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Domain Structures in Langmuir-Blodgett Films
Investigated by Atomic Force Microscopy

L. F. Chi, M. Anders, H. Fuchs,* R. R. Johnston, H. Ringsdorf

Investigations of phase-separated Langmuir-Blodgett films by atomic force microscopy
reveal that on a scale of 30 to 200 micrometers, these images resemble those observed
by fluorescence microscopy. Fine structures (less than 1 micrometer) within the stearic acid
domains were observed, which cannot be seen by conventional optical microscopic tech-
niques. By applying the force modulation technique, it was found that the elastic properties
of the domains in the liquid condensed phase and grains observed within the liquid
expanded phase were comparable. Small soft residues in the domains could also be
detected. The influence of trace amounts of a fluorescence dye on the micromorphology
of monolayers could be detected on transferred films.

Langmuir-Blodgett (LB) and related thin
organic films have been the objects of in-
creasing technological and scientific inter-
est over the past 20 years (1—+4). Optimiza-
tion of the macroscopic physical properties
of these systems requires a detailed under-
standing of their structure-property rela-
tions on a microscopic scale, including the
structure of transferred LB films on solid
substrates, the nucleation of crystalline
phases, and their phase transitions. At the
air-water interface the phase states of lipid
morniolayers and their transitions, such as
the formation of domains in the coexist-
ence region of liquid condensed-liquid ex-
panded (LC-LE) phases, have been inves-
tigated by fluorescence microscopy (5-9).
Similar studies on transferred LB films at
the air-substrate interface, however, have
rarely been reported (10). Fluorescence mi-
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croscopy is limited to structures larger than
1 wm in diameter. Electron microscopy has
also been applied to image domain struc-
tures (11, 12). However, the imaging tech-
nique applied (phase contrast transmission
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Fig. 1. Isotherm of surface pressure () versus
area per molecule of stearic acid on a poly(eth-
yleneimine) (PEI, M, = 1800)—containing aque-
ous subphase. The conditions are as follows: T
= 20°C, V, = 2.84 A2 molecule=" min=". The
pressure of the main phase transition (m,,,
position 1) and different positions for film trans-
fers are marked with arrows.
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electron microscopy and scanning transmis-
sion electron microscopy) did not resolve
submicrometer features in real space within
the domains. Therefore, it remained diffi-
cult to investigate the early stages of do-
main formation in coexisting phases. In
addition, little is known about the dynam-
ics of these systems in the submicrometer
regime after transfer onto solid substrates
under ambient conditions.

With the advent of the atomic force
microscope (AFM) (13), it became clear
that the surface morphology and the defect
structures of LB films could be investigated
on the molecular scale in real space, as
demonstrated by several groups (14-19).
Recently, the local tribological behavior of
mixed LB films studied by lateral force mi-
croscopy (LFM) was reported (20). Howev-
er, little has been done to address the sub-
micrometer morphological changes related
to phase transitions in phase-separated LB
films. Because AFM can be used to image
surface areas from the molecular scale up to
tenths of millimeters in size, it should repre-
sent an ideal tool for macroscopic and mi-
croscopic studies on these systems.

Here we report AFM studies on the
micromorphology of domains in the LC
phase. As a model system, stearic acid (C,g)
LB films were deposited on poly(ethylene-
imine) (PEI) layers on a mica substrate. This
acid forms LC domains (3 to 5 pm in
diameter) on a PEI-containing aqueous sub-
phase at room temperature. These domains
looked homogeneous in the fluorescence mi-
croscope (21). We used the same system to
prepare the films for our AFM experiments
(22). The monolayers were prepared on a
commercial double trough (KSV Chemical
Corporation) in a clean room under class 10
conditions. Mica was used as a substrate.
The polymeric counterions of PEI, g, in the
aqueous subphase form thin layers on the
mica substrate during the preparation of the
film, which strongly adhere to the mica
surface (10). The monolayer was compressed
at a controlled rate (V) up to the main
transition pressure (1, see the pressure-area
isotherm in Fig. 1). The pressure was then
held constant during the film deposition.
The transfer ratio was greater than unity,
because the area per molecule decreased
spontaneously in the plateau region. This
determined the transfer position in the iso-
therm. The deposition speed (V) was well
controlled. To study the influence of fluores-
cence dyes on the micromorphology of the
domains of transferred films, separate C,q
monolayers were prepared in the presence of
0.25 mol% sulforhodamine lipid (DPPE-
SR), frequently used as a dye in fluorescence
microscopy experiments.

We carried out AFM imaging in the
repulsive mode in air with a commercial
system (Park Scientific Instruments). The
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experiments were done in the same clean
room as the LB experiments. Two different
scanners were used for surface inspection: a
250-pm scanner and a 10-pm scanner (23).
Soft cantilevers 200 wm long with an inte-
grated pyramidal tip, exhibiting a nominal
spring constant of 0.032 N m™!, were used
for all the measurements.

To obtain information on the local mod-
ulus of elasticity, we applied force spectros-
copy using phase-sensitive detection as de-
scribed by Maivald et al. (24). We used a
cantilever that was softer by five orders of
magnitude than that used by Maivald et al.

A small modulation amplitude (dz = 0.6 A)
is mandatory in our case, because the total
film thickness is only about 25 A.

By scanning the film surface up to 200 by
200 um?, we were able to observe the do-
mains transferred onto the substrate (the dep-
ositions near the center of the plateau region,
position 2 in Fig. 1). Images measuring 30 by
30 wm? are shown in Fig. 2, A and B. The
average domain size and its shape vary as a
function of the monolayer compression rate
(Fig. 2A: V, = 2.84 A? molecule™! min~";
Fig. 2B: V_ = 8.52 A? molecule™! min~}; in
both cases, V; = 4 mm min~"). Faster

Fig. 2. AFM images of pure stearic acid films deposited on a PEl-coated mica surface. All films were
transferred at position 2 in Fig. 1. The samples were prepared under the following conditions: V, =
2.84 A2 molecule=* min-" and V,, = 4 mm min~" for (A) and (C), V, = 8.52 A2 molecule=" min—1
and V, = 4 mm min~ for (B) and (D). Faster compression of the monolayer leads to smaller

domains with a less uniform shape.

Fig. 3. Topographical im-
age (left) and the corre-
sponding map of the local
stiffness (right) of a single
domain. High brightness in
the right part of the figure
corresponds to a high val-
ue of the modulus of elas-
ticity.
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Flig. 4. AFM images of pure stearic acid transferred at the onset of the
main phase-transition region (position 1 in Fig. 1): V, = 2.84 A2 mole-
cule™" min~" and V; = 4 mm min~". Image (B) was taken within 1 hour

compression of the monolayer leads to
smaller domains with a less uniform shape.
These results agree with the results of
fluorescence microscopy experiments, thus
confirming the capability of the AFM to
image the domain structures nondestruc-
tively.

The height difference between the LC
phase and the LE phase in our systems is
about 15 to 20 A as measured with the
AFM. This indicates that the AFM tip,
which responds to the viscoelastic proper-
ties of a sample, penetrates partially into
the LE phase, giving rise to the high con-

Flg. 5. AFM images of stearic acid films without (A) and with (B through D) fluorescence dye (0.25
mol% DPPE-SR). All the films were transferred at position 2 in Fig. 1. V,, = 5.68 A2 molecule=! min—1
and V,, = 20 mm min-" for (A) and (B); V, = 8.52 A2 molecule=" min=" and V,, = 50 mm min~" for
(C)and V, = 2.84 A2 molecule=* min—" and V, = 4 mm min~" for (D) (the same as for the sample
without fluorescence dye, as shown in Fig. 2, A and C). The presence of the fluorescence dye
clearly influences the domain structures on transferred films.
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after film deposition [image (A)], and image (C) was taken 4 days later on
the same sample. The domains changed from a polygonal to a circular
shape several hours after film deposition.

trast observed. This is consistent with a
difference in packing density between LC
and LE phases of about 30% (12). Never-
theless, the imaging is not destructive.
Small grains within the LE phase (Fig. 2C)
do not change their shape or position dur-
ing repeated imaging.

By increasing the magnification beyond
the resolution limit of the optical microscope,
we can observe the fine structures within a
single domain (Fig. 2, C and D): Near the
center of the domains bright spots often show
up; the roughness of the domain edges differs
from that of the center parts; grains 0.03 to
0.05 um in diameter were detected and be-
came more pronounced because of aging. This
indicates a dynamic behavior even of the
transferred film at the air-substrate interface.
Another interesting observation is that the
micromorphology of single domains depends
strongly on the compression speed. A high
compression speed leads to domains composed
of several subdomains with their boundaries
visible (Fig. 2D). The edges of these domains
show a texture different from that of the main
part of the domains. These internal bound-
aries and the pronounced edge areas are not
seen in Fig. 2C, indicating relatively homo-
geneous packing caused by the lower compres-
sion rate during the domain formation. Out-
side the domains, in the liquid-like region of
the coexistence phase, we observed numerous
grains that resemble in size the grains inside
the LC domains (0.02 to 0.07 wm in diame-
ter). These grains may serve as nuclei for LC
domain formation.

The topographic image (Fig. 3, left) and
the modulus of elasticity (Fig. 3, right) were
simultaneously recorded. High brightness in
the right part of the figure corresponds to a
high value of the modulus of elasticity. The
modulus of the grains in the LE phase is as
high as the modulus of the grains in the
crystalline phase. For the protrusions (bright
spots in the left part of the figure) found in
the LC domains the modulus is as low as that
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in the LE phase (except for the grains). This
suggests that these protrusions should be
regarded as noncrystalline residues. The
modulus of elasticity in the protrusions was
about 108 Pa (that is, one order higher than
that of rubber), whereas the modulus in the
LC domains was substantially higher.

Monolayers transferred at the onset of
the main phase-transition region (position
1 in Fig. 1; all other conditions are the
same as for Fig. 2, A and C) exhibited a
few bigger domains (>2 wm in diameter)
surrounded by many smaller domains
(~0.5 wm in diameter, Fig. 4A). In the
case of a freshly prepared sample imaged
within 1 hour after deposition, the shape
of these small domains is similar to that of
the large domains (compare Fig. 4B and
Fig. 2A). However, the domains change
their shape spontaneously on the solid
substrates (Fig. 4C) within several hours
during storage (humidity, 42 += 1%; tem-
perature, 21° + 0.5°C). This phenome-
non can thus only be detected by applying
the AFM technique within a short time
after film deposition. It is likely that, in
the case of a high compression speed, the
small domains consolidated and merged
into the LC domains with visible bound-
aries as shown in Fig. 2D; in the case of a
low compression speed, the domains grow
at the expense of smaller ones, leading to
better packed LC domains, as shown in
Fig. 2C.

In fluorescence microscopy studies it is
necessary that trace amounts of fluores-
cence dyes be added to the system under
investigation. The influence of the dye
molecules on the phase behavior of the
monolayers is generally thought to be
negligible in low concentrations (<3
mol%). With the AFM we were able to
investigate the potential influence of dye
molecules in even very low concentrations
(here 0.25 mol%) as an impurity on the
domain structures on transferred films.
Figure 5, A and B, shows domain struc-
tures without and with fluorescence dye,
respectively [all other conditions were
kept exactly the same (V. = 5.68 A2
molecule™! min~! and V;, = 20 mm
min~1)]. Obviously, the presence of the
fluorescence dye does affect the domain
structures. In addition, the domains of the
dye-containing systems change their shapes
drastically from “star-like” (Fig. 5C) to
“fiber-like” (Fig. 5D) during the film depo-
sition, and the changes are very sensitive to
the transfer conditions (in Fig. 5C, V_ =
8.52 A% molecule™! min~! and V, = 50
mm min~Y; in Fig. 5D, V. = 2.84 A?
molecule™! min~! and V; = 4 mm min~?).
These results indicate that care must be
taken in extrapolating the results obtained
from dye-labeled monolayers at the air-
water interface to the transferred films.
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An Inhibitor of p34€P€28 Protein Kinase Activity
from Saccharomyces cerevisiae

Michael D. Mendenhall

The p34CPC28 protein from Saccharomyces cerevisiae is a homolog of the p34°9°2 protein
kinase, a fundamental regulator of cell division in all eukaryotic cells. Once activated it
initiates the visible events of mitosis (chromosome condensation, nuclear envelope break-
down, and spindle formation). The p34°°°28 protein also has a critical role in the initiation
of DNA synthesis. The protein kinase activity is regulated by cycles of phosphorylation and
dephosphorylation and by periodic association with cyclins. An endogenous 40-kilodalton
protein (p40) originally identified as a substrate of the p34 P28 protein kinase was purified.
The p40 protein bound tightly to p34©°€28 and inhibited the activity of the kinase. The p40
protein may provide another mechanism to regulate p34©P¢28 protein kinase activity.

The p34CPC28/edc? protein kinase (p34) is a
universal regulator of mitosis in eukaryotes
(1). Its activity is required for entry into the
DNA replicative phase (S phase) and for
the initiation of mitosis (M phase) (2).
Deactivation of p34 is required for exit from
mitosis (3). The regulation of p34 protein
kinase activity, subcellular localization, and
substrate interaction is complex. Three pri-
mary modes of control have been described:
(i) activation resulting from association
with particular members of a family of
cyclins (4), the synthesis and stability of
which are tightly controlled (5); (ii) acti-
vating and deactivating cycles of phospho-
rylation and dephosphorylation at multiple
sites on the p34 polypeptide (6); and (iii)
controlled synthesis of p34 itself (7). Here,
evidence is presented for another regulatory
mechanism—the binding of an inhibitory
protein.
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The protein kinase activity of p34,
which is encoded by the CDC28 gene of
the budding yeast Saccharomyces cerevisiae,
was originally demonstrated in immunopre-
cipitates from crude cell extracts (8). In
these experiments, a 40-kD substrate (p40)
coimmunoprecipitated with p34. Phospho-
rylation of p40 by p34 was cell cycle-
dependent (9). Protein extracts taken from
cells arrested in S phase of ‘M phase had
active p34 protein kinase (10), but-phos-
phorylation of p40 was not detected in p34
immunoprecipitates (9). Extracts from cells
arrested in the prereplicative phase (G,) by
mating pheromone treatment or nutrient
deprivation had no detectable p34 protein
kinase activity, but when these extracts
were mixed with p34 immunoprecipitates
from S or M phase-arrested cells, p40 phos-
phorylation was observed. These results
suggested that p40 is only present in cells
arrested in G, or is modified in S and M
phase cells such that it cannot bind to, or
be phosphorylated by, p34.





