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Commensurate Defect Superstructures in a Langmuir-Blodgett Film
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Molecular-resolution atomic force microscope images of Ba arachidate Langmuir-Blodgett multilayers
show two previously unknown structures, a tilted (26 ) triclinic packing with a 3x 1 sawtooth height
modulation, and a tilted (19') rectangular herringbone packing with an alternating vertical offset, along
with untilted disordered regions, all within the same molecular layer. The submicron extent of each re-
gion, the extent of twinning and defects, and the complexity of the molecular packing make the deter-
mination of the lattice structure of these materials impossible by any other technique.

PACS numbers: 61.16.Ch, 61.50.Jr, 61.72.Ff, 68.35.Bs

Langmuir-Blodgett (LB) films have been studied by a
variety of scattering and spectroscopic techniques which
provide information about average molecular order and
orientation [1,2]. However, features of interest are often
smaller than the minimum areas these probes can mea-
sure, and the averaging can make analysis difficult. The
atomic force microscope [3] (AFM) is an essential tech-
nique for LB film characterization because of its ability
to identify lattice structure and defects on length scales
ranging from angstroms [4-8] to microns [9,10].

LB films of cadmium arachidate (CdA) as thin as two
molecular layers show features reminiscent of bulk crys-
tals, such as long-range order [6,7] and grain boundaries
[6]. However, they also have distinctive features such as
an incommensurate height modulation [6], and are sensi-
tive to the number of layers [7,10], pH during deposition
[9], or type of cation [8]. This is intriguing because the
molecular packing, symmetry, and lattice dimensions of
such systems have always been shown to correspond to
one or another of the well-known packings of long-chain
alkanes [6,8, 11,12]. In this paper we show that the sim-

ple substitution of Ba for Cd in LB films changes the
crystal structure dramatically from a uniform, untilted,
noncentered rectangular herringbone lattice for Cd [6,71

to three difrerent packing arrangements for Ba. The
predominant structure (—70% of the surface area) in Ba
arachidate (BaA) is a previously unknown lattice best de-
scribed as a tilted, triclinic packing with a regular corn-
mensurate superstructure of packing defects resulting in a
"sawtooth" surface modulation and a three-molecule unit
cell of area 61.1 A. (20.4 A /molecule). The effect of
the packing defects is to reduce the overall tilt of the tric-
linic packing from 36 to 26, thereby decreasing the
area per molecule by 4%. The minority structure
((10%) is a four-molecule unit cell of area 80.6 A
(20. 1 A /molecule) in which pairs of molecules are
packed in a tilted (19') rectangular herringbone lattice,
but adjacent pairs alternate vertically up and down by a
single methylene group. The diAerence in molecular area
between the two lattices is (1%, although the details of
the packing arrangement are completely diA'erent. The
third structure occupies (20-30)% of the film area and is

untilted but relatively disordered, but still presents disuse

spots in the Fourier transforms. The various arrange-
ments, which are all close to the same area per molecule,
are dictated by a compromise between the optimal alkane
packing and the area per molecule required by the Ba++
counterion. Other multilayer Langmuir-Blodgett films of
stearic and arachidic acids with different counterions also
show that the area per molecule is primarily controlled by
the counterion [8]. However, the lattice dimensions and
symmetry are dictated by the close packing of the alkane
chains, given the constraint of area per molecule set by
the counterion. Hence, AFM studies of molecular organ-
ization of fatty-acid LB films may be ideal systems to
check molecular dynamics calculations of alkane packing
[13].

LB multilayers were deposited at a surface pressure of
30 mN/m on mica substrates as previously reported for
CdA [6,7], using a Nima [14] trough, except that a 0.5
mM solution of BaC12 [15] (water from a Milli-Q [16]
system was used), was substituted for the CdC12 and the
pH was adjusted either to 6.9 by addition of NaHCO3 or
to 9.2 by addition of NaOH. We were not able to deposit
multilayers at surface pressures of 10 to 20 mN/m at ei-
ther pH, although in previous work with CdA, we ob-
served identical lattice structures regardless of the
transfer pressure [7]. AFM measurements were per-
formed with a Nanoscope II [17] FM as previously re-
ported [6,7].

Low-magnification images of the films (Fig. 1) show

bilayer holes along with other, more subtle features. We
have identified three regions with heights of 5.0 O. l nm,
5.2~0. 1 nm, and 5.5 ~0.1 nm, respectively, when mea-
sured from the bottom of the bilayer holes (the mono-
layer is unstructured and fiat, as with CdA [6,7]). A ful-

ly extended, untilted bilayer has a height of 5.5 nm [7].
Approximately sixty well-calibrated, drift-free molecu-
lar-resolution images (30-40 nm on a side) were obtained
on four independent three-layer LB films (two each at
pH =6.9 and 9.2) using seven different AFM tips. There
was perfect correlation between the molecular structures
observed and the height of the region, the 5.0 nm high re-
gions having the 3x 1 structure (—70% of the surface),
the 5.2 nm high regions the 2x 2 structure (( 10%), and
the 5.5 nm high regions the disordered structure
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FIG. 1. Low-magnification image of a three-layer BaA LB
film. Lighter colors correspond to higher regions. The surface
has various regions labeled "T" for tilted, "U" for untilted, and"I"for a one-layer region at the bottom of a bilayer hole.

( —25%). We have used the nomenclature of surface
reconstruction, since in both cases the surface structure is

related to more familar bulk packings but with distinctive
height modulations.

Although BaA films made at pH=6. 9 contain only
(50-60)% of the possible Ba and those made at pH) 9
have 100% Ba [18],we noticed no significant difference in

our results for the two types of film. This is consistent
with IR measurements that show that the alkane chains
in multilayer Ba stearate are arranged in a triclinic pack-
ing that is invariant with pH from 7 to 9.5 [19]. Surface
potential measurements [20] suggest that the Ba ion in-

teracts with fatty acids electrostatically by screening neg-
ative charges in a nonspecific way, while Cd interacts
more specifically via covalent bonding. Hence, BaA films
are a mixture of protonated and deprotonated fatty acids
with Ba over the entire pH range [19,21], while cadmium
forms specific complexes with deprotonated fatty acids
with a well-defined stoichiometry [11,19,20,22].

Molecular-resolution images of each structure are
shown in Figs. 2(a), 2(c), and 2(e) with their two-
dimensional Fourier transforms (FT) shown in Figs.
2(b), 2(d), and 2(f). The FT's of the disordered images
varied spatially and temporally so no lattice structure was
determined; however, positional correlations extended
5-6 repeat distances. A statistical analysis [7] was used
to determine the best fit to the reciprocal lattice vectors
(rlv) b„for both the 3X 1 and the 2&&2 lattices [b~ and bq
are labeled in Figs. 2(b) and 2(d)]. The positions of the
rlv's are enough to determine the unit cell dimensions
which are defined by the basis vectors a~ and az [Figs.
3(a) and 3(c)].

For the 3 X1 structure, further structural information is
provided by the autocorrelation function [Fig. 4(a)1, and
the height modulation of the image along the [01] direc-
tion [Fig. 4(b)], which yields local packing defined by a~

and a second vector u, as shown in Fig. 3(a). The posi-
tions of the three molecules within the unit cell are
defined by translations of ~ u with a unit cell area of
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FIG. 2. Unprocessed molecular-resolution images and
Fourier transforms of the various structures seen. (a) 3&&1; the
sawtooth superstructure is seen every three rows. (b) Fourier
transform (FT) of (a) with the basis of the reciprocal lattice la-
beled. (c) 2X2; alternating rows of high and low molecules can
be clearly seen. (d) FT of (c). (e) Disordered; isolated areas of
molecular order are visible but without long-range correlation.
(f) FT of (e). The peaks are diA'use due to short-range order.
In all of the FT's, the vertical and horizontal streaks are due to
noise generated by the discrete raster pattern of the AFM.

61.1 A (20.4 A /molecule). Figure 3(b) illustrates a re-
markable coincidence: The lattice vectors of the unit cell
can be exactly constructed from the local packing vectors
by inverting every third local cell, which corresponds to a
distinct packing defect. In the height cross section taken
in the [01] direction [Fig. 4(b)], one can notice a regular
sawtooth pattern with a period of three molecules. This
suggests that the packing defect includes a displacement
in the z direction. Figure 5(a) shows a view along the
alkyl chain axes of a tilted structural model (consistent
with the data) formed by displacing a neighboring mole-
cule along its axis by the repeat distance along the chain.
The uniformly tilted triclinic regions on top and bottom
(packed locally in what is called the "T"subcell [12]) are
joined by a very specific sort of defect, similar to a stack-
ing fault in three dimensions. If we project the lattice di-
mensions deduced from our experiments onto the plane
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FIG. 3. (a) Unit cell diagram of the 3x I structure showing
the three-molecule unit cell dimensions ai and a2 as well as the
positions of molecules within the unit cell given by translations
of + u. (b) Explicit illustration of how the unit cell can be con-
structed by inverting every third "local cell, " suggesting that a
simple packing defect is inserted every three molecules. (c)
Unit cell diagram of the 2x2 structure showing the unit cell di-
mensions ai and a2 as well as the centered rectangular packing
(defined by ul and u2) of which the lattice is constructed. The
dashed figures represent the hydrocarbon skeleton of each mole-
cule and demonstrate the herringbone nature of local packing.
The circles represent the position of the terminal methyl groups,
with the light ones being displaced vertically by a chain repeat
distance (2.54 A. ) relative to the dark ones.

perpendicular to the alkane chains, we obtain the local
chain packing dimensions ai'" =0.42+ 0.01 nm, a2'"
=0.45+ 0.01 nm, with the angle between them y

'"
=76 + 1 . This compares favorably with Kitaigorod-
skii's [121 ideal values of 0.412 nm, 0.445 nm, and 77'
for this type of packing. The packing defect reduces the
tilt to 26' from a value of 36 in the uniformly tilted
structure, which is consistent with the measured bilayer
heights (5.0 ~ 0. 1 nm) of these regions [5.5cos(26')
=5.05]. IR measurements also suggest a local triclinic
packing for Ba stearate [19] and x-ray-absorption fine
structure suggests a similar tilt in films of calcium arachi-
date [23].

High-resolution images of the 2 && 2 structure [Fig.
6(a)] and the cross section along the a2 direction [Fig.
6(b)] clearly show alternate rows of low and high mole-
cules, in addition to a zigzag pattern along the rows.
These features and the lattice distances and symmetry
are consistent with the type of structure shown in Figs.
3(c) and 5(b), which show the centered rectangular "her-
ringbone" structure [6,7] tilted 19' along the uq direction
(Kitaigorodskii s [12] R [01]). In addition, however,
every other (al) row of molecules is displaced vertically
by a repeat distance (2.54 A. ) along the chain. The local
packing dimensions calculated from this structure [Fig.
3(c)] of u|=0.51~0.01 nm u2=0. 79~0.01 nm com-
pare favorably with the "ideal" chain packing dimensions
for the tilted rectangular structure [12], of 0.496 and
0.785 nm. The calculated tilt angle is also consistent with
the measured bilayer height of 5.2 ~ 0. 1 nm as
5.5cos(19') =5.26. The molecular area of the 2&&2 lat-
tice is 80.6 A (or 20. 1 A /molecule); thus the diAerence
in molecular area between the 2x2 and 3&1 structures is

(b)
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FIG. 4. (a) Two-dimensional autocorrelation function of the
image shown in Fig. 1(a). Note the packing defects separating
every three rows of local packing. (b) Height cross section tak-
en in the [01] direction of an unprocessed image. The sawtooth
pattern is most easily observed by noting the modulation of the
depth of the troughs between molecules.

only 1%, although the packing arrangements are quite
diAerent.

The third structure, which occupies (20-30)% of the
area of the film, is disordered in comparison to the other
two areas, but still presents diA'use spots in the Fourier
transforms and some evidence of rowlike patterns in the
images. These disordered areas are found to be untilted
by comparing the bilayer thickness of the three regions.
A rough estimate of the molecular area gives a value
close to that of the two lattice structures.

(a)

FIG. 5. Structural models of the packing of alkyl chains,
viewed along the chain axis. The black lines represent the pro-
jected hydrocarbon backbone of the chain, while the circles rep-
resent the radius of the hydrogen atoms. (a) 3&& I structure.
The shaded and unshaded circles represent the hydrogen atoms
belonging to the even and odd carbons, respectively. The re-
gions of tilted triclinic packing at top and bottom are separated
by a packing defect (exactly every three rows) which causes a
jump in the structure both vertically and in the plane. (b) 2x2
structure. The circles filled with darker colors represent mole-
cules in rows that are displaced vertically by a chain repeat dis-
tance relative to the lighter molecules. Along each row the her-
ringbone pattern can be seen.
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FIG. 6. (a) High-resolution image of the 2&&2 structure
showing the alternating rows of high and low molecules (nearly
vertical) as well as the zigzag within each row which corre-
sponds to the alternation in hydrocarbon chain orientation. (b)
A height map along the line marked in (a). The alternation of
low and high molecular rows can be seen. Although this picture
was taken in "force" mode which does not give calibrated
height information, images taken in "height" mode show the
height modulation to be 0.15+ 0. 1 nm.

Bulk crystals of a given fatty acid have often been as-
signed diA'erent crystal symmetries when prepared by
diferent methods [12]. At least three types of symmetry
are known, 2, B, and C. The nearly centered rectangular
2x2 structure is related to the B and C types, while the
triclinic 3x 1 structure is similar to the A type. To ac-
commodate the Ba++ ion, the alkane lattice must be
more loosely packed than the untilted herringbone struc-
ture observed in CdA [6,7], and so must tilt by introduc-
ing a regular ofI'set of one or more methylene groups per
chain leading to a reduction in the alkane-alkane contact,
and a consequent reduction in the van der Waals interac-
tion energy. This reduction in intermolecular cohesion
might be responsible for our inability to transfer BaA
films at lower surface pressures. The appearance of regu-
lar defects may be a compromise between the two driving
forces. The 3&1 structure is favored, perhaps because it
allows more alkane contact, but not so much as to elimi-
nate other structures.

We have also observed regular, periodic height modu-
lations in films of CdA [6,7] and manganese arachidate
(MnA) [8]. A typical peak to valley height was (0.1

nm, significantly less than the vertical ofIsets in the BaA
lattices. The modulation wavelength was 1.9 ~0.3 nm
along the [01] direction of every film we examined for
cadmium with fatty acids of chain length C]6 to C20.
(The unit cell for both Cd and Mn films was rectangular
with a two-molecule basis; however, Cd is untilted with a
molecular area of 18 A and Mn is tilted 19' with a
molecular area of 19.6 A [6-8]). The modulation in

CdA does not appear commensurate, and varies from
domain to domain. Three-layer films of MnA also have a
superstructure along the [01] direction with a wavelength
of 1.18 ~0.08 nm, considerably less than that in the cad-
mium films. The period of the buckling on MnA is much
better defined and is close to commensurate [8]. We pos-
tulated previously [6] that the superstructures observed in

CdA and MnA are related to packing frustration due to
the internal anisotropy of the molecule [24]. In particu-
lar, there may be a competition between the packing of
the head and tail groups due to diA'erent size or symme-
try. Preliminary images of calcium arachidate films also
show regions of diAerent height, although there does not
seem to be the simple correlation between the local lattice
structure and the bilayer thickness as in BaA.
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