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Recently developed adhesion atomic force microscopy was used as a technique to map the spatial 
arrangement of chemical functional groups at a surface with a lateral resolution of 20 nm. The ratio of 
the adhesion forces for different functional groups can be compared with values determined from the 
known surface energies. This concept was demonstrated by mapping the adhesive interaction of domains 
in a phase-separated lipid monolayer with the AF'M tip. The ratio of the adhesion forces for both phases 
corresponds with the theoretical number for the CHz and CH3 groups. 

Introduction 
The spatial arrangement of functional groups and their 

interactions are important in fields as diverse as biophys- 
ics, recognition in biological systems or immunosensors; 
engineering, lubrication in mechanical devices; molecular 
electronics, adhesion between polymers and metals; and 
chemistry, chemical modifications of polymer surfaces. 
For an improved understanding of these problems it is 
important to be able to study the arrangement of chemical 
functional groups and their interactions at  the molecular 
level. 

Direct measurements of forces between molecular 
assemblies have been performed with the surface forces 
apparatus (SFA)1-4 between crossed cylinders (radius of 
curvature R - 1 cm). For molecular force measurements 
on a laterally smaller scale atomic force microscopic 
(AFM)5 methods have been used. To obtain a well-defined 
probe geometry, spherical probes have been attached to 
AFM cantilevers (R - 10- 100 pm). In these experiments 
forces between single complementary strands of DNA6 
and discrete intermolecular interactions of ligand-recep- 
tor pairs7 have been studied. The adhesion forces between 
individual ligand-receptor pairs have also been measured 
with chemically modified AFM tips (R  - 100 nmls 

It has been pointed out before that it should be possible 
to use the AFM to characterize the surface chemical 
composition as well as the top~graphy .~J~  Burnham et 
aL9 found that the adhesive forces between tip and sample 
increased systematically with surface energy. To image 
material properties as well as topography on thin films 
adhesive interactions,10-12 elastic properties,13J4 and fric- 
tion f o r ~ e s ~ ~ J ~ - ~ ~  have been mapped. Using the friction 
force, a discrimination between hydrophilic and hydro- 
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phobic groups that were covalently bound to  sample and 
probe has been achieved with a lateral resolution of 200 
nm.16 

Instead of hypothesizing the relation between adhesion 
and friction at  the molecular scale (for a study see ref 2), 
we chose to measure the adhesion force directly with a 
modified AFM.lS The ratio of the adhesion forces for 
different functional groups can be predicted quantitatively 
from their surface energies and can be compared with the 
experimental value. Additional advantages of this ap- 
proach are that the sample is not likely to  be disturbed 
because the probe is not moved laterally while in contact 
and even very small differences in surface energy are 
resolved. We will demonstrate this by imaging a phase- 
separated lipid monolayer nondestructively. 

In conventional contact-mode AFM operation, the 
deflection of a cantilever-probe combination is measured 
while scanning in contact with the sample. Therefore, 
the topography is imaged, while the chemical nature of 
the functional groups at  the surface remains unknown. 
In adhesion AFM,12Js-21 a different approach is used. Force 
versus cantilever-displacement  curve^,^^^^^ show the can- 
tilever deflection as the tip-cantilever combination ap- 
proaches the sample, makes contact, and is retracted again 
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contact angle measurements. For microscopic systems, 
and even for very small numbers of molecules, its 
numerical value is close to that of a planar macroscopic 
surface composed of the same molecules.28 

To compare absolute adhesion forces with theory a very 
well-defined probe geometry is needed. This can be 
obtained by the attachment of spherical probes to an AFM 
cantilever. However, because of their size these probes 
are not suitable for high-resolution imaging, and therefore 
we chose a different approach. The relative humidity and 
the geometry of a normal AFM tip remain the same for 
the different areas within one image and within the 
measuring time (typically 10 min). Therefore, we focus 
on the ratio of the adhesion forces for the respective 
domains, a number that can easily be derived from basic 
thermodynamics. 
Our central result is that a simple thermodynamic model 

can be used to  predict the ratio of the adhesion forces for 
different functional groups. The adhesion force can be 
written as 
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Figure 1. A typical force-distance curve measured with the 
adhesion AFM setup.lg The SiSN4 tip is moved in and out of 
contact by ramping a small piezo actuator. Moving the tip 
down, the cantilever will deflect after touching the sample (a) 
until a certain preset deflection is reached (b). The piezo 
movement up to this setpoint is a measure of the thickness of 
the sample because on the thicker parts of the sample this 
point will be reached earlier than on the thinner parts. After 
the setpoint has been reached, the tip is retracted to the upper 
limit determined by the ramping voltage. The hysteresis in 
the force curve results in the well-known adhesion dip. The 
pull-off force can be obtained when during the retrace the tip 
leaves the sample at  some point (c). This determination is 
realized in hardware, allowing up to 550 force curves to be 
measured per second. 

(Figure 1). The hysteresis in this curve is a measure for 
the adhesive probe-sample interaction and is related to 
the chemical nature ofthe functional groups at  the sample 
and probe surface. With our setup (a modified stand- 
alone AFM23) we can measure and analyze up to 550 force- 
distance curves per second, which allows direct adhesion 
force imaging. Other methods to measure surface forces 
include force curves with force feedbackz4 and the reso- 
nance method.10g25 

To demonstrate the concept, a dimyristoylphosphati- 
dylethanolamine (DMPE) film was made by the Lang- 
muir-Blodgett (LB) technique, at  a surface pressure for 
which the film is in a liquid-expanded (LE) to  liquid- 
condensed (LC) phase transition.26 It has been demon- 
strated numerous times that such a film, whether at  the 
waterlair interface or deposited on a solid substrate, 
exhibits a domain structure corresponding to the coexisting 
LE and LC phases.26 The DMPE molecule consists of a 
hydrophilic part that adheres to  a hydrophilic substrate 
and two hydrophobic hydrocarbon chains. In the solid 
LC domains the layer is c ry~ ta l l i ne~~  and the probe tip 
will only interact with the hydrophobic CH3 endgroup. In 
the amorphous LE phase, the molecules are less densely 
packed and thus a hydrophilic Si3N4 tip will have a 
stronger interaction with the 12 slightly less hydrophobic 
CH2 groups along the hydrocarbon chain. Therefore, we 
expect the adhesion contrast to be caused by the CH2 and 
CH3 groups for the LE and LC phases, respectively. 
However, we want to  stress that it should be possible to 
apply the same concept to other problems. 

The adhesion force is connected with the interfacial 
energy, which is a concept that can be applied to 
macroscopic as well as microscopic systems.l Macro- 
scopically, the interfacial energy can be determined by 
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where R is the radius of curvature of the end of the Si3N4 
tip and W132 is the energy change on separating unit area 
of two media 1 and 2 in medium 3. 

w132 = Y13 + Y23 - Y l 2  

where Y a b  is the interfacial energy of media a and b. In 
our case we have medium 1, DMPE (sample); medium 2, 
Si3N4 (tip); medium 3, air. Therefore, we can estimate y13 

- yl; ,y?3 = yz; and 712 = y1 + y2 - 2(y1y2)~’~ using the 
combining re1ations.l Thus, 
- 

as has been found previou~ly.~,~ Note that for the Johnson, 
Kendall, and Roberts (JKR)29 theory as well as for the 
Dejaguin, Muller, and Toporov (DMT)30 theory the 
adhesion force increases linearly with R and the inter- 
facial energy, with proportionality constants of 3n and 
4n, respectively. 

Experimental Section 
DMPE Langmuir-Blodgett monolayers were prepared on 

different substrates to enable the use of adhesion AFM as well 
as optical surface plasmon micro~copy.3~ Substrates for surface 
plasmon microscopy were made by evaporation of 45 nm gold (1 
n d s  at mbar) on top of a microscope cover slip. After the 
evaporation, 3 nm Si02 was sputtered on top of the gold (0.1 
n d s  at mbar of Ar) to make the substrate hydrophilic. 
Atomically smooth mica substrates were freshly cleaved and used 
for adhesion AFM measurements. 

LB films were obtained by spreading a 1 mg/mL solution of 
the lipid DMPE (obtained from Sigma, used without further 
purification) in 3:l (v/v) chlorofordmethanol onto the subphase 
(water from Millipore system, resistivity > 18.2 MWcm, pH 
adjusted to 7.5). The monolayer was transferred to the substrate 
at a surface pressure of 12 mNlm a n d  a molecular area of 0.50 
nm2. Compression speed, 0.01 nm2/min per molecule; dipping 
speed, 3 mdmin;  transfer ratio, -1. A commercial LB trough 
was used (KSV 5000; KSV Instruments Ltd., Helsinki, Finland) 
in a laminar flow cabinet. 
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Figure 2. Surface plasmon microscopy image (a), and adhesion 
AFM image (b) of the same DMPE domains. The surface 
plasmon microscope used was described earlier.32 In the optical 
image, dark regions correspond to thicker (LC) domains, in the 
adhesion AFM image these regions have lower adhesion forces. 
Quantitative surface plasmon microscopy measurements of the 
layer thickness were performed by defining a number of small 
areas in the microscopic image for which the reflectance is 
measured automatically as a function of the angle of incidence.32 
By determining the shift of the surface plasmon resonance 
minima the layer thicknesses for the different areas were 
determined using Fresnel theory. 

Both the surface plasmon microscope32 and AFM193 are home- 
built and were described earlier. The topography and the peak 
value of the adhesion dip as well as its width and area are 
determined on-line from the force-distance curves by electronic 
hardware. Aramp generator coupled to the piezo actuator moving 
the tip up and down is triggered by a pixel clock. When a certain 
preset deflection is reached, the piezovoltage is stored in a sample/ 
hold circuit (the topography signal) and the ramping voltage is 
reversed. A peak detector is used to measure the peak of the 
adhesion dip (the pull-off force) during the retrace. This 
procedure is repeated for every pixel in the image. 

The cantilevers have a pyramidal Si3N4 tip attached to a 
V-shaped beam with a force constant of 0.58 N/m. The tips were 
ozone cleaned before use. For experiments with a controlled 
relative humidity the AFM setup with the sample was put in a 
plexiglass chamber purged with nitrogen gas of known humidity. 
By mixing streams of wet (obtained by bubbling the gas through 
distilled water) and dry nitrogen gas a t  an appropriate flow ratio 
the desired relative humidity was obtained and measured by a 
digital hygrometer. 

Results and Discussion 
Apart from providing an illustration of the method used, 

Figure 1 displays a typical result for a force curve on a 
DMPE monolayer. From the figure we can conclude that 
any possible deformation of the sample is reversible 
because little hysteresis is observed in the loading part 
of the curve. A finite elastic deformation, however, has 
no effect on the adhesion force according to JKR theory.29 
The reproducibility that was observed (data not shown) 
also points to the nondestructiveness of the method. This 
is in accordance with earlier experimental work that has 
shown that both the crystalline and amorphous states of 
DMPE form hard, fairly rigid  structure^.^ 

Before and after adhesion imaging, a phase-separated 
DMPE monolayer was imaged with optical surface plas- 
mon micro~copy.~l*~~ In the optical image in Figure 2a, 

~~ 
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Figure 3. Adhesion force on mica as a function of the relative 
humidity. Each point in this curve represents the average of 
250 pull-off force measurements. The increase of the adhesion 
as a function of the relative humidity indicates the formation 
of a water layer on the mica with increasing thickness,37 causing 
increasing capillary forces. 

the familiar pattern33 for a phase-separated lipid mono- 
layer is observed, where the dark patches correspond to 
the LC regions. The contrast corresponds to a difference 
in optical thickness of -0.4 nm, determined from a 
difference in surface plasmon resonance angle of 0.06'. 
This value is not uncommon for these with the 
crystalline domains thicker than the amorphous domains. 
Comparing Figure 2b, the adhesion AFM result of the 
same region, with Figure 2a we observe a one-to-one 
correspondence between both images. This is compelling 
evidence that adhesion AFM detects a contrast between 
the LE and LC phases.35 

The measured adhesion forces were typically 20-30 
nN (roughly an order of magnitude smaller than for the 
bare Si02 substrate), and the measured adhesion force 
ratio FLJFLE - 0.8 f 0.1 (averaged over a large number 
of points in both regions). With YLC YCH3 = 23 mJ/m2 
and  LE = YCH2 = 31 mJ/m2,36 we findFL#LE =ft(y~cp#/~/  
~ ~ ( Y L E Y ~ ) ~  = (YLJYLE)~'~ = 0.86 on theoretical grounds. 
The correspondence between these two numbers points 
to the difference in hydrophobicity as the contrast mech- 
anism in adhesion AFM. 

Having demonstrated that adhesion contrast can be 
obtained for the different phases in the domains, we used 
molecularly smooth mica substrates for further adhesion 
AFM investigations with a higher resolution on better 
defined samples. First, the adhesion of a clean mica 
substrate was measured as a function of the relative 
humidity (Figure 3). The image at  constant relative 
humidity was essentially featureless, while the absolute 
adhesion forces were always higher (80-160 nN) than 
those measured on monolayer-covered substrates, indi- 
cating the formation of a water film.37 

layer-covered substrates as compared to the bare substrate 
The consistently much lower adhesion forces for mono- ' 
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Figure 4. Adhesion AFM images showing domains in the DMPE monolayer on mica. The central part was magnified for the three 
successive images (a-c). The left images show the adhesion, where dark areas correspond with low adhesion (LC phase). The 
images in the middle show the height differences, as derived from the force curves (high-pass filtered); the adhesion images were 
not filtered. On the right we see (a) the adhesion image for the bare mica, (b) the thickness profiles (three lines taken from an 
unfiltered image and shifted for clarity), and (c) the histograms for 400 adhesion measurements in the LC and LE phase. Note 
that for every point in these images a separate force curve was measured and analyzed (150x150 curves per image). For the 
topography image this means that the tip did not make a continuous profiling movement along the surface but that 0.6 nm 
variations in an approach of about 500 nm were measured. 

confirm the absence of a liquid layer on top of the 
monolayer. This is expected for such hydrophobic surfaces 
and has indeed been found p r e v i ~ u s l y . ~ > ~ ~  Moreover, the 
presence of large (> 50 nm) pinholes can safely be excluded 
(see Figure 4). However, some variations of the adhesion 
forces on DMPE with the relative humidity were seen. 
These can be explained by the presence of water on the 
hydrophilic AFM tip increasing the effective radius of the 
tip. It is important to note that this only affects the 
absolute adhesion forces and not the values of the ratios. 

For different mica substrates, monolayers, AFM tips, 
and relative humidity the average value for FLJFLE was 
0.84 with a variance of 0.06. This number is remarkably 
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constant and close to the expected theoretical value of 
0.86. These results suggest that the model correctly 
predicts the ratio of the adhesion forces for the different 
hc t iona l  groups. Therefore, the image contrast can be 
interpreted as the contrast in the interfacial energy 
associated with the imaged functional groups. A hrther 
support of this view is illustrated in Figure 4c, where a 
histogram of the measured forces for both phases is 
displayed. The average values for the two phases are 
convincingly different. Besides, we note that generally 
the width of such a distribution might contain valuable 
information on heterogeneities hitherto unnoticed. 

A high lateral resolution of 20 nm (estimated from the 
resolution of step edges in Figure 4) was obtained with 
the monolayers on the molecularly smooth mica sub- 
strates. Simultaneously measured topography images 
indicated a thickness difference between the domains of 
0.6 nm (Figure 4). The difference between the surface 
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plasmon microscopy and AFM values can be explained by 
the presence of pores in the solid domains and grains in 
the fluid domains, which appear to have the same 
properties as the fluid and solid domains, respectively, 
and are not resolved in the optical images. This phe- 
nomenon has been observed with AFM on solid substrates 
before, in t ~ p o g r a p h y , ~ ~ , ~ ~  elasticity,14 and friction mea- 
s u r e m e n t ~ . ~ ~  Although these film defects have been said 
to  be caused by the LB deposition process or interaction 
with the substrate,39 it is tempting to identify these 
“nanodomains” with those that have been postulated 
earlier based on indirect observations by fluorescence 
microscopy4° and theoretical These nanodomains 
could play an important role in domain formation. 

Preliminary experiments on another domain-forming 
lipid, DPPC, give similar results; we therefore have good 
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confidence that the method presented here provides a 
general tool to image domains with different surface 
energies. The same method should be applicable to many 
other functional groups42 with ,a relatively low surface 
energy to inhibit the formation of a water film. For 
functional groups with relatively high surface energies 
measurements should be made in a liquid medium, to 
exclude capillary forces. 
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