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Abstract

There is a need to know the nanostructure of pressure-sensitive adhesive (PSA) films obtained from waterborne polymer colloids so that it can
be correlated with properties. Intermittent-contact atomic force microscopy (AFM) of an acrylic waterborne PSA film identifies two components,
which can be attributed to the polymer and the solids in the serum (mainly surfactant). It is found that when the average AFM tapping force, Fay,
is relatively low, the polymer particles appear to be concave. But when Fjy is higher, the particles appear to have a convex shape. This observation
is explained by a height artefact caused by differences in the indentation depths into the two components that vary with the tapping amplitude
and Fyy. To achieve the maximum contrast between the polymer and serum components, Fay should be set such that the indentation depths are
as different as possible. Unlike what is found for the height images, the phase contrast images of the PSA do not show a reversal in contrast over
the range of tapping conditions applied. The phase images are thus reliable in distinguishing the two components of the PSA according to their
viscoelastic properties. At the surface of films dried at room temperature, the serum component is found in localized regions within permanent
depression into the film.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction dency to whiten in moist atmospheres, and lower tack, adhesion
and shear strengths [7-10]. On the positive side, polymer col-
loids offer a facile means to tailor the structure of adhesive
films at the nanometer length scale [11]. Nanostructured parti-
cles have been used to create films with remarkable mechanical
properties [12]. A large body of research on non-colloidal (e.g.,
solvent-cast) copolymers in adhesives has established clear cor-
relation between the molecular structure of films and their ad-
hesive performance. For instance, the effects of factors such as
gel content [10], molecular weight [13], and crosslinking [14]
have been established. There is a much smaller body of work to
correlate the molecular architecture and nanostructure of water-
borne colloidal films with their adhesion properties [15-18]. In
waterborne PSAs, the distribution and migration of small mole-
cules, especially surfactants [7,9,19], has been correlated with
poor waterborne adhesive performance and is of special inter-
est. Greater understanding of surfactant distribution normal to
* Corresponding author. Fax: +44 1483 686781. the film surface has been obtained recently from modeling [20]
E-mail address: jkeddie @surrey.ac.uk (J.L. Keddie). and experiment [21]. This present work is partly motivated by

Pressure-sensitive adhesives (PSAs) constitute a distinct cat-
egory of adhesives that instantly wet and firmly adhere to a va-
riety of dissimilar surfaces, when applied with only light pres-
sure, without activation by water, heat or solvent [1,2]. Tighter
environmental regulations [3] in the production of PSAs have
led to a shift away from solvent-cast formulations to aqueous
dispersions of polymer colloids, i.e., latex. Hence, waterborne
PSA technology has increasingly more often been a subject
of research, as demonstrated by a recent review article on the
topic [4].

Generally, it has been found that the performance of wa-
terborne acrylic PSAs is inferior to that of their solvent-based
counterparts. They exhibit lower water resistance [5,6], a ten-
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a need for information about surfactant distribution in water-
borne PSAs, which will be correlated with studies of adhesion
characteristics in future work.

Transmission [22,23] and scanning electron microscopy [24,
25] are well established as methods for determining the struc-
ture of individual latex particles and films. More recently, scan-
ning near-field optical microscopy [26] has been applied for
these purposes. In our previous research [27-30], we deter-
mined the morphology of waterborne PSA films using atomic
force microscopy (AFM), as a first step in correlation with
properties. AFM is attractive, because it offers not only topo-
graphical information but also insight into the local mechanical
properties at the nanoscale. Although AFM has been used for
well over a decade for studies of latex particles and films [31],
there is very little work on the interpretation of images for these
types of materials. The very soft particles used for PSAs, as well
as the presence of latex serum solids in the dry film, present
particular challenges in imaging and interpretation. Until the
structure of PSA films can be determined with confidence, it
will not be possible to obtain an understanding of structure—
property relationships. This present work seeks to develop a
reliable understanding of the nanostructure of PSA particles and
films through the robust interpretation of AFM images.

A chief concern among AFM users is how to determine the
“true” structure of a soft surface. In providing topographic im-
ages of soft surfaces, the technique is prone to height artefacts
that can be misleading to the viewer. For several years now, it
has been recognized that height images obtained with intermit-
tent contact (also called the tapping mode) do not necessarily
indicate true surface topography [32,33]. For instance, it has
been shown that differences in the tip indentation depth into
hard and soft phases on a smooth triblock copolymer surface
create a false impression of surface topography [34]. That is,
instead of representing the true surface topography, the image
is a map of indentation depths.

In a different study of a triblock copolymer, reversals in the
contrast in both phase and height images were observed as the
tapping force and indentation depth increased [35]. This rever-
sal was explained by a switch in the tip—sample interaction from
an attractive to repulsive force for the harder phase but not for
the softer phase, because of a slower tip speed and greater de-
formation in the latter. In related work on blends of glassy and
rubbery polymers [36], two different contrast reversals were ob-
served in both the height and phase images as the tapping force
was increased. The first flip, which occurred at lower force lev-
els, was related to a switch-over of the tip—sample interaction
forces from attractive to repulsive, as in the other study. The
second flip, occurring at higher force levels, however, was re-
lated to the large deformation of the matrix region.

Height artifacts and reversals in contrast have thus been well
documented in diblock copolymers and polymer blends. How-
ever, they have not been reported nor explored in detail in the
literature on colloidal PSA films. This gap in the literature is ad-
dressed in the present work. In the application of AFM to PSA
films, a stiff cantilever and large tapping amplitude is usually
applied in order to obtain reliable images [27]. Under these con-
ditions, imaging is not performed in the attractive region at the

beginning of tip—sample contact. Thus, there is a distinct differ-
ence in the conditions of imaging in comparison to what is used
for polymer blends and copolymers. Herein, we report reversals
in the apparent height in colloidal PSA films and show how to
understand them. We explore the reliability of phase contrast
images in being able to distinguish between polymer and sur-
factant components.

2. Materials and methods
2.1. Preparation of PSA latex

The PSA latex was synthesized by a semi-continuous emul-
sion polymerization process initiated by ammonium persulfate.
Latex particle stability is controlled by a mixture of anionic
surfactants (2 wt% on the total monomer charge). Na;COs3 is
used as a buffer. Polymerizations were carried out in a 3-1 glass
reactor equipped with a reflux condensor and anchor stirrer.
The temperature was controlled through the circulation of water
from a thermostatic bath in the reactor jacket. The latex solids
content was determined gravimetrically to be 55 wt%. The pH
of the dispersion is 5.0.

The latex is made from a random copolymer of 2-ethyl hexyl
acrylate (2-EHA) (glass transition temperature, 7y, = —85°C
[37]), ethyl acrylate (T, = —22 °C [37]), and methyl methacry-
late (MMA) (T; = 105°C [37]) as the main monomers. The
latex polymer has a 7, = —50°C, and an average particle di-
ameter of 226 nm (measured with quasi-elastic light scattering
(Nicomp™, 380 ZLS)). The gel fraction of the latex particles
is approximately 50%, indicating some light crosslinking in the
copolymer.

2.2. Film formation

Films were cast onto silicone-coated paper release liners
(30 cm x 20 cm) using a 40 um hand-held bar coater. The films
were dried either in ambient conditions, or under laminar air
flow for 3 min on heated plates at 110 °C. The dried films for
AFM analysis were about 20 um thick.

2.3. Atomic force microscopy

Small pieces (1 cm x 1 cm) of the cast PSA were cut from
the large-area films and were analyzed with an atomic force mi-
croscope (NTEGRA, NT-MDT, Moscow, Russia) within 24 h
of casting. All scans were carried out with intermittent con-
tact between the AFM tip and the film surface. All scans
used a silicon cantilever (ATEC-NC, Nanosensors, Switzer-
land) equipped with an ultrasharp, conical silicon tip having
a radius of curvature less than 10 nm. The nominal resonant
frequency fj of the cantilever is about 330 kHz and its spring
constant k is about 45 N/m.

AFM analysis was performed on the original interface with
air. Images were recorded simultaneously in the topographic
(height) mode and in the phase mode, with scan sizes ranging
from 5 to 30 um. The optimum method for obtaining images
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of latex PSA surfaces has been reported previously [27]. Para-
meters needed to describe the tapping conditions are the “free”
amplitude Ag (corresponding to oscillation in air) and the set-
point amplitude Ay, (corresponding to the amplitude when the
tip is in contact with the sample surface).

The potential energy of vibration for a cantilever is given as
0.5kA%. Thus, the larger the values of k and Ag, the higher is
the vibration energy. The high tack of the PSA surface makes
it necessary to use high & and A to impart enough energy to
the tip to “pull off” of the adhesive surface. To obtain values of
Ag and Ay, in metric units, a systematic calibration of the can-
tilever was obtained from amplitude—distance curves on a clean
silicon wafer, assuming no deformation of the silicon surface
and no bending of the cantilever during tapping [38].

Itis, however, important to realize that, in all cases, the AFM
tip does indent to a depth zijpg into the soft PSA surface [27].
When the tip of an oscillating cantilever with a setpoint ampli-
tude of Agp is in contact with a soft PSA surface, the distance
between the tip and sample, dsp, is always less than Aygp,. Then,
Zind 18 found from the difference between these two values:

ZindzAsp _dsp- (D
This relationship between the three parameters is illustrated in
Fig. 1.

All AFM images presented here were obtained with very
similar tapping conditions. Typically, Ao was 290 nm, and dqp
was between 150 and 250 nm for all measurements. This rela-
tively high Ao was used in this analysis in order to impart tip
stability (i.e., the widest range of acceptable Ag, values) and
to increase the average tapping force, F,y, to reveal subsurface
structure. These tapping conditions also ensure that the inden-
tation of the AFM tip into the PSA surface is small enough to
avoid significant distortion of the morphology [27].

3. Results and discussion
3.1. Initial study of film structure

We start the discussion by considering the physical signifi-
cance of the tapping parameters. A freely oscillating cantilever
has a resonant frequency fy, where the tapping amplitude will
be at a maximum value of Ay(fo). Imaging is performed at a
frequency f set slightly lower than fj such that Ag(f) is typ-
ically 5% less than the peak value at Ag(fp). The lower that
the setpoint tapping amplitude Agp is, in comparison to Ao,
the greater is Fjy. This important parameter is given in a semi-
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Fig. 1. Schematic illustration showing that the setpoint amplitude Agp is equal
to the sum of the tip—sample distance dsp and the indentation depth zjpq.

empirical equation as [39]

F, —lf[1_ Asp ]A (B (2)
Y20l AT
with the off-resonance parameter 8 given as
Ao(f)
=27 3
Ao(fo) ®

and where Q is the quality factor of the cantilever. Following
from the above statements, 8 < 1 in all cases. Note the impor-
tance of the ratio of Ay, to Ag in determining Fjy, rather than
the individual value of Ay, alone. Su et al. have measured Fyy
systematically as a function of Ag and Agp/ Ao [40]. For a par-
ticular AFM tip, Q is obtained from the ratio of fj to the full
bandwidth at 0.707 of the maximum amplitude, Af [41]:

= Z—O. “)

f

The cantilever used in our analysis has a Q value that was
determined experimentally to be 690. We have estimated F,y in
our experiments using Egs. (2) and (3).

In the intermittent contact (or tapping) mode of operation,
a phase image can be obtained simultaneously with the height
image. The phase image presents the phase lag, ¢, of the photo-
diode output signal in relation to the driving piezoelectric signal
as a function of position within the scan area. Changes in ¢ re-
flect variations in the energy dissipation, Ep, of the cantilever
as its tip moves laterally across a surface. ¢ is related mathe-
matically to Ep as [42,43]

. . iASP QED
e = (fo Ao ) *

wkAspAo ’

where all the variables are as already defined. During a scan, all
of the parameters in Eq. (5) except Ep are fixed, so the phase
image provides a map of Ep [43]. When the tip interacts with
a highly viscous region on a surface, or a viscoelastic region in
which the viscous component is high, more energy will be dis-
sipated, and therefore Ep and ¢ will be greater. When the tip
interacts with a viscoelastic region in which the elastic compo-
nent is higher, however, it is expected that less energy will be
dissipated, making ¢ smaller [44]. In the phase contrast images
presented in this work, lighter areas correspond to lower val-
ues of ¢, and darker areas correspond to larger values. Hence,
in phase contrast images, more energy dissipative regions will
appear darker.

Fig. 2 shows images of the same latex film surface using two
different setpoint ratios. In Fig. 2a, a relatively high As,/Aq
ratio was used, such that Fyy is low (1.3 nN), whereas Fig. 2b is
the result of a relatively low Agp/Ag ratio, such that Fyy is high
(4.4 nN). Clear particle identities are observed in the images.
In both the height and the phase images, there is no evidence
for particle coalescence. In the height images, it is notable that
particles appear to be concave under a low Fj, but convex under
the higher F,,. This result is discussed in detail later in this
paper.

In the phase images, there is strong contrast between the par-
ticles and the component surrounding them. Other experiments

®)
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Fig. 2. AFM images (topographic on left; phase on right) of a 20 um latex film (dried at 110 °C) obtained using Ag set at 290 nm (a) with Agp = 244 nm
(Fay = 1.30N) and (b) Agp = 139 nm (Fpy = 4.4 nN). All images are 5 pm x 5 um. On the right side, the apparent surface structure (concave in (a) and convex

in (b)) is shown schematically in a side view.

and modeling [44] has shown that contrast is accentuated in
phase images when there is a low Agp and a high Ay, as is the
case here. For either value of Agp, the phase images indicate that
there is greater energy dissipation when the tip interacts with
the polymer particles in comparison to the region surrounding
the particles. We attribute this phase contrast to the effect of
having two components with differing viscoelastic properties.
The images show that the tip is dissipating more energy when
interacting with the polymer particles.

The reasons for contrast in phase images has been a sub-
ject of frequent investigation [33,34,43—45]. Phase contrast
has been shown to be independent of variations in the elas-
tic moduli (i.e., stiffness) of polymers [46,47], because the
energy used in surface deformation is elastically recovered.
One exception is when the elastic modulus of a region is very
low. In this case, the AFM tip will push deeper into the sur-
face and thus have a greater contact area with the deformed
surface. The interaction energy will then be greater [43]. On
the other hand, when the tip interacts with a viscous mater-
ial, energy is dissipated. There is convincing evidence from
experiments and modeling [43,48] that the energy dissipa-
tion in tip—sample interactions is greater in viscoelastic ma-
terials with a high viscosity. Variations in viscosity across
a surface therefore lead to contrast in phase images and
have indeed been observed over lateral distances of a few
nm [48].

Equation (5) shows that ¢ is affected by the tapping condi-
tions (Ao and Asp) and also by the cantilever choice (k and Q).
However, the images in Fig. 2 reveal that the contrast between
the components in the phase image is not strongly affected

by Asp, whereas the height image is strongly affected. Further-
more, there is not a reversal in the contrast of the phase image,
whereas a reversal from concave to convex is seen in the height
image.

Unlike what is seen in our results, the contrast in both height
and phase images has been found elsewhere [33,36,44,49] to
reverse in regimes where there is either a very low or a very
high Agp. Because in this present work a large Fyy is used
(produced by a relatively high Ao and low Agp), the bi-stable
regime for ¢, reported elsewhere [42], is avoided. Likewise, the
attractive regime at very low Agp is avoided. Hence, the cho-
sen conditions of tapping avoid artefacts in the phase images
and make the images relatively insensitive to variations of Agp
within the ideal region.

To understand better the influence of F,, on apparent film
and particle structure, an image of the latex surface was ob-
tained with a fixed Ag but with Ay, varying in small increments
during an AFM scan. Fig. 3 shows that the apparent particle
structure switches from convex to concave with increasing Agp
(and decreasing Fyy). With the lower Ajgp, the topographical
contrast between the particles and the surrounding region is low.
The phase image remains essentially unchanged as Agp is var-
ied in this range.

The question arises as to what is the true structure of the
adhesive surface. Depending on F,, (as adjusted through Agp),
one can conclude that particles are protruding up from a surface
or sunk beneath the surface. Further investigation was therefore
required to interpret the images. Our approach was to isolate
the components of the latex so that their interactions with the
AFM tip could be studied independently.
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Fig. 3. AFM images obtained with Ag =290 nm. Agp is increased from the top to bottom as indicated. Image size is 5 pm x 5 pm.

Fig. 4. AFM images (topographic on left; phase on right) of 20 um thick
latex films dried at room temperature, obtained using Ag = 290 nm and
Asp = 244 nm. (a) Film from dialyzed latex; (b) film from as-prepared latex,
dried at room temperature. Image sizes are 10 pm x 10 um.

3.2. Separate imaging of surfactant and polymer components

The brighter regions in the phase images, in which less en-
ergy is dissipated when the tip interacts with the surface, are
presumed to be the serum solids (mainly surfactant). For the
purposes of fundamental study, the polymer phase was isolated
from the serum phase through dialysis. Films cast from the di-
alyzed latex are presumed to consist primarily of the acrylic
polymer. Fig. 4a shows the structure that was identified with
AFM. The particle identity is poorly defined compared to that
in the as-prepared latex (shown previously in Fig. 2). The phase
image shows that a large fraction of the surface consists of a sin-
gle material. There are some regions around the particles that

suggest the presence of some residual serum phase, but these
regions are not clearly defined.

It was discovered that if a latex film was dried at room tem-
perature (21 °C), island-like regions that were more than 1 um
across appeared at the film surface. Fig. 4b shows the typical
structure. From the height image, it is apparent that the par-
ticle identity is not as clearly defined as in the latex dried at
high temperature (cf. Fig. 1). It is likely that the film surface
is covered more by the serum (surfactant) component so that
the particles are not apparent. In the phase image, there is very
strong contrast between these island-like regions and the sur-
rounding region. It was speculated that the island-like regions
consist of the surplus serum solids. Further experiments were
conducted to determine the water solubility of these regions as
a means of confirming whether they consist of the serum phase.

Films that had been dried at room temperature were sub-
merged into water for 30 min and then rinsed with flowing water
for several minutes. Fig. 5 compares the observed structures be-
fore and after rinsing. The “islands” that had been observed
in the phase images of the as-prepared latex disappeared af-
ter rinsing. In the height images, however, the islands appear as
depressions both before and after rinsing. This experiment in-
dicates that the material in the island structure is water-soluble.
It is therefore highly likely to be the serum solids, mainly sur-
factant. There is a permanent depression in the sample surface
associated with the islands. Further experiments were carried
out to ascertain the true particle structure (whether concave or
convex) and whether the island structures are truly in depres-
sions in the surface.

3.3. The effect of Asp on image contrast

Amplitude—distance (A-z) curves for hard surfaces have
been thoroughly discussed elsewhere [50] as a means of study-
ing interactions between AFM tips and sample surfaces. For a
hard surface, as the distance between the tip and surface, z, is
reduced at a fixed Ag, there will be a corresponding and equal
decrease in A. For a soft surface, on the other hand, A will not
decrease as much as z as the tip approaches the sample because
of tip indentation into the surface.
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Fig. 5. AFM images (topographic on left; phase on right) of as-prepared la-
tex films dried at room temperature (a) before soaking/rinsing with water and
(b) after soaking in water for 30 min and rinsing.

A—z analysis was conducted on the two isolated components
of the latex films (serum and polymer) as a way to explain and
interpret the images presented in Figs. 2 and 3. Typical A—z
curves from the polymer phase (obtained from the dialyzed
latex) and from the serum phase (obtained from the island re-
gion on an as-prepared RT dried latex) are compared in Fig. 6.
The A—z curve from the dialyzed latex (almost pure polymer
component) is regarded as equivalent to the center of the latex
particles in Figs. 2 and 3. On the other hand, the A-z curve from
the island region on an as-prepared RT dried latex (rich in the
serum solids) is regarded as equivalent to the serum component
surrounding the particles in Figs. 2 and 3. On the right-hand
side of Fig. 6 are two height images obtained from a latex film
dried at 110°C, using a setpoint Asp, = 139 nm and a setpoint
Agp = 244 nm, which are matched with the corresponding point
in the A—z curves. For a given z, the difference in A between
the hard silicon surface and the polymer surface is equal to zjpq.

In the scans presented in Fig. 3, the particles appear to be
convex when Agp = 139 nm and concave when Ay, =209 nm,
while at Agp = 175 nm, there is very low contrast between
the two components so particle identity is not very clear. The
crossover of the A—z curves in Fig. 6 at z = 180 nm is con-
sistent with the low contrast in the images obtained in the same
region (Asp = 175 nmin Fig. 3). The amplitude at the crossover
point corresponds to F,y, = 3.2 nN.

Through the quantitative comparison of the A—z curves for
the two components to what is obtained from silicon, a mea-

Fig. 6. Measurements of tip vibration amplitude A as a function of z for two different latex components: polymer surface (solid curve) obtained from a RT-dried
dialyzed latex and the serum phase (dashed curve) obtained from the island on a RT- dried latex film. The dotted curve was obtained from a Si wafer surface. The
inset shows the crossover point of the solid and dashed curves. On the right-hand side are two height images obtained from a latex film dried at 110 °C, using a low

setpoint (Asp = 139 nm) and a high setpoint (Asp = 244 nm).
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Fig. 7. Tip indentation depth as a function of z for the two different latex compo-
nents: dialyzed polymer (solid curve) and the serum solids (dash curve). Ay is
280 nm, and contact is made with the sample surface at this value of z.

sure of the indentation depths is obtained (Fig. 7). As the tip
approaches the surface, zijnqg first increases as the tip digs deeper
into the surface, and it then reaches a maximum value. There-
after, as the tip is drawn closer, the apparent ziyq falls to zero,
because the cantilever is not energetic enough to pull off of the
adhesive surface and it is unstable. As expected from Fig. 6,
there is a crossover point between the indentation curves for
the two components. Above the crossover point (at higher Asp),
the polymer particles are more indented compared to the serum
solids and they therefore appear concave. Below the crossover
point (at lower Ayp), the polymer particles are indented less than
the serum component, and the particles appear convex. Analy-
sis of the indentation depths indicates that when A, = 139 nm,
Zind 18 11 nm for the polymer and 16 nm for the serum solids.
At Agp = 244 nm, zjpq is 22 nm for the polymer and 13 nm
for the serum solids. These differences in zinq explain why the
same surface in Fig. 6 is seen to have both a convex and concave
structure, depending on the tapping conditions.

Finally, we note that in Figs. 4b and 5a, the height image
presents the surfactant islands as being lower than the plane of
the film surface. It is concluded that there are depressions in the
film that are filled with the serum phase.

4. Conclusions

Analysis of A—z curves for polymer and serum components
in PSA films has revealed that when the average AFM tapping
force, F,y, is relatively low, the indentation depth in the polymer
is greater than in the serum solids. Hence in this particular PSA,
the polymer particles appear concave. But when Fjy is higher,
the opposite is true, and the particles appear to be convex. The
crossover point occurs at Agp = 180 nm, which corresponds to
Fyy = 3.2 nN. The phase images, on the other hand, are much
less sensitive to the tapping conditions and do not undergo a
reversal in contrast when Fj, is varied. They can be reliably
used to distinguish the components of the PSA by differing vis-
coelasticity.

There are distinct differences in our findings for AFM imag-
ing of PSA films and what has been reported in the literature for
copolymers and polymer blends. In PSA films, there is a rever-
sal in the height but not in the phase contrast. In AFM analysis
of these other polymer systems, reversals are reported in both
height and phase images. In the latter case, contrast reversals
occur when moving from the attractive to repulsive regions of
tip—sample interaction. In our imaging of PSA films, high tap-
ping forces are used, and the analysis is not conducted in the
attractive regime. Therefore there is a different reason for the
contrast reversal of height images of PSA films, related to dif-
ferences in the indentation depths of the materials components,
as was determined herein.

At the surface of films dried at room temperature, the serum
solids are found in localized regions, or islands. When the
serum solids are removed through rinsing with water, there is
a permanent depression in the film. The reasons for the hetero-
geneity of the serum solids at the PSA surface will be explained
in a future publication.
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