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Surface Order and Stability of (substrate or free surface) in determining 
molecular ordering is only to allow or dis- 

hngmuir-Bl0dget t Films allow the adjacent headgroup-headgroup 
stabilization. Our results also show that the 

D. K. Schwartz, J. Garnaes, R. Viswanathan, structure and phase of the deposited LB film 
J. A. N. Zasadzinski are not simply related to the structure or 

phase of the monolayer on the subphase. 
Angstrom-resolution atomic force microsape images of Langmuir-Blodgett monolayers Arachidic acid [CH, (CH,) ,,COOHI 
and mullayers of cadmium arachidate in air and under water show adramatic change from was spread from chloroform (1.85 rnghnl) 
a disordered arrangement to a crystalline lattice by the addiin or removal of a single layer onto an aqueous subphase with 0.5 mM 
of molecules. The disordered surface is less stable than the ordered one to mechanical CdCI, adjusted to pH 6.5 with NaHCO, 
stresses such as atomic force microscopy tip forces or at the air-water contact line during (20). Hydrophilic substrates were mica or 
contact angle measurements. The difference in the degree of order in the alkyl chains is the amorphous native oxide on polished 
attributed to the strong attractive interaction between headgroups in the presence of the silicon wafers (2 1). To make hydrophobic 
divalent cation. substrates, silicon wafers were etched briefly 

in 10% HF to form a hydrogenated surface. 
Isotherms and film deposition were done on 
a NIMA (22) trough at 22.00 + OS°C and 

T h e  order and stability of Langmuir- We have systematically studied thin a surface pressure of 30 + 0.1 dynelcm. 
Blodgett (LB) films are critical to their films of cadmium arachidate in air and Film transfer was by vertical dipping at 
applications in electronics, nonlinear op- under water with submolecular-resolution - 1.6 mmhnin, transfer ratios were approx- 
tics, cell membrane models, and biosensors AFM imaging to determine how molecular imately unity. Films whose last layer termi- 
(I). Ordering in LB films has been studied ordering changes as the number of layers nated in hydrophobic tails were stored in 
by electron diffraction (2-5), x-ray diffrac- increases. These images show that after the closed containers before imaging. Films 
tion (6, 7), reflectivity (8-lo), fluorescence formation of 1 layer in air, or 2 layers under whose last layer terminated in hydrophilic 
(1 I), near-edge x-ray adsorption fine struc- water, the disordered surface dramatically headgroups were transferred under aqueous 
ture (12), the surface force apparatus (I 3), changes to the crystalline lattice of the bulk subphase to the microscope and measured 
and various spectroscopies (14-16). In most film, simply by the addition of 1 layer. The immediately, except as noted. The AFM 
of these studies and in many applications, essential factor in determining order in the measurements were performed with a 
cadmium arachidate is chosen as the proto- alkyl chains is the presence of an underlying Nanoscope I1 FM (23) at ambient temper- 
typical material for LB films. Although it is headgroup-headgroup interface stabilized by ature. A 1 pm by 1 pm scan head and a 
generally accepted that the structure of cadmium ions. The role of the interface silicon nitride tip on a cantilever with a 
thick LB films (>20 layers) of cadmium 
fatty acid salts is similar to that of the 
crystal, there has been disagreement about FlQ. 1. A schematic diagram of the two-molecule unit cell 
the structure of thin films (< 10 layem) and showing the rectangular lattice. The ovals represent mole- A 
the ordering near interfaces. nere have cules and the white circles represent terminal methyl groups. 

ken claims that the structure of the film Dimensions are in nanometers. The long axis of the oval ----------- 
represents the zigzag plane of the alkane chain viewed from evolves gradually toward that of a thick film Although we can measure only the the El[ 1 9 as the of layen increases to dimensions that we measure are consistent with this type of 

(2) and that a certain number of buffer "herringbone" structure. Because the molecule in the center 
layers are necessary to eliminate the effects has a different orientation than the ones at the vertices of the 0.748 run [lo]+ 
of the substrate on the layer ordering (15). rectangle, its final methyl group is not centered in the 
It has also been claimed that the outermost rectangle formed by the final methyl groups of the comer molecules. 
layer is always disordered relative to inter- 
nal layers (10). In addition, electron dif- 
fraction (2,- 4) and Fourier transform infra- 
red (FTIR) spectroscopy (16) have shown 
that a monolayer film has a d8erent struc- 
ture than multilayer films. Recently, atomic 
force microscopy (AM) and scanning tun- 
neling microscopy (STM) have been used 
to image LB films with molecular resolution 
(1 7, 18) and hold the promise of being able 
to identify local defects and inhomogene- 
ities in ordered surfaces (1 9). The AFM in . , 
particular is extremely surface-sensitive, 
probing only the atoms located directly at 
the interface with lateral and vertical reso- 
lution <1 A. The AFIvl is also able to 
image surfaces under liquids, allowing us to 
examine the headgroup surface of LB films 
for the first time. 
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Fig. 2. (A) Raw image of a 
elayer LB film of cadmium 
arachidate (10 nm by 10 
nm). The images used for 
analysis were typically 35 
nm on a side; however, a 
smaller region is displayed 
so detail is more apparent. 
The peak-to-valley height 
modulation of the lattice is 
-0.2 nm. In order to 
achieve this level of resqlu- 
tion. sufficient time was al- 
lo& (-2 hours for each image) to eliminate thermal and mechanical d r i i  resulting in images of 
sufficient qua l i  to resolve individual molecules over entire 35 nm by 35 nm areas (more than ten 
times larger than images previously published). We have analyzed at least 200 images from dozens 
of films in order to report these results. Every result has been reproduced several times. The 
calibration and analysis of instrumental uncertainties were done by analyzing -50 images of mica 
with different AFM tips to estimate the absolute error and reproducibility (28). (B) Fourier transform 
of an image (35 nm by 35 nm) from a 2-layer film. The numbers are Miller indices (hk) corresponding 
to the unlt cell shown in Fig. 1. The weak spots at odd values of h + k would have zero intensity if 
the unit cell were a perfectly centered rectangle. 
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spring constant of 0.12 Nlm were used. The 
best molecular resolution was achieved in 
the "force mode," that is, scanning the tip 
at constant height and measuring spring 
deflection. Typical forces were N. 

For films of uniform thickness our results 
fall into two categories (Table 1): we see 
either a long-range lattice image with mo- 
lecular resolution (sharp, welldefined 

Bragg peaks in the Fourier transform) or an 
unstructured, random surface (featureless 
Fourier transform) that correlates primarily 
with whether the layer imaged is stabilized 
by an underlying headgroup-headgroup in- 
terface. In addition, all of the images of 
two-dimensional (2-D) lattices we recorded 
are consistent with the same ideal lattice. 
This is true regardless of the choice of 

substrate, AFM imaging conditions, num- 
ber of layers, or surface pressure during 
deposition (10 to 30 mN/m). The best fit 
lattice we have extracted from the analvsis 

Fig. 3. (A) A 1 km by 1 km 
Image of a nominally ?,-layer 12.5 

film of cadmium arachidate 
prepared on a hydrophilic 10.0 
silicon wafer. The film was 

,.5 
allowed to rest beneath the - 
subphase for 30 min be- 
tween the second and third 

5'0 

layers. Such a waiting peri- 
2.5 

od allows the film to reorga- 
nize and form regions with 0.0, 
different numbers of layers. 

of all images is noncentered rectangular 
with a two-molecule unit cell. The unit cell 
dimensions were 0.482 + 0.004 nm and 
0.748 2 0.006 nm, giving a molecular area 
of 18.0 + 0.4 A2. This value is in excellent 
agreement with measurements of close- 
packed, untilted aliphatic systems (2, 4, 7, 
24) in a herringbone packing (see Fig. 1). 
Figure 2 shows a typical image of an ordered 
film and a typical 2-D Fourier transform. 
Defect structures in the films are reported 
elsewhere (1 9). The submolecular resolu- 
tion we obtained from these lattice images 
is convincing evidence not only that the 
lattice structure is identical on all cadmium 
arachidate films where it is observed, but 
that the absence of a lattice image implies a 
lack of long-range order. 

We were unable to observe a lattice only 
on monolayer films on a hydrophilic sub 
strate imaged in air or on bilayer films on a 
hydrophilic substrate under water. Images of 
these films were simply those of a flat random 
surface [<0.2-nm root-mean-square (rms) 
roughness] with occasional features that did 
not persist from one 10-s scan to the next 
(lattice images were typicdy stable for at 
least 2 hours of imaging). The important 
common feature between these random sur- 
faces was the lack of an adjacent headgroup 
headgroup interface. These disordered films 
were also less stable to the mechanical forces 
applied by the AFM tip and could be dam- 
aged by forces more than an order of rnagni- 

The image shows regions of 0 200 400 

I,K 600 800 1000 : 
different heights separated Lateral distance (nm) 

by steps of 5.6 nm in height, corresponding to bilayer steps. Based on studies of the evolution of 
the reorganization, we have determined that the domains shown here correspond to thickness of 1, 
3, and 5 layers, as is shown by the annotation. The AFM can be used to examine any area of the 
field of view at molecular resolution. (B to D) High-resolution images (8 nm by 8 nm) of the areas 
marked 3, 5, and 1, respectively. The ~nsets are 2-D fast Fourier transforms (FFTs) of the respective 
image. The lattice is clearly visible in the 3- and 5-layer areas, in both the image and the FFT. No 
recognizable structure is seen on the 1-layer area. (E) A cross-sectional plot of height versus 
distance along the line drawn in (A). The step heights correspond to bilayer steps. 

I , ,  I I -  I - ~  - E - 
- - 

- 

Table 1. Summary of results of the systematic 
study of surface order as a function of number of 
layers and substrate. The substrate SiO, refers 
to the native oxide on polished silicon, and Si-H 
refers to the hydrophobic Si after an HF etch. 
The "maximum force" column refers to the max- 
imum force that could be exerted upon the 
surface layer before the tip pushed through the 
surface layer. A "yes" (Y) entry in the "lattice" 
column refers to the noncentered rectangular 
lattice described in the text, and a "no" (N) entry 
implies a random surface. A, air; W, water. 

- 11.0 

- 
Maximum 

Substrate Layers force ~attice 
(no.) water (lo-g N) 

- 

SiO,, mica 1 A 2 0 k 1 0  N 
SiO,, mica 3 A >200 Y 
SiO,, mica 5 A >200 Y 
Si-H 2 A >200 Y 
Si-H 4 A >200 Y 
Mica 2 W 2 0 2 1 0  N 
Mica 4 W e l  Y* 
Si-H 1 W e l  N t  
Si-H 3 W e l  Y* 

I . I . . .  

'The tip pushed through the top layer and imaged the 
tailgrwp lattice undemeath. *The tip pushed 
through the top layer and imaged the amorphws 
substrate underneath. 
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tude less than those used to image films ing regions with different number of layers. 
showing a lattice structure (Table 1). Because these LB films reorganize spontane- 

In order to eliminate the possibility that ously when left under aqueous subphase, we 
the measured differences between films with can prepare a film containing regions of 1, 
different thicknesses could in fact be due to 3, and 5 layers along with occasional small 
varying deposition or imaging conditions, regions of 7 layers or more by allowing. a 
we prepared films that contained neighbor- nominally 3-layer film to rest in the sub 

phcse for 30 min between the deposition of 
the second and third layers. A low-magni- 
fication image of this type of film showing 
the regions of different layering, as well as 
higher magnification views from within 
each region, is shown in Fig. 3. The local 
order and stability of the final monolayer is 
determined by the number of cadmium 
arachidate lavers underneath it and not bv 

Fig. 4. (A) A 1 pm by 1 pm 
image of a nominally 2-layer 10 
film of cadmium arachidate 
prepared on mica and im- 8 
aged under aqueous sub- 
phase. The images were re- 6 
corded -1 hour after film 
deposition. The darkest re- 3 4 
gions (marked "Mu) corre- 
spond to the mica sub- 2 
strate, whereas the other re- 
gions correspond to heights 0 

the lateral pressure during deposition 
(which was uniform across the deposited 
layer). A well-defined lattice is observed on 
3- and 5-layer areas of the film (Fig. 3, B 
and C) but not on the 1-layer area (Fig. 
3D). This variation between disordered 
monolavers and ordered multi~le laver areas 

- 1 . 1 . 1 - 1 . 1  - 
- 0 

- - 
- 
- 
- 

1 . I . I . I  

is identical to what we observe in the homo- 
geneous films, as are the lattice parameters 
observed on the multilayer films. The results 
were similar for both mica and amorphous 
silicon oxide substrates. These results call 
into question one of the fundamental tenets 
of LB films, that the structure and phase of 
the monolayer on the subphase are simply 
and directly related to the structure and 
phase of the deposited LB film (25). 

We have also examined this reorganiza- 
tion in situ by imaging 2- and 4-layer films 
on mica and 1-layer films on etched silicon 
under the aqueous subphase. Figure 4 shows 
a 2-layer film on mica 1 hour after deposition 
and higher magnification images of different 
regions of the film. We see a disordered 
surface on the regions with a height corre- 
sponding to 2 layers and a lattice on regions 
3 layers high. From the images and prelimi- 

of 2 and 3 layers as marked. 0 200 400 600 800 1000 

I 
It is likely that the region Lateral distance (nm) 
marked "3" is actually 4 lay- 
ers high; however the AFM tip pushes through the weakly bound fourth layer to image the sturdy 
lattice of the third layer below. (6 to D) High-resolution images (8 nm by 8 nm) of the regions marked 
3,2, and M, respectively. The insets are 2-D FFTs of the respective image. A lattice is clearly visible 
in the regions corresponding to mica and 3 layers. It is easy to distinguish between the two lattices 
by quantitative examination of the Fourier transforms. No recognizable structure is seen on the 
2-layer region. (E) A cross-sectional height plot along the line drawn in (A). Although the 3-layer 
region has a height corresponding to -1.5 times the bulk bilayer-repeat distance, the 2-layer region 
is -9% thinner than a crystalline bilayer. This result is consistent with the -8% larger area per 
molecule measured by electron and x-ray diffraction (2-4. 7) and suggests that the packing is 
considerably more disordered in the monolayer than in multilayers. 

nary force measurements, we can conclude 
that the AFM tip pushes through the weakly 
bound fourth layer to image the lattice on 
the tailgroups of the third layer underneath. 
Accordingly, 4-layer films on mica under 
water appear to have regions of 3- and 
5-lavers after reoreanization. The 4- and w 

6-layer areas are not robust enough to with- 
stand even the smallest forces we can exert 
with the AFM, -1 x N. At the other 
extreme, the surfaces that have a lattice 
cannot be damaged by the largest forces we 
can exert, that is, -2 x lo-' N. These 
measurements are corroborated bv the time 
evolution of the contact angle of water on 
LB films. At the contact line substantial 
forces are generated because of surface ten- 
sion (26). On monolayer cadmium arachi- 
date films, the initial contact angle of -95" 
decayed within a few seconds to -30", 
whereas for a 3-layer cadmium arachidate 
film the initial value of 99" + 1" gradually 
decayed to 74" 2" after 10 min, indicating 
substantially greater mechanical stability in 
agreement with the AFM results. 

Our results show that surfaces of molec- 
ular layers of fatty acids attached to a layer 
below by a headgroup-headgroup interface 
had crystalline order and were mechanically 
stable regardless of substrate, deposition 
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parameters, number of layers, and imaging 
conditions. Molecular layers attached to a 
layer below by a tailgroup-tailgroup inter- 
face were disordered and much more weaklv 
bound. Monolayers attached by headgroup 
binding to a substrate formed a disordered 
and relatively unstable film. This result is 
intriguing and quite surprising, considering 
that the specific lattice structure that we 
measure is determined by the close packing 
of the alkane chains. However. we svecu- 
late that, in the LB geometry, the electro- 
static interaction between headerouvs and - .  
divalent cations is necessary to stabilize a 
long-range structure. These observations 
are confirmed by electron (3-5) and x-ray 
(7) diffraction results which show that the 
translational correlation length in mono- 
layers is between 30 and 100 A, signifi- 
cantly less than the 2350 A we have seen 
on the thicker films. The importance of 
the headgroup-headgroup interface may 
explain the well-known empirical result 
that LB films of fattv acid salts (with 
divalent cations) are more stable (1 3) and 
easier to make (27) than LB films of the 
analogous fatty Acid. It is also likely that 
the strong headgroup interaction is the 
energetic driving force of the reorganiza- 
tion under water. 

In order to confirm our AFM studies, 
electron diffraction studies were done on 1- 
and 3-layer films on a hydrophilic substrate. 
The diffraction pattern from the 3-layer film 
agreed both in symmetry and lattice param- 
eters with our AFM results. The diffraction 
from the monolayer agrees with other elec- 
tron and x-ray diffraction data ( 2 4 ,  7) and 
shows a hexagonal structure with a nearest- 
neighbor distance of 0.47 ? 0.01 nm, giving 
an area per molecule of 19.4 A2, -8% larger 
than in multilaver films. The extra area ver 
molecule of the monolayer film and the 
short-range positional correlation length (3- 
5, 7) implies that there is considerable mo- 
tion and disorder within the individual al- 
kane chains as compared to the close-packed 
chains in the multilayer (area per molecule 
of 18 A2). This interpretation is supported 
by FTIR spectroscopy (2, 16), which shows 
that the alkane chains of monolayers show 
less crystallinity than do thicker films. This 
result corroborates our claim that our inabil- 
ity to image a lattice structure on monolayers 
in air and bilavers under water im~lies that 
they are inherently disordered. 

The AFM images show that the essential 
factor in determining order and stability in 
the alkyl chains in cadmium arachidate films 
is the presence of an adjacent headgroup- 
headgroup interface stabilized by cadmium 
ions. The role of an interface (substrate or 
free surface) in determining molecular order- 
ing is only to allow or disallow the adjacent 
headgroup-headgroup stabilization. The 
structure and phase of the monolayer on the 

subphase are also not simply related to the enaka, Langmuir 2, 96 (1 986) 

structure and phase of the deposited LB film; 17. L. Bourdieu, P. Silberzan, D. Chatenay, Phys. Rev. 
. . Lett. 67, 2029 (1991); E. Mever etal., Nature349, 

strong coupling effects to other layers have 398 (1991): J. A. N.  asa adz in ski etal.. Bioohvs. J. - - -  , > 

an equal or greater effect on determining the 59, 755 (1'991). 

structure of the deposited films. 18. J. K. H. Horber, C. A. Lang, T. W. Hansch, W. M. 
Heckl, H. Mohwald, Chem. Phys. Lett. 145, 151 
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Existence of an Orientational Electric Dipolar 
Response in C, Single Crystals 
G. B. Alers, Brage Gelding,* A. R. Kortan, 

R. C. Haddon, F. A. Theil 
The dielectric constant E and conductivity a of undoped C,, single crystals have been 
measured as a function of temperature, 10 K c T c 330 K, and frequency, 0.2 kilohertz 
c f < 100 kilohertz. On cooling below the first-order structural phase transition at 260 K, 
a Debye-like relaxational contribution to the dielectric response is observed, which requires 
the presence of permanent electric dipoles. The relaxation rate is thermally activated with 
a broad distribution of energies centered at 270 millielectron volts. The existence of a dipole 
moment in C,, is unexpected, because it is precluded by symmetry for the pure ordered 
cubic phase. These data suggest that the high degree of frozen-in orientational disorder 
of the C,, molecules is responsible for the existence of electric dipolar activity. 

T h e  discovery and synthesis of the icosa- C6@ forms a face-centered cubic (fcc) crystal 
hedral carbon molecule C6@ (I)  and its (3) that is stabilized primarily by intermo- 
subsequent crystallization (2) have stimu- lecular van der Waals interactions (4, 5). 
lated great activity directed toward under- Each C6@ molecule undergoes nearly free 
standing the static and dynamic properties rotation at its lattice site (668) and can be 
of its solid phases. At room temperature, considered to have time-averaged spherical 
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