases, the alkane
chains can tilt to maintain close to their
bulk density (46). By tilting, the chain
lattice, in principle, can become compati-
ble with any imposed molecular area with-
out significantly changing the van der
Waals contact of the chains (46). A sim-
plified cylindrical molecule whose head
group prefers a separation 8 and whose tail
group prefers a separation a (with a < B)
will tilt at an angle 6 such that cos 0 = a/B
(40). However, the tetrahedral coordina-
tion of the alkane backbone leads to a zigzag
pattern of the methylene units and a rough-
ly elliptical shape, with the major axis
along the zigzag direction (44, 52). Hence,
the alkane chains can pack together only at
certain discrete tilt angles to maintain max-
imum contact (44, 52). The allowable
packings of alkanes become an exercise in
geometry, and we have consistently ob-
served two of the highest density lattice
structures predicted by Kitaigorodskii: the

Table 1. Lattice structures of fatty acids with different counterions.

) N . Tilt Molecular Electro-
Counterion Layers Local lattice (directiont) area (A?) negativity}
Pb 7 Herringbone 0° 17.9 1.8
Cd 3 Herringbone 0° 18.0 1.7
Mg (4 by 2) 3 Herringbone 0° 18.7 1.3
Mg (2 by 2) 3 Triclinic 0° 18.7 1.3
Mn 5 Herringbone 19° (NNN) 19.5 1.5
Ca 3 Triclinic 26° (BN) 19.6 1.0
Ba (2 by 2) 3 Herringbone 19° (NNN) 20.2 0.9
Ba (3 by 1) 3 Triclinic 26° (BN) 20.4 0.9
Zn 7 Hexagonal 33° (NN) 222 1.6

*Number of layers to reach a consistent lattice structure on a mica substrate.

1Tilt directions are NN, toward

nearest neighbors; NNN, toward next-nearest neighbors; and BN, between nearest and next-nearest

neighbors.
ionic or covalent nature of the bond.
SCIENCE °

VOL. 263 ¢ 25 MARCH 1994

fElectronegativity should be compared to oxygen’s value of 3.5 in the assessment of the relative
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herringbone and the triclinic packings (Fig.
2) (44). However, even with the various
lattice structures and allowable tilts, an
alkane lattice cannot accommodate any
arbitrary molecular area. This limitation
can lead to defects and modulated struc-
tures when the competition between length
scales is sufficient (40) and can even lead to
situations in which, for certain areas per
molecule, more than one lattice structure is
observed (36-39).

Molecular resolution images of LB films
of CdA,, MnA,, and PbSt, are shown in
Fig. 3, A, B, and C, respectively, along
with their two-dimensional Fourier trans-
forms (FTs) (53). The lattice symmetry of
these three films is the same, as the FTs
show a rectangular lattice with alternating
bright and dim spots. The small but finite
intensity of the dim Fourier spots proves
that the unit cell consists of two molecules.
Given the particular dimensions measured,
the real space lattice structure corresponds
to a two-molecule unit cell with a herring-
bone packing [called the “R” subcell by
Kitaigorodskii (44)]. In the herringbone
packing, the zigzag or long axis of adjacent
molecules alternates to facilitate close pack-
ing (Fig. 2). The measured CdA, and PbSt,
lattices are similar to those of the “ideal”
untilted cell dimensions of 0.496 by 0.742
nm as predicted by Kitaigorodskii (44). The
lattice parameters measured by AFM are
very similar to that observed for thick films
of PbSt, (13) and thin films of CdA, (14) as
measured by x-ray diffraction. The mea-
sured MnA, lattice is close to the ideal
tilted (19° in the next-nearest neighbor
direction) cell dimensions of 0.496 by
0.785 nm (44). This ideal tilt of 19° is
based on the idea that alkyl chains prefer to

Fig. 2. Crystalline al-
kanes have several dis-
tinct forms of close
packing. As viewed
along the direction nor-
mal to the chains, the
most commonly ob-
served packings are
the herringbone and
the triclinic. The dark
lines represent the zig-
zag of the carbon back-
bone, and the circles
represent the van der
Waals radii of the hy-
drogen. Different shad-
ings represent hydro-
gens attached to adja-
cent carbons; that is,
the more lightly shaded
hydrogens might be attached to the tenth car-
bon in a chain while the darker ones are at-
tached to the ninth carbon, therefore below the
light ones. The triclinic packing does not have a
plane of mirror symmetry and is inherently
chiral.

Herringbone
(rectangular)

Triclinic
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tilt at certain specific angles such that the
chain packing in the plane perpendicular to
the chains is undisturbed (44, 52, 54).

Fig. 3. Images (20 nm by 20 nm) of LB films of
various fatty acid salts. Lighter colors corre-
spond to higher areas, and the peak to valley
height modulation is ~0.2 nm. The respective
two-dimensional FTs are inset. The vertical and
horizontal streaks in the FTs are the result of
noise from the raster pattern of the AFM. (A)
Three-layer CdA, on mica. The FT shows the
rectangular reciprocal lattice indicative of the
herringbone packing. The two bright inner
spots (in the nearly horizontal direction) corre-
spond to the periodic height modulation along
the [10] direction, which is visible as light and
dark stripes in the image. (B) Three-fayer MnA,
on mica. The FT shows the rectangular herring-
bone lattice reflections; however, the positions
of the spots are consistent with a molecular tilt
in the next-nearest neighbor or [10] direction.
The additional spots correspond to a periodic
height modulation with a period of about 1.2
nm. (C) Three-layer PbSt, on mica. PbSt, does
not show any periodic height modulation.
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The structures coexisting in a single
BaA, film are shown in Fig. 4 (36). The
predominant structure (~70% of the surface
area) is a 26° tilt, triclinic packing with
regular stacking faults every third molecule
resulting in a “sawtooth” surface modulation
and a three-molecule, 3 by 1 unit cell of area
61.1 A2 (20.4 A%mol) (36). The minority
structure (<10%) is a four-molecule, 2 by 2
unit cell of area 80.7 A2 (20.2 A%mol) in
which pairs of molecules are packed in a
tilted (19°) rectangular herringbone lattice
(similar to MnA,), but adjacent rows alter-
nate vertically up and down by a single
methylene group. The difference in molecu-
lar area between the two lattices is <1%. A
disordered third structure, which occupies
20 to 30% of the film area, presents only
diffuse spots in the FTs and has close to the
same area per molecule as the two crystalline
structures. These three coexisting structures
indicate that the counterion sets the molec-
ular area, while the alkane lattice adjusts to
find an optimal packing, given this con-

Fig. 4. (Left) Molecular resolution images and
(right) FTs of the three lattice structures coex-
isting in BaA, films. (A) Lattice 1. A sawtooth
superstructure is seen every three rows. The FT
is shown with the basis of the reciprocal lattice
labeled. The lattice spacings are consistent
with a triclinic packing with a regular stacking
fault every three molecular repeats. (B) Lattice
2. Alternating rows of high and low zigzag
molecules can be seen clearly. The FT shows
that the local packing is similar to that of MnA,
(Fig. 3B): a herringbone packing with a tilt in the
next-nearest neighbor direction. (C) Disordered
isolated areas of molecular order are visible but
without long-range correlation. The FT shows
that the peaks are diffuse because of short-
range order. In all three lattices, the area per
molecule is nearly identical.



straint. For the larger molecular areas, sev-
eral packings can apparently have the same
density and similar free energies. However,
these coexisting structures are metastable;
upon annealing, the triclinic structure is
preferred (55).

Calcium arachidate adopts only a tri-
clinic lattice. However, because of the mo-
lecular and packing anisotropy, the triclinic
packing is chiral, leading to both left-
handed and right-handed packings (Fig. 5,
A to C). As can be seen in Fig. 5, Band C,
which are from two different crystalline
domains in the same film, the six brightest
spots in the FTs form a skewed hexagon and
correspond to three different spacings of (a)
0.442 nm, (b) 0.576 nm, and (c) 0.686
nm. The FT has no axis of mirror symme-
try; hence, the real space CaA, lattice also
has no mirror symmetry and is chiral, al-
though the constituent molecules are achi-
ral. Figure 5C is the FT of Fig. 5A and has
the same progression (clockwise, abc) of
lattice spacings. Figure 5B is the mirror
image of Fig. 5C and has the same lattice
spacings, but the progression (clockwise) is
acb. The molecules tilt along a direction
between nearest and next-nearest neighbors
by 26° from the surface normal, as deter-
mined by the measured bilayer thickness of
5.0 nm, which also adds to the chirality
(56). The observed tilt is consistent with
FT infrared and near-edge x-ray absorption
fine structure measurements that show
CaA, monolayers to be tilted (52, 57).
Atomic force microscopy images also show
that racemic mixtures of chiral molecules
can be spontaneously resolved into left-
handed and right-handed domains in LB
films (34).

A MgSt, film in which two distinct
lattice structures are present and meet at a
grain boundary is shown in Fig. 6. As in
BaA,, one of the structures is based on a
locally triclinic structure (2 by 2), while the
other is based on a herringbone packing (4
by 2). The FTs of each domain show the
dominant symmetry. The AFM images also
show that the order in the film is preserved
nearly to the grain boundary, which is also
the case for grain boundaries in CdA, films
(23). In both MgSt, packings and in CdA,,
the molecules are untilted; hence, the mol-
ecules in different grains can pack closely,
and the grain boundaries are very narrow.
For tilted packings, however, the grain
boundaries can extend over several molec-
ular repeats (33). The preference for alka-
line earth metal films to pack into triclinic
lattices and for the more covalent metals to
pack into herringbone lattices suggests that
the local bond angles or type of bond may
be important (52). In other words, the
molecular areas of Ca and Mn salts are very
similar, and Mg actually has a smaller area
per molecule than does Mn (Table 1).

Multilayer films of ZnA, have a com-
pletely different structure from that of any
other film we have examined. Figure 7 is an
image of a seven-layer film with the FT
inset. The lattice parameters determined
from the FT, and the bilayer thickness of

Fig. 5. (A) Atomic force microscopy image (10
nm by 10 nm) of trilayer LB film of calcium
arachidate. The molecular rows in the film are
clearly visible, along with evidence of periodic-
ity along the rows. The six strongest reflections
in the FT form a skewed hexagonal pattern with
three distinct lattice repeats of (a) 0.442, (b)
0.576, and (c) 0.686 nm. The asymmetric pat-
tern is indicative of a local triclinic packing. (B
and C) Mirror-image FTs of two different do-
mains on a single LB film of CaA. The sequence
of lattice spacings in (C) is abc, whereas the
sequence in (B) is acb, although the lattice
dimensions are identical. The two FTs are not
superimposable by any rotation within the
plane of the image. The arrows pointing to b,
and b, show the reciprocal lattice vectors cor-
responding to the 4 by 2 unit cell of CaA.
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4.6 nm, are consistent with a simple hex-
agonal packing with a nearest neighbor
distance of 0.47 to 0.48 nm and a tilt of 33°
in the direction of a nearest neighbor. This

Fig. 6. (A) Image and (B and C) FTs of distinct
lattice structures in a trilayer film of MgSt,
meeting at a grain boundary in a film. In the
lower left corner of (A), the FT (B) is consistent
with a local triclinic packing with a 2 by 2 unit
cell formed by a regular set of stacking faults. In
the upper right corner of (A), the lattice struc-
ture is visibly different and the FT (C) is consis-
tent with a local herringbone packing with a 4
by 2 unit cell formed by the alternation up and
down of offsets of the molecules along the
chain axis. Both structures have the same in-
terfacial area, indicating that the counterion
sets the local interfacial density and that the
alkane chains then pack to maximize contact,
given this density. As in BaA, films, there can
be more than one alkane packing for a given
interfacial area. The AFM images also show that
the coexisting lattices match nicely, because
the films are well ordered up to the grain
boundary; which is no more than a few mole-
cules wide.
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packing is unusual for two reasons: The
hexagonal lattice suggests that the alkane
molecules have lost their elliptical shape,
and the molecules are less densely packed
than in either the herringbone or triclinic
structures. Each alkyl chain in PbSt, and
CdA,, which, according to our previous
arguments about electronegativity, should
be most similar to ZnA,, has four nearest
neighbors that are relatively close, about
0.44 to 0.45 nm away, and two nearest
neighbors at a distance of about 0.48 nm.
The ZnA, packing, in which all of the
neighbors are close to 0.48 nm apart, is
consistent with the R2 rotator phase (58);
in the rotator phases, the alkane chains
have much freer rotation about their long
axis, and the molecules have a more cylin-
drical symmetry. From the measured inter-
facial density and tilt, the cross-sectional
area perpendicular to the chains in ZnA, is
about 19 Az’ which indicates a density 5 to
6% lower than in CdA, or PbSt,.

Substrate Effects

For all counterions, with the exceptions of
lead and manganese on mica, monolayer
films were disordered and showed no lattice
structure. The “bulk” lattice structure for
Cd, Mn, Ba, Ca, Pb, and Mg appeared after
the deposition of an additional bilayer to
form a trilayer film. The main requirement
for long-range order in the alkyl chains
seems to be an underlying head group-head
group interface. This structure appears to
stabilize the alkane lattice in its close-

Fig. 7. Molecular resolution image (10 nm by 10
nm) and FT (inset) of a seven-layer film of ZnA,
on mica. The lattice parameters determined
from the FT, and the bilayer thickness of 4.6 nm,
are consistent with a simple hexagonal packing
with a nearest neighbor distance of 0.47 to 0.48
nm and attilt of 33° in the direction of the nearest
neighbors. This unusually symmetric packing is
consistent with the A2 rotator phase structure
(50). In the rotator phases, the alkane chains
rotate about their long axis and are more cylin-
drically symmetric, and the molecules are less
densely packed than in either the herringbone
or triclinic lattices.
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packed configuration by ions bridging be-
tween and within the layers. The substrate
or the free surface does not appear to have
a significant effect on the local structure
other than breaking the bilayer symmetry
and, hence, the coupling between adjacent
headgroups (18).

However, monolayers of PbSt, deposited
on mica have long-range order while mono-
layers of MnA, on mica show a distinct but
short-range positional and long-range orien-
tational order (38). Otherwise identical
PbSt, and MnA, monolayers are disordered
on amorphous oxidized silicon. Monolayers
of PbSt, and MnA, on mica have a signifi-
cantly larger lattice spacing and molecular
area than do the corresponding multilayers
on mica, indicating a strong coupling to the
mica lattice (Fig. 8). However, by layer 7,
the PbSt, lattice on mica has relaxed to the
same dimensions as the three-layer film on
silicon (Fig. 8). This limiting molecular area
was the same as that of 100-bilayer-thick
films as measured by x-ray diffraction (13).

Two types of epitaxy, strained layer and
van der Waals, have been observed in
layered materials because of film-substrate
interactions. In strained layer epitaxy, the
first monolayer of an adsorbed film, which
has a bulk lattice constant no more than a
few percent different from that of the sub-
strate, replicates the in-plane structure of
the substrate exactly, and subsequent layers
gradually relax to the bulk structure of the
adsorbate by incorporating dislocations. For
PbSt, and MnA, films on mica, however,
the bulk crystal structure is significantly
mismatched with the substrate in both lat-
tice constants and lattice symmetry (mica
has a hexagonal lattice with a 5.2 A nearest
neighbor separation). Although the bulk
crystal lattice has a large mismatch, PbSt
monolayers are deposited on hexagonal
mica substrate in a well-defined orienta-
tion, such that there is a close match
between one set of strained lattice rows and
the substrate. However, the other lattice
constants of the monolayer are not as high-

22 T

i o Mica substrate
21 {, @ Silicon substrate |
20 - -

Molecular area (A?)

Fig. 8. Interfacial area of PbSt, films as a
function of proximity to a mica (open circles)
and silicon (closed circle) substrate. The strain
in the lattice is appreciable (on the order of 15%
in the area) for the monolayer on the substrate
but relaxes to the bulk lattice area by the
seventh layer.
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ly strained and are far from commensurate
with the substrate (38). In spite of this large
mismatch, PbSt monolayers have long-
range positional and orientational order.
The orientational epitaxy is similar to what
is called van der Waals epitaxy, observed in
films of transition metal dichalcogenides
such as MoSe, and NbSe, on mica sub-
strates (59). In these films, the adsorbed
layer is oriented with the substrate and has
long-range order, but even submonolayers
maintain the bulk lattice spacings, which
can be quite different than those of the
substrate. This van der Waals epitaxy is
common to layer-forming adsorbates and
substrates with strong intralayer interac-
tions but weak and nonspecific interlayer
interactions (59). For most LB multilayer
films, the growth after the first monolayer
appears to be primarily van der Waals—type
epitaxy. For Pb and Mn, the growth is a
combination of strained layer and van der
Waals epitaxy on mica.

Monolayer ordering can be explained by
the stronger intralayer interactions for Pb
fatty acid salts as opposed to the other
counterions. The binding of Pb ions to fatty
acid monolayers is complete by pH 4.5,
whereas complete binding is not achieved
for Cd until pH 6.5 and for Ba until pH 9
(48, 50). Langmuir monolayers of Pb fatty
acid salts also show greater surface viscosity
and elasticity than do Cd fatty acid salts,
which suggests again that the intralayer
interactions are stronger (48). These stron-
ger intralayer interactions in Pb salts help
hold the monolayer together, despite the
large mismatch between the fatty acid lat-
tice and the substrate lattice. Manganese
fatty acid salts must be intermediate be-
tween those of Cd and Pb. The best order-
ing in LB films in general might be achieved
by the design of molecules to maximize
intralayer interactions while minimizing in-
terlayer interactions (42), while the films
are simultaneously coupled to a substrate
with similar lattice symmetry.

Buckling Modulations and
Other Defects

In addition to the herringbone or triclinic
lattice structures, the FTs of Cd, Mn, Ba,
Ca, and Mg films show additional reflec-
tions corresponding to a superstructure
within the film. For Cd and Mn counter-
ions, this superstructure is a periodic height
modulation with a wavelength of ~1.9 nm
in CdA, and ~1.2 nm for MnA, in the [10]
or next-nearest neighbor direction (18, 23,
37) (Fig. 3). However, the modulation is
not commensurate with the underlying lat-
tice, although the direction is consistent
with one of the lattice directions. No such
height modulation was observed for Pb
multilayers. The simplest explanation of



the modulation is that the counterion in-
terfacial density does not perfectly match
the best close-packed alkane lattice. Theo-
ry suggests that the modulations can alter
the local alkane density to be more com-
patible with the constraint imposed by the
counterion (40, 60). However, the wave-
length of the height modulation is only very
weakly independent of the length of the
alkane chain for a given cation (37), in
contradiction to the theories based on a
competition between preferred head group
and tail group spacings that predict a linear
dependence (60). The theories, however,
assume a continuous distribution of allowed
tilt angles (60), whereas the preferred alkane
packing has distinct preferences for angles
that preserve the close packing of the chains
(40, 44, 52). The theories also assume no
preferred direction for the buckling; we ob-
serve that the buckling always occurs along
the [10] or next-nearest neighbor direction.
The only system in which we have not
observed any type of modulation is PbSt,
films, most likely because the Pb ions are so
efficient at condensing the lattice that the
alkane chains actually occupy a larger inter-
facial area than do the counterions.

For the triclinic packings of BaA, (36)
(Fig. 4A), CaA, (39) (Fig. 5A), and MgSt,
(Fig. 6A) films, the superstructures are
commensurate with the molecular lattice.
That is, the FTs show that the reflections
corresponding to the distance between mo-
lecular rows is exactly the third, fourth, or
second harmonic, respectively, of the re-
flection corresponding to the superstructure
periodicity. Although the local packing is
consistent with the ideal triclinic lattice,
the superstructure suggests that there are
regular defects in this packing. In each
case, the unit cell is constructed by the
insertion of a regular series of packing de-
fects into one of the ideal triclinic struc-
tures. The defects are related to the packing
by mirror symmetry (the triclinic is a
chiral packing). The defects also contain a
component along the chain direction and
so serve to alter the interfacial density and
tilt angle from those of the uniform tri-
clinic structure. For example, if the BaA,
film had no defects, the molecular area
would be 21.1 A? {Kitagorodskii's T [1/2 1]}
(50); the defects reduce the area to 20.4 AZ.
Similarly, the defects in the CaA, film
increase the molecular area from 18.9 A2 {T
[1/2 0]} to 19.7 A?, and the area in the Mg
films is decreased from 18.9 A2 {T [1/2 0]} to
18.7 A2 by the defects. However, the defects
do not sacrifice any of the favorable van der
Waals energy between alkyl chains because
they are simply the mirror image of the
normal packing. Instead, the defects allow
the alkane lattice to match the interfacial
density imposed by the counterions as effi-
ciently as possible.

Stability of LB Films

Another important question regarding the
applications of LB films is their long-term
stability in various environments. While no
significant structural effects on the local
lattice structure or on the number of defects
are observed when films are aged in labora-
tory air over the course of several months,
significant reorganization occurs when films
are aged under water for periods of minutes
to hours (20). The strength of the head
group-head group interaction must be con-
sidered as a possible driving force for the
reorganization seen in Fig. 9 for cadmium
palmitate and cadmium behenate multilayer

Fig. 9. Atomic force microscopy images (12 pm
by 12 pm) of LB films of (A) cadmium palmitate
(C,¢) and (B) cadmium behenate (C,,) after
being aged for 10 min under water. In (A), the
previously uniform five-layer films have been
thoroughly disrupted and have reorganized into
small multilayer islands. In (B), the reorganiza-
tion is much slower—all that is visible are iso-
lated eruption sites that indicate the first stages
of the layer folding. The cadmium head group
seems to prefer contact with another cadmium
head group as opposed to water or the sub-
strate (67). Opposing the reorganization are
the island edges that have a repulsive interac-
tion between the exposed alkyl chains and
water. From (A), it is clear that the cost of edges
is not isotropic; the large shape anisotropy of
the crystallites suggests that the [01] direction
(when in contact with water) is preferred to all
others. The increased edge energy of the be-
henate (B) relative to palmitate (A) also sug-
gests that the kinetics of the reorganization are
governed by the costs of the edges.
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films. For the shorter palmitate molecules,
the entire film has become involved in the
reorganization, even after only 10 min of
exposure to water. Small bilayer sections
simply peeled off the first monolayer (“de-
wetted”) and flipped over onto already cov-
ered areas of the film to form multilayer
patches (Fig. 9A). The sizes and shapes of
the holes in the film are roughly consistent
with the sizes and shapes of the multilayer
regions. For the longer bghenate molecules,
exposure to the subphase for the same period
of time induces only a few small eruptions
and pinholes (Fig. 9B). The reorganization
is not simply entropic [as-is the case for
thermal crystal roughening (61)], because
the structure of the system appears to ap-
proach thick, but flat, crystallites.

By stacking higher, the film can increase
the number of internal layers while minimiz-
ing both substrate and surface interactions.
In effect, the cadmium head group prefers to
“wet” itself rather than water or substrate
(62). The energetic penalty is the island
edges that have a repulsive interaction be-
tween the exposed alkyl chains and water.
From the images, it is clear that the cost of
edges is not uniform; the large shape anisot-
ropy of the crystallites suggests that the [01]
direction is preferred to all others. This edge
energy serves to explain, however, why both
nucleation and crystal growth take place by
the movement and folding of areas large in
comparison to molecular dimensions. The
ratio of surface area to edges is roughly
proportional to the square root of the surface
area. Hence, the edge energy for a small
island would be disproportionately large. As
a consequence, there is likely a minimum-
sized island required to initiate folding and
nucleate the reorganization, similar to the
case in three dimensions for the condensa-
tion of a liquid from its vapor stage (62).

Changing the length of the hydrocarbon
chain, and hence the edge energy, alters the
kinetics of the reorganization. After only a
few minutes of aging, cadmium palmitate
(16 carbons) reached a degree of reorganiza-
tion comparable to a 30-min-old cadmium
arachidate (20 carbons) film. Cadmium be-
henate (22 carbons) needed ~60 min of
aging to reach the stage of first nucleation
that was seen in cadmium arachidate after 10
min of aging. Decreasing the edge energy by
decreasing the length of the fatty acid hy-
drocarbon chain clearly decreases the mini-
mum size of a nucleation site, resulting in
the faster kinetics. As a practical matter for
applications, the longer the alkane chain,
the more stable is the film to this type of
reorganization (20). However, longer chains
have drawbacks as well: They form more
viscous monolayers and are more difficult to
transfer to substrates successfully, although
deposition at higher temperatures alleviates
many of these problems.
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Conclusions

Langmuir-Blodgett films have been touted
for their possible applications since the
1930s, many interesting test devices have
been made, and even more have been
proposed (I-8). Still, many of the same
basic problems remain: reproducibility,
nondestructive testing and characteriza-
tion, and a fundamental understanding of
what controls molecular order and organi-
zation in condensed phases. However,
these fundamental problems, intractable for
the first 60 years of LB film’s existence, can
now be much more successfully approached
with the use of modern spectroscopy and
x-ray and scanning probe microscopy tech-
niques. As in MBE, CVD, and the other
new materials technologies, the first step is
to establish a set of empirical rules concern-
ing such variables as process conditions and
substrate choice and treatment for a given
film and film application. As such rules
develop along with the materials, the fun-
damental reasons behind the rules will be-
gin to emerge and the process will be put
into the realm of science rather than tech-
nology. Langmuir-Blodgett technology is
certainly just beginning to develop a set of
process rules, although studies of these films
have taken place for over 60 years. Future
device applications of LB films depend on
good characterization of substrates and films
at the molecular level. Perhaps even more
important is how to make best use of the
wide variety of variables, such as lattice
structures, positional and orientational or-
dering, and the coupling and decoupling of
layers from each other and from the sub-
strate, that have already been observed.
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