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Abstract In this article we review the recent developments in the field of high reso-
lution lateral mapping of the surface chemical composition of polymers by atomic force
microscopy (AFM) and other complementary imaging techniques. The different AFM ap-
proaches toward nanometer scale mapping with chemical sensitivity based on chemical
force microscopy (CFM) are discussed as a means to unravel, for instance, the lateral
distribution of surface chemistry, the stability of various types of functional groups in
various environments, or the interactions with controlled functional groups at the tip sur-
face. The applicability and current limitations of CFM, which allows one to image chem-
ical functional group distributions with a resolution in principle down to the 10-20 nm
scale, are critically discussed. In addition, complementary imaging techniques are briefly
reviewed and compared to the AFM-based techniques. The complementary approaches
comprise various spectroscopies (infrared and Raman), secondary ion mass spectrome-
try (SIMS), matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS),
X-ray photoelectron spectroscopy (XPS or ESCA), and near-field optical techniques used
for imaging.

1
Introduction

1.1
The Scope of Atomic Force Microscopy
in Polymer Surface Characterization

The Atomic Force Microscope [1] with its various imaging modes, and the
related Scanning Probe Microscopy techniques have changed the scientific
landscape during the last 15 years. Atomic force microscopy (AFM) and re-
lated scanned probe techniques have become enabling methods (platforms)
in cutting-edge nanotechnology. These instruments at the same time func-
tion also as a “workhorse” in scientific laboratories and are being used to
assist solving materials science problems covering a wide range of issues. It
is not the purpose of this review to introduce AFM, its operational princi-
ples, and the various imaging modes used in polymer research. Instead, the
reader is referred to other reviews introducing AFM imaging [2-14], AFM-
based studies, and force measurements using force-distance curves [15, 16].
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We only mention here that the probe used in AFM is a sharp tip, which is at-
tached to a flexible microbeam (microcantilever), In AFM various forms of
interactions between the apex of the tip (with a radius between approximately
10-100 nm) and the sample surface are measured, either as a function of tip
location with respect to the surface, or at a fixed (x, y) position as a function
of the cantilever deflection or tip-sample distance. In most conventional in-
struments the cantilever-tip assembly is attached to a piezo controller, which
positions the tip in the (x,y) scanned plane and adjusts the vertical pos-
ition (piezo travel) to accommodate sample height, or to measure tip-sample
force curves. The latest generation instruments can also be equipped with
active x-y-z distance feedback control loops, which enable one to perform
lithography, vertical positioning of the tip (e.g. for single molecule force spec-
troscopy), etc.

Whereas scanned probe techniques are being continuously developed,
some applications have reached a relative maturity. At the beginning of AFM
in the eighties emphasis in AFM-related research was put on surface top-
ology imaging of structures from the 100 micrometer to the nanometer size
domains. Distinct advantages of AFM, e.g., its capability to deliver “true”
3-D surface topology information, have been described in ample detail in
the literature. A great deal of excitement was caused by nanometer-scale
studies making use of the AFM’s ability to visualize molecular packing in
regular structures from a true nanometer scale perspective. Corresponding
research was soon followed by work aiming at surface property studies on
the nanoscale (tribology, adhesion by surface force measurements using AFM
cantilevers as nanoscale force sensors, nanomechanics). With developments
in imaging speed and stability, and with inventions enabling environmental
control (temperature, imaging media, including gases and solvents) studies
of processes (physical and chemical) and nanofabrication approaches are also
gathering momentum (Fig. 1).

The chemical functionalization of AFM tips allows one, in principle, to
map functional groups at surfaces, to pick up and deliver single molecule re-
actants, and to study force responses of (macro)molecules under mechanical
tension, or exited by external fields (e.g. light). Various tip functionalization
approaches have been described in the literature. By now, some of these can
be considered as robust enough for being routinely used in research lab-
oratory environments to study interaction forces between (functionalized)
tips and sample surfaces in a simple manner. AFM tips with simple func-
tional groups attached (e.g. in the form of a self-assembled monolayer of
the functional molecules) can even be commercially purchased. The surface
forces measured by AFM, of course, always include contributions by London
dispersion forces. However, when functional groups are attached to tip sur-
faces, e.g., by AFM tip modifications, these can interact with surface groups
via system-specific forces (H-bonding and other hydrophilic interactions, hy-
drophobic forces, acid/base type interactions, etc.) in addition to London
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forces. The tip force-distance curve characteristics measured reflect the sum
of all of the specific and non-specific contributions.

As a result of the high lateral resolution of AFM when sharp probes and
appropriate imaging conditions are used, in theory, lateral mapping of sur-
face chemical groups can be performed with near nanometer (several tens of
nm) resolution. This mapping involves measurements of the local variation of
interaction forces either in the surface normal or in the surface tangential di-
rection. Surface normal forces and forces at which AFM tips get disengaged
in the surface normal direction give information about adherence,! while
surface tangential forces are related to tribological properties (static and dy-
namic friction). By measuring local variations of normal and lateral forces, in
ideal situations (for ideally smooth surfaces and without surface (visco)elastic
deformation under the load of the AFM tip) one would image the lateral dis-

! We use here “adherence” to describe the practical work of adhesion to emphasize differences be-
tween its value and the magnitude of thermodynamic adhesion. The latter, if expressed in work of
adhesion, corresponds to the reversible free energy change per unit surface area when two contact-
ing surfaces are moved apart from contact to infinite distance of separation. Thus, adherence also
includes the energy dissipated during separation of the contacting surfaces from each other.
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tribution of chemical groups at the sample surface, hence the related method
has been named “Chemical Force Microscopy” (CFM).? This nomenclature
has been introduced by one of the first groups of authors [17] describ-
ing mapping of functional groups in self-assembled monolayes (SAMs) of
end-functionalized alkanethiols. These authors mapped the spatial arrange-
ment of different functional end groups exposed at the surface of the SAMs
using chemically specific contrast between the tip and the SAM surface (see
Sect. 5.1).

In this review we shall focus on “true” imaging with chemical sensitiv-
ity, with the main focus of using forms of AFM, which utilize and control
chemically specific contrast between tip and sample, e.g., by controlled mod-
ification of the tip surface. AFM as a near-field technique has a limited field
of depth, which can be significant (several tens of nanometers) only if soft,
rubbery or viscoelastic polymers are studied. Hence, for smooth surfaces (i.e.
without the perturbation of surface topological features and roughness) the
interactions between tip and sample are dominated by the surface chemistry
and surface mechanical properties. Thus, questions that one can raise regard-
ing surface chemical composition include the lateral distribution of surface
chemistry, the stability (e.g. for charged surfaces in electrolytes) of various
types of functional groups in various environments, interactions with con-
trolled functional groups at the tip surface, etc. CFM allows one to image
chemical functional group distributions with a resolution, in principle, down
to the 10-20 nm scale. However, chemical imaging is by no means routine,
and one should carefully evaluate experimental strategies and data for lat-
eral mapping of chemical groups. To this end, it is very essential to consider
CFM as a complementary technique to the other surface imaging approaches,
including spectroscopies (infrared - IR -, and Raman), secondary ion mass
spectrometry (SIMS), X-ray photoelectron spectroscopy (XPS or ESCA), etc.
Hence, these imaging techniques will also be reviewed in this article, albeit
shortly, and differences and complementary approaches with CFM will be
emphasized and discussed whenever appropriate.

Emphasis is laid in this review naturally on polymer specific problems. It
is not our purpose to give a full encyclopedic account of the literature up
to date. We shall rather focus on typical selected applications and introduce
briefly the underlying physical and chemical concepts. We try to sketch the
power and the limitations of CFM at the current state-of-the-art of the tech-
nological developments of CFM. The choice of the examples discussed reflects
our preferences and scientific taste, but omissions may have also occurred
by accident. We regret if we left out (by accident or by choice) articles from

% Chemical force microscopy (CEM) will be used as a synonym for “AFM using defined surface
chemistry, for instance self-assembled monolayer functionalization, on AFM probe tips in order to
measure differences in surface chemical composition” (using friction or adhesion differences re-
lated to interactions between functional groups or atoms exposed on both tip and sample surface
as contrast) throughout this review article.
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the literature which the corresponding authors would miss and we offer our
apologies to those who consider these omissions as negligence on our part.
We cannot provide justice to everyone.

1.2
The Case and Need of Surface Treatment of Polymers

In applications, such as coatings, adhesives and biomaterials, the surface
properties, as well as good bulk mechanical properties, of polymers are
equally important for their success. Since polymers often do not possess
the required surface properties, various treatment techniques have been de-
veloped to modify their chemical or physical characteristics. Introducing
functional groups, or modifying the surface morphology, for increased adhe-
sion or decreased hydrophobicity are classical examples for these treatments.
A limiting factor for biomaterials is, for example, non-specific protein interac-
tions, often leading to undesirable responses from the host. These undesirable
reactions are driven by surface-protein interactions. One method to enhance
biocompatibility is by chemical modification of the surface by grafting biolog-
ically active molecules, such as peptides, proteins or polysaccharides. These
surface modifications can be achieved by different techniques making use
of either physical adsorption or covalent binding. Functional groups can be
grafted by various techniques, such as plasma modification, gamma radiation
grafting, photochemical reactions as well as exposure to oxidizing agents in
solution.

With the recent development of various advanced surface characteriza-
tion techniques, our understanding of polymer surfaces has been significantly
improved, as well as our ability to control and even to tailor surface charac-
teristics for specific applications down to sub-micrometer dimensions. Tech-
niques for controlling the lateral distribution of functional groups on surfaces
have a wide range of potential applications such as in biosensors, cell guid-
ance, molecular electronics, wetting, membranes, etc. Regarding a general
reference on polymer surfaces, the reader is referred to the book of Garbassi
et al. [18]. Complementary microspectroscopic imaging is dealt with in the
monograph of Koenig [19].

1.3
Homogeneous vs. Heterogeneous Distributions
of Functional Groups at Surfaces

In thermodynamics of polymers (solutions, mixtures, etc.) radial pair dis-
tribution functions are of central importance as they contain information
about the global character of intermolecular interactions and describe the
structure on the atomic (segmental) ensemble level. Pair distribution func-
tions and spatial distribution in heterogeneous (e.g. two component) systems
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can also be statistically described and averages, such as preferential solvation
and clustering, can be quantitatively derived. Once the pair distribution func-
tions are known, average measurable thermodynamic quantities (derivatives
of the corresponding thermodynamic potentials) can be calculated. Scatter-
ing experiments, as well as other thermodynamic measurements, such as
“inverse” gas chromatography, can be used to derive statistical structure
(and property) characteristics (see e.g. [20-23]). In principle, for heteroge-
neous surfaces similar surface-specific formalisms can be introduced. It has
been recognized that surface chemical heterogeneities for multicomponent
systems have a profound influence on surface-related phenomena, such as ad-
sorption [24]. For a statistical description of surfaces, particle distribution
functions should be specified to describe (average) values and distributions
of surface-sensitive properties down to the characteristic observation depths
from the (geometrical) surface into the bulk. Once the distribution func-
tion and the averaging processes (characteristic moments over the particle
distribution functions) for the given property that depend on the spatial het-
erogeneity are known, the appropriate ensemble mean values (measurable) of
the property in question can be derived. Although for the bulk such statistical
treatments are standard, there is surprisingly very little described in the lit-
erature regarding statistical treatments of surface-related atomistic structures
and properties (and related distributions). One important example is related
to thermodynamic adsorption on heterogeneous surfaces, or interfaces. For
heterogeneous surfaces [heterogeneous materials, surface treated (polymer)
particles] adsorption sites can have different (free) energies and correspond-
ingly a site energy distribution can be defined (and measured). For example,
energy site distributions at the surface of xerographic toner particles (with
heterogeneous average compositions) were characterized with success {21].

For heterogeneous surfaces in multicomponent systems it is surprising
that virtually no quantitative description is usually given with respect to
exact lateral distributions of surface (functional) groups down to quantity-
dependent characteristic depths. One usually characterizes heterogeneous
surfaces by number average concentrations of atoms or molecular fragments
(XPS, SIMS) or patch sizes and shapes for surface phase-separated struc-
tures. For a quantitative description of surface structure and properties such
distributions must eventually be introduced. However, there are only few ex-
perimental techniques, which give (in real space) adequate information about
the atomic (or segmental) distribution of different species. Surface scattering
(in Fourier space) could be used, but this falls beyond the scope of this re-
view as we focus here on non-average local imaging of spatial heterogeneities
of functional groups (in real space) and not on ensemble averaging. In the
following sections it will become clear that a tremendous experimental and
theoretical effort is needed until rigorous surface structure distributions for
heterogeneous surfaces (and ultimately a first-principles based treatment of
surfaces) can be given with atomistic details.
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Polymer surfaces are often expected to show spatially heterogeneous dis-
tributions of functional groups as a result of, e.g., widely-applied surface
treatment procedures and surface chemical reactions. The analysis of the spa-
tially heterogeneous chemistry and the direct relation of this heterogeneous
surface chemistry with related properties have been only recently addressed
in detail. This lack of knowledge that we have just begun to overcome has
been in part caused by the unavailability of suitable characterization tools
that allow one to map the respective distributions on the sub 100 nm length
scale.

The knowledge of the spatially heterogeneous distributions of functional
groups is of widespread importance in polymer science and of striking rel-
evance in the biochemical field. It is well known that, for instance, cell
adhesion depends critically on the spacing of (poly)peptide sequences on
functionalized substrates. For example, the effect of surface coverage of RGD
protein sequences, which was at that time only indirectly related to lateral
spacings, has been investigated in detail [25]. A minimum spacing of 440 nm
was concluded to be necessary for spreading of cells, while focal point for-
mation required minimal spacings of 140 nm. In an extension of this type
of work, the direct control of spacing between adhesion islands was shown
by Chen et al. to control cell growth or cell death [26]. More recently, the
nanoscale clustering of RGD was unraveled [27], which clearly proves and
exemplifies the importance of micro- and nanoscale analysis of the distri-
bution of chemical functional groups at surfaces. Many of these and related
biological and biochemical processes rely on biopolymers, such as proteins
and peptides, in so far they can be considered part of polymer science. In
addition, the interaction of man-made polymers and biological species is
of crucial importance in for instance drug discovery and tissue engineer-
ing [28,29], and hence the understanding of the underlying processes down
to the molecular scale clearly requires advanced local chemically sensitive
analysis and imaging methodologies, as discussed in this review.

In addition to the obvious impact of nanometer scale distributions of
recognition units in controlling cell adhesion, the lateral heterogeneity of
functional groups at polymer surfaces plays a centrally important role in
many surface-related properties and processes, for example in the well-
known phenomenon of wetting of surfaces. In most instances a liquid placed
on a solid does not wet the surface, but remains as a drop having a defi-
nite angle of contact between the liquid and the solid phase. The idealized
situation for a homogeneous, flat surface is illustrated in Fig. 2.

The contact angle 8 is geometrically defined as the angle formed by the in-
tersection of the two planes tangent to the liquid and solid interfaces at the
perimeter of the contact between the two phases and the third surrounding
phase, which is typically air or vapor. The change in surface free energy, AG,
accompanying a small displacement of the liquid such that the change in area
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i f Liquid ﬁﬁ

Fig.2 Contact angle between a liquid placed on a solid surface and the surface; y is the
interfacial energy (or interfacial tension), and LV, SV, and SL in the subscripts refer to
liquid-vapor, solid-vapor, and solid-liquid interfaces, respectively

of solid covered is AA, can be written as
AG = AA (ysL - ysv) + AAyiy cos(f - AB) (1)

where y is the interfacial energy (or interfacial tension), and LV, SV, and SL
refer to liquid-vapor, solid-vapor, and solid-liquid interfaces, respectively.
At equilibrium
. AG
lim — =
AA—0 AA

and Eq. 1 becomes:

0

¥YSV = ¥sL = Vv cos ¢ @)
In combination with the definition of thermodynamic work of adhesion:

WSLV = ¥sv + VIV - ¥sL (3)

we can write Eq. 2 as

wsty = yv(l + cos6) (4)

Equation 2 was stated in quantitative form by Young in 1855 [30]; the equiva-
lent (Eq. 4) was stated in algebraic form by Dupré in 1869 [31], along with the
definition of work of adhesion.

By contrast, real surfaces can be rough and/or heterogeneous in compo-
sition [24]. In the following we will briefly discuss as an illustrative example
how the wettability and the contact angles measured will depend on the sur-
face composition. For instance, the surface can be composed by domains of
different composition. The effect of a patchy structure on the Young equa-
tion was described by Cassie, who proposed the following equation (Cassie
equation) for a two component, heterogeneous surface [32]:

cos = fj cos b + fo cos 6, (5)

where f, and f, are the fraction of the surface having inherent contact an-
gles 61 and 6,. Equation 5 constitutes a simple arithmetic mean, weighted
by the respective surface fractions of the components. The Cassie treatment
of heterogeneous surfaces was reviewed by Israelachvili and Gee [33], who
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modified Eq. 5 in order to account for heterogeneities close to atomic and
molecular dimensions:

(1 +cos6)? =i (1+cos 01)2 +f3 (1 + cos 92)2 (6)

Equation 6 replaces Eq. 5 whenever the sizes of the chemically heterogeneous
patches approach molecular or atomic dimensions. In the latter treatment,
polarizabilities, dipole moments and surface charges are averaged, owing to
the very low dimension of heterogeneity, instead of cohesion energies as
in the Cassie equation. Experiments on mixed monolayers of alkanethiols
showed that the Cassie equation fits the variation of angle with surface frac-
tion better than the Israelachvili-Gee equation [34], while for other systems
the deviations were to within the experimental error [35]. While these treat-
ments describe the effect of chemical composition on equilibrium contact an-
gles, it is obvious that other techniques, in particular the imaging techniques
discussed in this review, may provide differently weighted information.

Apart from wettability and the related spreading of liquids, chemically
heterogeneous surface composition has a profound impact on adhesion and
its respective failure mechanisms and defects [24]. Further relevant areas
comprise release surfaces, corrosion, lubrication, as well as chemical surface
functionalization in coatings, sensors and biomedical applications (stealth
surfaces) [18]. These important phenomena together with related applica-
tions in miniaturized devices, where the tolerances for defects and lateral
heterogeneities are rapidly decreasing, are in the focus of the microscopic
techniques reviewed in this article.

An emerging area of applicability is the field of sub-micron and nanopat-
terning, where there is a clear need to analyze the chemical composition
of patterns at the relevant length scales. Many of these applications are
again ultimately located at the interface between polymer surface science
and life science. For example, protein patterning of polymer surfaces via
e-beam lithography [36], bioactive molecular patterning in the fabrication
of biosensors [37] and high-throughput combinatorial chemistry analyti-
cal techniques [38], as well as light-directed, spatially addressable, stepwise
chemical synthesis of bioactive biopeptides are target areas [39]. Other exam-
ples include applications in microfluidic devices for localized drug applica-
tions to cell cultures [40] and DNA analysis [41], and investigations on neuron
networks [42, 43]. For fundamental understanding of these interface-related
processes, knowledge on a sub-micrometer level is required.

In addition to the mentioned widespread phenomena related to poly-
mer surface chemical composition, applications outside the life sciences are
located e.g. in the area of semiconducting polymers [44], e.g. for the fab-
rication of polymeric light emitting diodes. For this particular topic, the
efficiency of polymeric light emitting diodes has been shown to be depen-
dent of the nucleation processes (referred to as nanometer-sized clusters) in
conjugated polymer films. These phenomena can be successfully studied on



Chemical Composition of Polymer Surfaces by Atomic Force Microscopy 65

a sub-micrometer scale by a combination of Near-Field Scanning Optical Mi-
croscopy and AFM [45].

2
How can Polymer Surfaces be Modified?

The purpose of this chapter is to focus on controlled surface modifications of
polymers, with emphasis on the advances achieved during the past decade or
s0. The commonly used techniques generally mentioned include corona dis-
charge, plasma, UV, laser, and electron beam treatments. Lateral patterning
techniques utilizing soft lithography, which is the collective name for a num-
ber of techniques where a patterned elastomer is used as mold, stamp or mask
to generate or transfer patterns with sub-micrometer resolution, will not be
covered in this chapter, since several comprehensive reviews focused on these
techniques have been recently published [46, 47].

2.1
Plasma Treatment

The term “plasma” denotes a partially ionized gas containing a mixture of
positive and negative charge carriers and neutral components. The overall
charge of the plasma is neutral. Plasmas used for surface modification of
polymers are generally not in a thermal equilibrium, but are generated by
an external electric field applied over the gas mixture. This means that the
gas temperature is usually hardly above room temperature even though the
temperature of the electrons is much higher (10000-100000 K) and is only
maintained as long as the external electric field exists. The reason for the low
gas temperature is that the electrons make up only a very small part of all
particles present and that the energies of positive ions and neutral species
are only negligibly increased by the electric current within the plasma. By
exposing a polymer surface to a plasma, it is exposed to this complex mix-
ture of reactive species such as ions, electrons, as well as to UV radiation.
Generally, the effects can be classified as follows [48]: (1) Surface reactions
between gas-phase species and surface species introduce functional groups
and crosslinks at the surface, (2) plasma polymerization, which involves the
formation of a thin film via polymerization of an volatile organic monomer,
and (3) etching, where materials are removed from the polymer surface by
physical etching forming volatile by-products. There exists a large body of lit-
erature on surface modification of synthetic polymers by plasma treatments
or plasma polymerization [49-55]. The advantage of the plasma processes is
that the modification is limited to the top surface layer and does not affect the
bulk properties of the polymer.
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By using different types or mixtures of gases in the plasma, different sur-
face functionalities can be obtained. Oxygen containing plasmas are the most
frequently used treatments and these very effectively increase the surface
energy of polymers by introduction of oxygen-containing species, such as
hydroxyl, carbonyl, carboxyl and ether groups. Plasma treatments in noble
gases, such as argon or helium, also result in a significant increase of oxygen
containing groups. This is probably due to the exposure of the freshly treated,
reactive surfaces to atmospheric oxygen after treatment or originates from
trapped oxygen on the reactor walls [50] or oxygen dissolved within the poly-
mer. Nitrogen containing plasmas can be used to introduce functionalities,
such as amino groups. Fluorine containing plasmas are used to increase the
hydrophobicity of polymer surfaces by the introduction of fluorine. Differ-
ent functional groups can also be obtained by plasma polymerization using
different monomers. For example, poly(ethyleneterephthalate) was function-
alized in a glow discharge plasma by: — OH (using allyl alcohol), — NH;
(using allyl amine), — CF; (using perfluorohexene) and siloxyl groups (using
hexadimethylsilane) [56].

Reports on the lateral distribution of the induced functional groups on
polymer surfaces by plasma treatments have only been published recently.
For example, using AFM with chemically functionalized tips, the lateral dis-
tribution of functional groups in plasma-polymerized allylamine films was
investigated [57]. These measurements indicated the presence of a hetero-
geneous local environment of the amino groups formed, where patches ex-
hibiting differences in hydrophobicity on a sub-50 nm scale were detected.
In another study it has been shown that surface treatments of isotactic
polypropylene with fluorine-containing gases resulted in an inhomogeneous
distribution of the hydrophobicity on length scales below 50 nm [58].

Plasma-induced chemical micropatterning for cell growth is a new field of
plasma surface modification of polymers. The advantages are the flexibility
concerning type and density of introduced functional groups and the possi-
bility to modify the morphology of the surface [59]. Moreover, the technique
provides sterile surfaces and can be scaled to high outputs. Disadvantages are
the low pressure and the UV-component which may cause denaturation and
generation of multiple surface functionalities [59]. Another recent applica-
tion of the plasma technique is mass production of disposable microfluidic
devices by plasma etching (using an oxygen plasma) {60]. In most of these ap-
plications aiming at a lateral homogeneity of the introduced functionalities is
obvious as is the need to develop suitable high resolution analysis methods.

2.2
UV-Radiation and UV-Laser Ablation

UV-radiation, generally in the range between 250-400nm, can be used
for lateral surface modification of polymer surfaces. The radiation causes
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photon-activated fragmentation, or crosslinking, of the surface, where UV-
sensitizers can be added to enhance the photon yield of the process. The
characteristic penetration depth of the UV usually does not exceed a few
hundred nanometers [61]. The technique can be used with lateral control of
the functionalized groups using different atmospheres [62]. Polymer surfaces
were irradiated by UV in different reactive gas atmospheres, where BrCN in-
troduced nitrile functionalities, NyHy introduced amino functionalities and
SO, + O, introduced a mixture of thioureas and derivatives of sulfonic acids.
Projection techniques allowed patterned modification of the surfaces to be
made. Another application is improved micro-wear resistance of polymer sur-
faces [63]. Conducting patterns in 1-4-polybutadiene, doped by iodine, were
made by UV-photolithography [64]. Conducting polymers are of interest for
many potential applications in polymer batteries, integrated circuits, field-
effect transistors, optical memory storage devices and electrochromic dis-
plays [65]. The microlithographic formation of conducting patterns is a key
prerequisite for most of these applications [64].

UV lasers are photon sources characterized by energy and spatial coher-
ence, whose energies can be in the watt range. The energies can be delivered
in pulses and the narrow wavelength spread can be tuned to the maximum
absorption of a polymer, making the treatments an energy-efficient process
for patterning the surface. The photoablation process involves absorption of
short-duration laser pulses, which excites and fragments the polymer chains.
The resulting shock wave ejects the decomposed fragments (C;, CO,, CO)
leaving behind a photoablated cavity [66]. Thus the method can be used as
a dry etching technique. Special polymers, based on cinnamylidenemalonic
acid ester groups, have been tailored for higher sensitivity to the laser ab-
lation [67]. They exhibited high sensitivity, stability to wet etching (acids),
high quality film formation properties and high resolution ablation struc-
tures. Prototyping can be performed using UV-laser ablation because of the
flexibility of the direct writing [60]. A pulsed UV-excimer laser was used
for photoablation of polymer surfaces, making fluid-handling microchannels
with high aspect ratios for the fabrication of microdiagnostic devices [66,
68]. Bilayers of UV-absorbing and optically transparent polymer films were
irradiated by UV-laser pulses. The UV-absorbing polymer was selectively
photolyzed, and covalently crosslinked onto the transparent film. Fine sur-
face patterns of the formed crosslinked film-layers were obtained by pulsed
irradiation through a projection mask [69]. By using this method two di-
mensional patterns consisting of hydrophilic domains (* 150 um x 150 wm)
of crosslinked poly(N,N-dimethylacrylamide) on hydrophobic polyethylene
were created.
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23
Electron/lon Beam Treatment

Polymer surfaces can also be laterally modified using electron beam lithog-
raphy. A focused beam of high-energy electrons is used to pattern a layer of
electron-sensitive polymers, mostly poly(methyl methacrylate) [70]. By this
process line widths < 5nm have been achieved [71]. Using e-beam lithog-
raphy, high resolution patterning of protein features on (poly(tert-butyl-
methacrylate-co-methyl-methacrylate) with a resolution of 125 nm has been
obtained [36]. Ion beams also contain high energy species, but these only
affect the surface regions due to their higher mass. Ion beams are used in
high-resolution patterning of polymeric surfaces, such as patterning of pro-
tein features on (poly(tert-butyl-methacrylate-co-methyl-methacrylate) [36].
Enhancement of interfacial adhesion between polypropylene and polyamide
by functionalization of the polypropylene surface by low-energy ion beam ir-
radiation has also been performed [72]. The modification depth was < 70 nm.
Lithography with neutral metastable atoms has several advantages compared
to electron and ion beams: thanks to the short wavelength (< 0.01 nm) the
neutral beam can be focused to a spot that is limited by the size of one atom
and the effects of diffraction will be very small even for lithography through
masks with 10 nm scale features [73]. By exposing self-assembled monolayers
(SAMs) on gold substrates to metastable argon atoms, the SAMs were sensi-
tized to etching by an aqueous ferricyanide solution, which etched patterns
into the gold.

24
Surface Grafting

Polymer surface grafting offers versatile means for surface modification. The
advantages of the grafting technique are the easy and controllable introduc-
tion of new polymer chains with a high surface density and precise local-
ization at the surface, while keeping the bulk properties unchanged [74].
If the surface to be modified possesses reactive groups, modification can
be conducted by a chemical coupling reaction. If no functional groups are
present they can be created by irradiation of the surface, generating radi-
cals as surface sites for graft polymerization. Graft polymerization is usually
achieved by the formation of highly reactive radical-generating species, such
as trapped polymer radicals or peroxide groups, via y-irradiation [75], UV
irradiation [76-79], plasma, glow discharges or ozone treatments [53], fol-
lowed by a subsequent radical polymerization at elevated temperatures in
solution. By using tethered diblock copolymers (PS-b-PMMA), whose blocks
can self-assemble, ordered arrays or patterns on the surface can be fabri-
cated [80]. These nano patterns can be controlled by the degree of graft-
ing, molecular weight of the blocks, volume fraction of diblock copolymer
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and the Flory-Huggins interaction parameter [80,81]. For example, well-
defined poly(tert-butyl acrylate) brushes were prepared by a surface-initiated
polymerization on silicon wafers [82]. The brushes were then patterned
using photolithographic techniques yielding novel patterned polymer sur-
faces exhibiting well-defined hydrophobic and hydrophilic domains. Features
as small as 1 um could be reproducibly obtained [82]. Patterned polymer
brushes of poly(caprolactone) were prepared from micro-contact printed
gold surfaces. The key feature of this approach was to use the surface-initiated
polymerization to chemically amplify the patterned SAM into a patterned
macromolecular film. The benefit of this approach was the formation of pat-
terned polymeric thin films without the need for photolithographic tools.
This method is also tolerant to initial imperfections within the original
monolayer structure [82].

Surface block-graft-copolymerization, based on the photochemistry of
N, N-diethyldithiocarbamate has been applied to precisely design biocompat-
ible and functional surfaces (patterns of immobilized heparin or proteins),
as well as block-grafted surfaces on polystyrene [83]. Polystyrene surfaces
have also been patterned by immobilization of poly(N-isopropylacrylamide)
by photolithography, and subsequently used for regiospecific cell attach-
ment [84]. Surface modification of polydimethylsiloxane microfluidic devices
by UV induced polymer grafting improved the stability of the electroosmotic
mobility and improved electrophoretic resolution of peptides [85].

2.5
Surface Patterns Originating from Physical Instabilities

Another class of methods for achieving patterning of polymer surfaces on
a length scale of micrometers or less relies on a physical instability with an
intrinsic length scale. Examples of such processes, which will not be fur-
ther discussed in this review, include dewetting [86, 87], buckling produced
by stresses arising from dispersion forces [88,89] or residual mechanical
stress [65]. Further approaches exploit the amplification of capillary waves by
various means [90, 91].

3
Surface Tension and Surface Tension Models

In this section a brief introduction to the concept of surface tension and
surface tension models for the determination of surface tension of solids
is given. The surface tension (y) is the tangential stress (mNm™) in the
surface layer and is a direct measure of the intermolecular forces at the
surface [92]. A number of empirical and semi empirical methods, based
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on contact angle measurements, have been developed for determining sur-
face tension of solids. Among these are the critical surface tension [93-95],
the Good-Girifalco equation [96,97], the equation of state by Wu [98, 99],
Fowkes theory [100] and its extensions [101, 102], and Lewis acid/base inter-
actions [103]. Controversies and discussions concerning the validity of these
methods can be found in literature and have been reviewed by a number of
authors [98, 104, 105].

3.1
Single Surface Tension Theories

The fundamental equation for the measurement of solid surface tension by
using contact angle measurements is the Young’s equation:

¥sv = ¥sL = YLy cos 6 (7)

where ysy, ys. and yry are the interfacial tensions between solid/vapor,
solid/liquid and liquid/vapor respectively, and 6 is the equilibrium contact
angle. The ysy may be considerably less than the surface tension of the solid
in vacuum (ys), as a result of absorption of vapor on the surface. The amount
of reduction in the surface tension of the solid caused by this absorption is
referred to as the equilibrium spreading pressure m:

e = ¥Ys — VsV (8)

A stable equilibrium is obtained if the surface is ideally smooth, uniform and
non-deformable. If the surface is rough or heterogeneous, the system may re-
side in one of many metastable states, and the measured angle is a metastable
contact angle. In this instance, the contact angle is not only dependent of
surface tension, but also on the surface roughness and the drop volume [98].

The concept of critical surface tension was proposed by Fox and Zis-
man [93-95]. An empirical, linear relation was found when plotting between
the cosine of the advancing angle and the surface tension of a series of ho-
mologous liquids (referred to as a Zisman plot). The critical surface tension
(yc) equals the surface tension of the liquid, when it is extrapolated to a zero
contact angle on the solid:

=1l =y5 - + 9
ve = lm yiy = s (vsL + 7e) )

Since both the interfacial tension and spreading pressure will vary with the
testing liquid, values of the critical surface tensions must be used with great
caution [92,98]. Non-linear relations are often observed if specific interac-
tions (such as hydrogen bonding) between liquid and surface are present [94].
Moreover, it may not be sufficient to measure only the advancing angle,
thereby losing information from the contact angle hysteresis [104].
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Good et al. formulated a theory of interfacial tension between two phases
using the geometric mean of the surface tension of each phase and suggested
a general equation, known as the Good-Girifalco equation [96,97]. When
substituted into the Young’s equation, neglecting the spreading pressure, this
leads to [105]:

vsv = yv(1 + cos 0)?/4d? (10)

where @ is an interaction parameter, characteristic of the molecular prop-
erties of a given system. The interaction parameter can be determined from
a liquid homologue of the solid, or from molecular constants [98]. Based on
the critical surface tension and the Good-Girifalco theory, Wu proposed an
equation of state, which gives accurate values of surface tension [98,99]. The
contact angle of a series of testing liquids with known surface tension (y1v) is
used to obtain a number of critical surface tensions (yc,¢).

1
Ve,o = Dys - e = e +cos6)*y1y (11)

The yc ¢ is plotted against yry to obtain a curve (the equation of state plot)
whose maximum value (@ ~ 1) corresponds to the surface tension of the solid
(¥s). The maximum value is attained by matching the polarities of the testing
liquids and the surface.

3.2
Theories Based on Multi-Component Surface Tension Models

These theories are based on the assumption that the surface tension can be
considered as a sum of a number of independent components, each represent-
ing a particular intermolecular force [92]:

y=yd+yp+yh+yi+yab+... (12)

where y4,yP, 2, 1, and y?® are the contributions from London dispersion
forces, polar forces, hydrogen-bonding forces, induction (Debye) forces and
acid-base forces, respectively. Fowkes made the assumption that the surface
tension was based on the sum of the hydrogen bonding and dispersive forces
and derived an expression for the surface tension of a liquid on a solid in
which only dispersion forces were common to both phases [100]:

ysL = ¥s + 11 - 24/ v&pd (13)

This theory was then further complemented with polar contributions to
the surface tension, for example by inserting the geometrical mean of po-
lar components [101, 102] or by use of the reciprocals of the dispersive and
polar surface tension components [106,107]. Assuming that the geometri-
cal mean could describe both polar and dispersion interactions Owens and
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Wendt [102] proposed the following equation:

YSL = Vsv + Vv - 2\/ YTy - 2\/ VivViy (14)

By inserting ysr, into the Young’s equation the two unknown solid surface ten-
sion components can be obtained via the measurement of the equilibrium
contact angles of two liquids of known surface tension components, for ex-
ample by using water and diiodomethane [102]:

Vit Jrt
1+cosf=2\/yd | +— | +2/p | +—= (15)
Yiv Yiv

Van Oss et al. [103, 108, 109] combined y94, yP and y! into a single compon-
ent, which they called the apolar or Lifshitz-van der Waals component (™).
The hydrogen bond (") and acid-base (y*®) components were described by
electron acceptor-electron donor (Lewis acid/base) interactions of the polar
component (y{*B). The electron acceptor-electron donor parameters of the
surface tension of a compound i are expressed as y; (acidic term) and y; (ba-
sic term) according to: yAB = /yFyr [108,109]. The total surface tension is
then obtained by the addition of the apolar and polar components. By com-
bining this approach with the Young-Dupré equation the following equation
is obtained [108]:

ylot =W L AB — (1 4 cosB)y =2 (\/VSLW)/LLW + \/VerVL_ + \/VS_VI:L)

(16)

Thus by contact angle measurements using three different liquids (L), of
which two must be polar, with known yfw, y{ , and y; values, the ySLW, Ys
and yg of any solid (S) can, in principle, be determined. The value of y,
must be known or determined independently [108]. The apolar component
of the surface tension of solids (y&V) can be determined by contact angle
measurements using strictly apolar liquids for which y, = 1", These sur-
face tension components can be related to experimentally determined pull-off
forces between chemically modified AFM tips and an oxyfluorinated isotac-
tic polypropylene surface in CFM approaches [110]. It was observed that the
pull-off force measured with carboxylic acid tips in ethanol depended linearly
on the basic term of the surface tension (y;) on the modified polymer surface.

33
Contact Angle Hysteresis

The most commonly used method for the determination of surface tension
of polymers is the sessile drop technique. A droplet of a purified liquid is
placed on a surface using a syringe. The angle formed by adding liquid to the
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droplet, causing it to advance over the surface is termed the advancing contact
angle. The angle formed by removing liquid from the droplet, causing it to
recede over the surface, is termed the receding contact angle. The difference
between the advancing and the receding contact angles is referred to as the
contact angle hysteresis. Its value depends on the surface roughness and the
surface heterogeneity [98]. Generally, the influence of the surface roughness
on contact angle hysteresis is insignificant if the asperities are < 0.5 um or
if heterogeneous phases present with characteristic dimensions in the range
of <0.15pm [98]. Cosines of equilibrium contact angles (cos8) of liquids
on heterogeneous surfaces with well-defined surface regions obey the Cassie
equation which predicts a linear dependence on the surface composition, as
mentioned previously (Eq. 5) [32].

Agreement with the Cassie equation has been obtained for contact
angle measurements on surfaces micropatterned using — CHz and —~ COOH
groups [111]. Johnson and Dettre performed a theoretical analysis of a two-
region surface consisting of circular, low (6; =120°) and high (6, = 0°)
surface energy regions, ranging between 100 to 25 pum in diameter [112]. They
found that the advancing angles were associated with the low-surface-energy
regions, whereas the receding angles were associated with the high-surface-
energy regions. Furthermore, the contact angle hysteresis was found to
increase with decreasing diameter of the phases. They concluded that both
the advancing and receding angles must be measured to obtain reliable data
describing surface heterogeneities [112]. Other phenomena that may cause
a contact angle hysteresis on polymer surfaces include the dynamic nature
of the polymer network (reorientation of functional groups) [53,104] or
swelling and liquid penetration by the probing liquid [18]. Critical measure-
ments of the contact angle hysteresis and its time dependence offer a valuable
help to understand the nature of polymer surfaces, especially in combination
with other surface sensitive techniques [104].

4
Techniques to Measure Ensemble Average Distributions

4.1
Surface Forces

The chemical nature of surfaces determines most of their characteristics such
as surface tension and adhesion. In the previous Section we discussed the ba-
sic definitions and experimental techniques for studies of surface tension in
polymer systems. We have seen that the outmost atomic layers with a charac-
teristic action radius determine the magnitude of the various components of
the different types of interactions, which contribute to the excess free energy
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of surfaces. A typical atom in the bulk is surrounded by its neighbors and
experiences forces in all directions due to interatomic (chemically specific)
interactions. The resulting interatomic force fluctuates in equilibrium (with-
out additional external forces) around a zero value. In contrast, if atoms {or
other specii) are at the geometrical surface of the body under consideration,
they are only interacting by the atoms below or beside them (disregarding
the gas and vapor molecules present above the surface). The net resulting
force is pointing towards the interior and its value depends on pair- and mul-
tiatomic forces within an action radius. Whereas the first neighbors make the
strongest contributions, there are non-zero force contributions also from the
second, third, etc. coordination spheres below the particular surface atom be-
ing considered. These make an effective contribution to surface forces (hence
to surface tension) up to a characteristic distance of a few atomic (molecular)
layers. Thus macroscopic surface tension techniques result in values averaged
over a characteristic action radius with a typical value in the range of up to
a few nanometers. In addition, for multicomponent systems (with different
atoms and molecules) all the different pairs of the mixed type interactions
contribute to macroscopic surface tension. Hence these techniques average
over chemical composition, as well as the characteristic action radius of the
corresponding surface forces.

Differences in surface tension (surface free energy) and in adhesion for dif-
ferent substances are a result of different interatomic (intermolecular) forces.
These (surface) forces are also responsible for the work required when two
contacting bodies are separated from contact to infinite distance. Although
the physical origin of all relevant intermolecular forces from a physical chem-
istry point of view stems from electromagnetic interactions, it is customary
to group these in categories based on characteristic phenomena which dom-
inate the essential physical behavior. Thus one speaks of ionic (monopole),
dipole-dipole, ion-dipole interactions, induced dipolar forces, van der Waals
(London dispersive) interactions, hydrophobic and hydrophilic, solvation,
structural, and hydration forces, steric and fluctuation forces, etc. The reader
finds an in-depth description and review of all these interactions in the book
of Israelachvili [113]. Disregarding London dispersive forces, in cases when
forces between a pair of complementary specii depend on the choice and
the nature of these, one speaks of specific (molecule-specific) interactions.
For example, strong dipole-dipole interactions occur when a hydrogen atom
bonded to an electronegative atom in a given molecule interacts with the lone
electron pair of a nearby electronegative atom, bonded in another molecule.
The complementarity here is obvious such as in ligand-receptor (key-lock),
or antibody-antigen type interactions for entirely specific pairs that bind
together in biological molecules (e.g. for biotin and avidin, with an interac-
tion energy of 35KT which is one of the highest known for ligand-receptor
systems) [113]. It should be mentioned that for H-bonded and some other
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ligand-receptor pairs the term specificity does not always mean exclusivity for
the choice of a given pair (no obvious need for a geometrical fit).

For polymer surface properties controlled by the chemical composition,
thermodynamic (equilibrium), non-equilibrium, and technical terms and
definitions play an important role. These are not always used in a consistent
way, hence a short recapitulation seems appropriate. The thermodynamic
work of adhesion (W,) is defined as the reversible work (the free energy
change) required to separate two phases with unit area of contact, from con-
tact to infinity. The corresponding work of adhesion (and cohesion for similar
bodies) can be easily expressed with surface tension values. In general, for
surfaces of two intimately contacting solids (“1”and “2”, respectively) each
with a unit area, are separated in a medium (“3”), a work Wi3; is required
which can be expressed as:

Wisy = Wio + Wiz - Wiz - Wy (17)

This equation is easy to understand as one new 1-3 and one new 2-3 unit sur-
face areas are created at the expense of breaking up the unit area 1-2 contact
and expanding the fluid by two unit areas to cover both sides of the originally
contacting bodies. This expression is valid for processes that occur through
quasi-equilibrium steps, i.e. when energy dissipation (e.g. due to surface or
interface molecular relaxation and other processes) is negligible. This is, how-
ever, often not the case, i.e. net rearrangements of surface-proximity atoms,
groups of atoms or molecules accompany approach or withdrawal. In add-
ition, stored elastic energy (due to molecular stress fields) will also relax an