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Introduction
Nanoindentation measurements form the basis of an

atomic force microscopy (AFM) technique that may be
employed for the purpose of elucidating the surface
heterogeneity of polymeric materials.1-9 If the cantilever
is stiffer than the substrate, measurement of the extent
of cantilever deflection, as the tip is pressed into the
sample, probes quantitatively the compliance of the
surface as a function of applied load.10,11 As with force-
of-adhesion measurements, the quantification of indenta-
tion measurements may be impeded by the complexity of
the tip-sample interactions, especially if a nonelastic
surface is probed.12

In attempting to map the surface heterogeneity of a
polymer sample, the spring constant of the AFM cantilever
needs to be fine-tuned according to the demands of the
probing technique. For a high signal-to-noise ratio, adhe-
sion force measurements demand the use of a flexible
cantilever13 whereas indentation measurements require
the use of stiff cantilevers such that the force applied to
the sample is sufficient to indent the sample to a
measurable extent. Furthermore, the AFM method of
choice for the study of the surface heterogeneity of a
polymeric sample is determined by the characteristics of
that sample, as demonstrated by previous work with a
poly(methyl methacrylate)/poly(dodecyl methacrylate)
(PMMA/PDDMA) binary blend.5 In this work, the adhesive
forces that determine the extent of the interaction between
the silicon nitride tip and the PDDMA-rich domains were
seen to be markedly greater than corresponding forces
operating between the same AFM tip and the harder,

PMMA-rich regions of the surface; in the absence of a
surface-hardness calibration system, it was not possible
to quantify the magnitude of the forces exerted on the tip
by a unit area of PDDMA-rich or PMMA-rich surface. We
now report on our efforts to bridge that gap by considering
the effect of indentation on the measured forces that
determine the adhesive interactions between an AFM tip
and the surfaces of the same polymeric materials.
Furthermore, we explore the complementarity of the
techniques of adhesion force mapping and indentation
mapping as a readily accessible means of probing the
surface features of heterogeneous surfaces.

Experimental Section

The synthesis of poly(dodecyl methacrylate), PDDMA, has been
described elsewhere;13 poly(methyl methacrylate), PMMA was
obtained fromGoodfellow(Cambridge,U.K.).Filmsof thepolymer
blend were deposited onto glass slides (8 mm × 8 mm × 1 mm)
by immersion into a stirred solution (2.5% w/w) of PDDMA and
PMMA (1:1 (w/w) PDDMA/PMMA) in chloroform; films for AFM
work were rinsed with ethanol (Analar, BDH). A TopoMetrix
TMX2000 discoverer scanning probe microscope (ThemoMicro-
scopes,Bicester,U.K.)wasemployed forboth topographic imaging
and force measurements. For adhesion studies, V-shaped, silicon
nitride cantilevers (200 µm in length; nominal spring constant,
K, 0.032 N m-1; part Nno. 1520-00; ThermoMicroscopes, Santa
Clara, CA) were used. Since the actual spring constant of the
V-shaped commercial cantilevers is known to differ by up to an
order of magnitude from the nominal value,14 the K value
associated with each cantilever was determined using an
established procedure.13 Indentation measurements were made
using beam-shaped silicon cantilevers (length ) 231 µm, width
) 37 µm, thickness ) 6.7 µm; K ) 38 N m-1; nanosensors, LOT
Oriel Ltd, Leatherhead U.K.). Topographic imaging was per-
formed in contact mode, both in air (ambient conditions) and
under water (using a wet cell). Layered imaging was used to
obtain force-distance curves over an entire image frame of 10
µm × 10 µm at a resolution of 50 lines × 50 pixels (2500 force
curves) for adhesion imaging, and 100 lines × 100 pixels (10000
force curves) for indentation imaging;5 the scan rate was 1 µm
s-1. For each layered image acquired, a corresponding topographic
image of identical resolution and spatial orientation was also
obtained. Layered images were obtained under ambient condi-
tions or under dry nitrogen in a gas cell (relative humidity <1%
as measured using a hygrometer; model HI 91610C, Hanna
Instruments, Leighton Buzzard, U.K.); a slight positive pressure
was maintained throughout the experiments.

The adhesion maps were extracted from layered images using
an algorithm, which was designed to remove contributions from
topography; the program (Visual Basic) plotted the adhesion force
values as a gray-scale image. For indentation measurements, a
program facilitated the calculation of the extent of the surface
indentation of the samplescaused by the probing tipsrelative
to a stiff reference material (stainless steel AISI 304), such that
the contribution to deflection due to cantilever bending was
eliminated. After contact with the surface was established, an
arbitrary point along the inward force curve was used to
demarcate cantilever deflection. Indentation was plotted as a
gray-scale image, with lighter shades representing greater
indentation.

Results and Discussion

A typical topographic image of the surface of the
PDDMA/PMMA blend, Figure 1, reveals a binary structure
with multiple raised (light) and lowered (dark) domains.
The line profile across this image shows that the height
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difference between the two types of domain was typically
ca. 25 nm. An adhesion map of this sample, obtained under
dry conditions, Figure 2, shows variations corresponding
closely with the topography. Interestingly, the interface
between the two polymer domains is highlighted as a
region of extreme adhesive interactions; a bright halo with
a dark periphery is demarcating the domain boundaries.
Consideration of the effect of topography on the proximal
AFM tip provides an explanation for the origins of this
feature: when the tip is close to a vertical face of an
elevated domain, the substrate surface area interacting

with the tip increases, resulting in an enhancement in
the measured force of adhesion. By similar reasoning,
closely associated areas of low adhesion (dark) may be
attributed to thesharplyconvexsurface featureswitnessed
in the topographic line profile, Figure 1. The presence of
such features highlights the complementary nature of
force-of-adhesion measurements and topographic imaging
in the study of multidomain structures.

As a test for our hypothesis regarding the effects of
increased contact area on measured force of adhesion, a
scratched commercial sample of PMMA was subjected to
adhesion force mapping, in the expectation that any
contrast seen in the adhesion force images would be due
to the effects of topography; relatively smooth (Ra ) 3.8
nm) films of pure polymers are associated with featureless
adhesion-map images. In corresponding topography and
adhesion maps, Figure 3, both the pits, inherent to the
surface of the sample, and the interpolated scratches are
visualized as lines of high adhesion bounded by low
adhesion, thus providing support for the hypothesis. Since
the image shown in Figure 2 was obtained under dry
nitrogen, capillary-water-layer effects, such as those
recently highlighted by Sirghi et al,15 could not have been
of influence. On the basis of the topographic image alone,
it could be assumed that the two domains visible in Figure
1 correspond to pure PMMA and PDDMA, respectively.
However, the adhesion map presented in Figure 2 suggests

(15) Sirghi, L.; Nakagiri, N.; Sugisaki, K.; Sugimura, H.; Takai, O.
Langmuir 2000, 16, 7796-7800.

Figure 1. Typical contact-mode AFM topography image of the PMMA/PDDMA blend film (top) and a typical surface roughness
profile across the same image (bottom). The height difference between the PDDMA-rich and the PMMA-rich domains is ca. 25 nm.

Figure 2. Topography and adhesion maps (10 µm × 10 µm)
of the PMMA/PDDMA blend film. Lighter shades are used to
represent raised features in the topographic image (left) or
augmented forces in the adhesion map (right).
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that the additional, submicrometer-scale features ob-
served within each domain arise as a result of the presence
of varying proportions of the minor polymeric constituent.

The complementary contribution of indentation map-
ping (with corresponding topography) to the study of
multidomain structures is highlighted in Figure 4, which
is representative of a series of cantilever deflection
measurements at individual pixel positions, each obtained
with the same constant applied load (61 nN). The nano-
indentation maps highlight the submerged, high indenta-
tion regions (bright) as those of the more yielding, PDDMA-
rich domains, a diagnosis not possible by topographic
imaging or force-of-adhesion mapping alone. In view of
the difficulties associated with the estimation of Young’s
modulus using nanoindentation techniques11 and the fact
that the value of Young’s modulus for PDDMA is not
available in the literature, no attempt was made to
quantify the stiffness of the probed sample. Comparison
of the indentation map (Figure 4) with the adhesion image
(Figure 2) provides support for the hypothesis that the
AFM-determined adhesion behavior of these polymeric
materials may be due to the increased area of interaction
between the tip and the probed surface, resulting from
physical deformation of, or damage to, the polymer surface.
Characteristically, indentation mappingsin contrast with
adhesion mappingsdoes not appear to be influenced by

topographic features. This can probably be explained in
terms of tip sharpness: tips used for nanoindentation
measurements are sharper (tip radius <20 nm) than those
employed for the adhesion work (tip radius <40 nm).

Conclusions
The AFM techniques of adhesion force mapping and

indentation mapping have been applied to the examination
of the topographic features of a polymer blend. Adhesion
maps have revealed that particularly high adhesion forces
operate at the boundaries between domains. Comple-
mentary data from the two techniques have shown that
these forcesderive fromthe increasedcontactareabetween
the probing tip and the sample. In addition, the work
revealed that high adhesion areas are more susceptible
to indentation by the data collecting action of the AFM
probe, further suggesting that sample indentation may
amplify the force-of-adhesion values obtained from easily
indented samples.
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Figure 3. Topography (left) and adhesion (right) maps (10 µm
× 10 µm) of a scratched PMMA surface. The scratches are seen
as the darker lines in the topographic image or as the lighter
lines in the adhesion map.

Figure 4. Topography and indentation maps (10 µm × 10 µm)
of the PDDMA/PMMA blend film. Lighter shades are used to
highlight elevated features (left) or increased ease of indentation
(right)sthese correspond to PDDMA-rich domains. The in-
dentation map was obtained using an applied load of 61 nN.
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