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3 Polymer surface characterization
by near-edge X-ray absorption fine
structure spectroscopy

3.1 Introduction
3.1.1 Scope of chapter

There are many challenges to understanding polymer surfaces and how a specific sur-
face interacts with its surroundings. Such information may be of fundamental interest
— why are some polymer surfaces more hydrophilic than others? In many cases the prop-
erties of a polymer surface are critical for a specific application — how can the surface
of a polymer be made biocompatible and thus suitable for medical applications? X-ray
absorption spectroscopy, and in particular, the near-edge X-ray absorption fine struc-
ture (NEXAFS) signal, has much to offer for analyzing polymers and polymer surfaces.
In addition to identifying elemental composition, NEXAFS can identify the molecular
repeat unit structure, the spatial orientation of functional groups at the surface, the
presence and lateral spatial distribution of adsorbates; and how those properties
might change under the influence of changes to the physical (T, P) or chemical
(e.g., solvent) environment of the surface. This chapter provides an introduction
to the principles and instrumentation of NEXAFS, with emphasis on its applica-
tion to surface-sensitive studies of polymers. NEXAFS microscopy is described. Appli-
cations are presented in the areas of organic electronics and biomaterials.

3.1.2 Why NEXAFS?

Tunable monochromatic X-rays are required for NEXAFS spectroscopy. The vast major-
ity of NEXAFS measurements are performed using synchrotron light sources [1], which
are large, accelerator-based sources of broad-band electromagnetic radiation (micro-
wave to gamma ray). These facilities have significant barriers to use due to long
delays to access, need to travel, remote location, etc. Given the inconvenience rel-
ative to home-lab based instrumentation, it is very reasonable to ask, “why use
NEXAFS?” The short answer is that NEXAFS provides information that is either
unique (e.g., polymer orientation at surfaces), or better obtained by NEXAFS than by
competing methods. The longer answer can be obtained by reading this chapter.
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3.1.3 History

NEXAFS is a type of electronic spectroscopy based on the excitation of an inner-shell
electron to an energy level or band which is partially of completely unoccupied in the
initial state of the sample (typically the ground electronic state). The earliest soft X-ray
inner-shell spectroscopy to my knowledge was recorded photographically on a number
of solids and gases by Hanawalt in 1931 [2]. Hard X-ray (>5 keV) absorption spectros-
copy was developed shortly after the discovery of X-rays by Roentgen [3]. However, it
was only many years later, after development of improved vacuum, electronics, and
optics that systematic studies of soft X-ray absorption spectroscopy began, first using
electron energy loss, then monochromated X-rays produced by a synchrotron radiation
source. The modern era of inner-shell spectroscopy dates to the mid-1970s when the
group of Chris Brion at the University of British Columbia carried out systematic studies
of the inner-shell electron energy loss spectra (ISEELS) of many small molecules in the
gas phase [4]. Small molecule spectra are of great use in interpreting the NEXAFS spec-
tra of polymers since the ISEEL spectrum of a molecule that is structurally similar to
the repeat unit of a polymer is often very close to that of the NEXAFS spectrum of the
polymer. My group has continued gas-phase molecular inner-shell spectroscopy stud-
ies over the past 40 years. The results have been reported in many papers. A bibliogra-
phy of atomic and molecular inner-shell spectra and downloadable experimental
ISEELS data for over 400 molecules are available at http://unicorn.mcmaster.ca/corex/
cedb-title.html.

Synchrotron-based X-ray absorption spectroscopy in the soft X-ray region, which
includes the C 1s, N 1s, and O 1s inner-shell spectra that are most relevant to polymer
science, also started in the late 1970s [5] but really only emerged as an effective tech-
nique with the development of high-resolution monochromators such as the “Dragon”-
type spherical grating monochromator [6]. The transition from fundamental studies of
atoms and small molecules to studies of solids, surfaces, organic adsorbates on surfa-
ces, and bulk polymers occurred during the late 1970s and early 1980s. That history,
along with an excellent exposition of the principles and early applications of NEXAFS,
is provided by Joachim Stohr’s excellent book, NEXAFS Spectroscopy [7], which, despite
being published in 1992, still remains the best monograph dedicated to NEXAFS spec-
troscopy. An area of application that really brought attention to the power of NEXAFS
was studies by the Stéhr group and others of the structure and orientation of small
molecules on single-crystal metal surfaces [8]. During the 1980s the first studies of bulk
polymers, and then of polymer surfaces were carried out [9-11]. In 1992, Ade et al. re-
ported the first NEXAFS imaging study of a heterogeneous polymer system using scan-
ning transmission x-ray microscopy (STXM) [12].

In addition to Stohr’ book [7], there are a number of excellent reviews of NEXAFS,
including ones by Hahner [13] focusing on thin organic films and liquids; DeLong-
champ et al. [14] dealing with NEXAFS of molecules and polymers for organic elec-
tronics; and Watts et al. [15] providing an excellent summary of physical principles
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and experimental methods. Other review articles dealing with applications of NEX-
AFS to polymers and polymer surfaces include those by Unger et al. [16] comparing
NEXAFS and X-ray photoelectron spectroscopy (XPS) as applied to polymer surfaces;
Ade and Urquhart [17] outlining the C 1s spectroscopy and microscopy of natural and
synthetic polymers; Ade and Hitchcock [18] focusing on NEXAFS microscopy and res-
onant X-ray scattering of polymers; Son et al. [19] comparing the capabilities of NEX-
AFS to other spectroscopic techniques for characterizing polymer nanocomposite
materials. Fingerprint methods are frequently used in interpreting NEXAFS spectra
and thus databases of the NEXAFS spectra of molecules (analogs of polymer repeat
units) and polymers are very useful. Dhez et al. [20] reported the spectra of 24 com-
mon polymers, organized by functional groups. These spectra can be accessed at
https://www.physics.ncsu.edu/stxm/polymerspectro/. Urquhart et al. [21-24] re-
ported the NEXAFS spectra of a number of polyurethanes, polyureas, and polyethers.
The review articles by Hahner [13] and Smith et al. [25] contain spectra of many poly-
mers. Graf et al. [26] reported NEXAFS of aliphatic and aromatic amine-terminated
polymers in their study of functionalized surfaces. Watts et al. [27] reported calibrated
NEXAFS spectra of common conjugated polymers used in organic electronics. Fi-
nally, the database of elemental X-ray absorption cross-sections (50 eV to 30 keV),
originally published by Henke et al. [28], is an important resource for fundamental
properties of X-ray interactions with matter across the whole periodic table. This in-
formation is continuously updated and available at the website of the Centre for X-ray
Optics (https://henke.lbl.gov/optical_constants/).

3.2 Principles of NEXAFS
3.2.1 Physical processes

When a photon is absorbed by a sample, the photon disappears and its energy is
taken up by the internal states of the sample, which, in the X-ray energy regime, in-
volves promotion of an inner-shell (core) electron to an unoccupied level of the target
(see Fig. 3.1). Energy is conserved so the absorption will only occur when the energy
of the X-ray photon matches the difference in energy of the inner-shell excited state
and the ground state. The upper state can be symbolized by (IS”, U') where IS is the
inner-shell level, U is the unoccupied level and the superscripts indicate that, relative
to the ground state, there is one less electron in an IS orbital (e.g., C 1s, the most
important inner-shell level in the context of NEXAFS of organic polymers) and there
is one more electron in one of the unoccupied orbitals of the ground state (e.g., * in
a closed shell, unsaturated organic molecule) or partly occupied (e.g., 3d in an open-
shell transition metal species). The high-energy excited state created by an X-ray ab-
sorption event is very short lived (femtosecond or shorter lifetime) because it rapidly
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decays by either X-ray fluorescence radiation or by a non-radiative Auger electron
decay (Fig. 3.1). In the radiative X-ray fluorescence process, an electron in one of the
occupied, less tightly bound inner-shell or valence (V) orbitals fills the inner-shell
hole and emits an X-ray at the same time to conserve energy. In non-radiative Auger
decay, two electrons in less tightly bound orbitals are involved, with one filling the
inner-shell hole and the other being ejected from the sample. In the soft X-ray region
(<1000 eV), the probability of X-ray fluorescence is very low (<1%) and the Auger pro-
cess dominates. NEXAFS spectra can be acquired in many different modes, which al-
lows adjustment of the spatial sensitivity and other aspects of the method. Thus, if
transmission or X-ray fluorescence (FY) detection is used, the spectra reflect the proper-
ties of the bulk of the material because X-rays penetrate far into matter (50-1000 nm in
the 50 eV to 1 keV range). Various signals involving emitted electrons — drain current
(total electron yield, TEY), photoelectron yield (PE-EY), Auger electron yield (AEY), or
secondary electron yield (SEY) with a defined energy bandwidth (PEY) — provide vari-
able extents of sensitivity to the sample surface, with the sampling depth dependent
on which type of electrons detected. Other channels, such as partial or total ion yield
can provide even higher surface sensitivity, while others, such as luminescence or ther-
mal detection, can enhance bulk sensitivity. Lateral sensitivity (NEXAFS microscopy)
[29] can be achieved by use of a focused X-ray beam (STXM or scanning photoelectron
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Fig. 3.1: Schematic of the photoabsorption and subsequent relaxation processes involved in
near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. A monochromatic X-ray photon
is absorbed by the system in a resonant process that excites an electron from an inner-shell (IS)
level to an unoccupied (U) level. This creates a highly excited state which rapidly relaxes by an
electron in a less tightly bound occupied valence (V) or IS level filling the IS hole, simultaneously
ejecting an Auger electron or emitting an X-ray fluorescent photon (adapted from fig. 1 of [15], used
with permission).
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microscopy, SPEM) or by imaging the spatial distribution of transmitted photons
(transmission X-ray microscopy, TXM) or ejected electrons (X-ray photoemission elec-
tron microscopy, XPEEM). More details on NEXAFS microscopy are provided at the end
of this chapter.

3.2.2 Theory

X-ray absorption and X-ray fluorescence processes are governed by electric dipole se-
lection rules, which in the simplest form, strictly applicable only to atoms, requires a
unit change in the orbital angular momentum quantum number, €:

A=€+1 (3.1)

In the context of NEXAFS of polymers, where the C 1s, N 1s, and O 1s edges are most
commonly measured, the strongest inner-shell excitations are those which involve
promotion of 1s electrons to unoccupied orbitals with a large 2p component on the
same atom where the inner-shell excitation took place. The intensity of an X-ray ab-
sorption process involving the transition from an initial, [i>, to a final state, |f>is gov-
erned by the transition dipole moment (TDM):

TDM = < fle.r|i> (3.2)

Since the TDM contains a spatial overlap component and inner-shell (core) orbitals
are very compact and centered about a single atom, NEXAFS transitions are spa-
tially localized at the atom whose inner-shell electron is excited. This is true even in
the case of species where there are symmetry equivalent atoms, such as ethane,
since creating the inner-shell hole breaks the symmetry [30]. Thus, a simplistic but
often effective way of estimating 1s excitation intensities is the contribution of 2p
atomic orbitals on the inner-shell excited atom to the upper molecular orbital of the
transition (i.e. the square of the coefficient for the 2p atomic orbital on the core ex-
cited atom to the final molecular orbital). This approach has been used to approxi-
mate inner-shell excitation spectra from simple, semi-empirical molecular orbital
calculations [31, 32]. More correctly, the inner-shell spectrum can be predicted by
quantum chemical calculations in which the energies and wavefunctions of the ini-
tial ground state and the final inner-shell excited states are calculated, and used to
compute the transition dipole matrix element (eq. (3.2)). Ideally, such calculations
should take into account all relevant interactions including relaxation of all energy
levels in the presence of the core hole, electron correlation, and the interaction of
isolated molecules with their local environment (e.g., an underlying substrate in
the context of surface adsorbed species). It is only in recent years that the computa-
tional power and sophistication of quantum chemical calculations, particularly den-
sity functional theory (DFT) codes, have developed to the level where calculations
can accurately predict inner-shell spectra of modestly complex systems [33-35]. The
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GSCF3 method [36], an intermediate level of quantum calculation which includes a
localized core hole but not electron correlation, has had much success at reproducing
energies and intensities of discrete core excitations below the inner-shell ionization
limit in many molecular systems [21-24, 37, 38].

3.3 Techniques
3.3.1 Experimental aspects

To date almost all NEXAFS spectra of organic molecules and polymers have been
measured using synchrotron radiation. Lab-based spectrometers exist [39] but only
recently have they begun to approach the performance of synchrotron systems [40].
Lab systems have not yet had much impact on polymer surface science so they will
not be discussed further. Figure 3.2a is a cartoon of a soft X-ray (50-3000 eV) syn-
chrotron radiation beamline that is used for NEXAFS. The X-ray source may be a
bend magnet (BM) or (increasingly) an undulator [41]. BM, which guides the elec-
tron beam around the storage ring, provides a continuum of X-rays with strong lin-
ear polarization in the horizontal plane. Undulators (Fig. 3.2b), a type of insertion
device [41], consist of a periodic array of magnets above and below a straight sec-
tion of the storage ring. These magnet arrays are mounted on moveable rails, which
allow tuning the undulator emission. The undulating magnetic field modifies the
electron trajectory, and converts the intrinsically broad BM spectrum into a series
of narrow, intense peaks of radiation (Fig. 3.2c) [42, 43]. By displacing the magnets
vertically (closing or opening the gap), the photon energy is changed. If one of the
magnet arrays is shifted along the straight relative to the other array, the relative
phasing of the magnets is changed which modifies the direction of linear polariza-
tion. If the top and bottom arrays are split so there are four magnet arrays, motion
of three of these arrays relative to the fourth allows the user to fully control the po-
larization of the X-rays: fully circular; fully linear with the electric vector positioned
over an angular range of +180°; and, arbitrary elliptical polarization[42]. Such ellipti-
cally polarizing undulators (EPU) provide the largest flexibility and are particularly
useful in NEXAFS microscopy [44]. Mirrors are used to focus and redirect X-rays. A
grazing incidence diffraction grating is used to disperse the polychromatic X-rays in
space. The exit slit selects a specific energy of monochromatic light. By precisely ro-
tating the diffraction grating, a range of photon energies can be scanned while col-
lecting one or more signals sensitive to the X-ray absorption. All parts of the system
are in ultra-high (<10™° mbar) vacuum.

A typical synchrotron beamline used for NEXAFS is the soft X-ray beam line and
Brookhaven National Laboratory, operated by scientists from the National Institute
for Science and Technology (NIST). Originally this was on the UV ring of NSLS-1 [11],



3 Polymer surface characterization by NEXAFS —— 95

Sample
Focusing S
Exit Mirror
Focusing Entrance Slit
@ Mirror Slit
— — MFqu

- . onitor
A
Synchrotron Monochromator Mesh

diation Diffraction

Source Grating
permanent light

@ magnet '\ bulse

t N

trajectory =) |—=1?

A
@ 1020
Undulator
Bend magnet
1018
x
=)
[T —
5 —1 | [~ wiggler
S
o 10 [——
1014 } } K ) ) j

Photon energy (keV)

Fig. 3.2: (a) Schematic of a soft X-ray (50-3000 eV) synchrotron radiation beamline. Mirrors are
used to focus and redirect X-rays. A grazing incidence diffraction grating is used to spatially
disperse the polychromatic X-rays. An exit slit selects a specific energy of monochromatic light. All
parts of the system are in ultra-high vacuum (<10 mbar). (b) Cartoon of an undulator. A periodic
array of strong, permanent magnets imposes a sinusoidal motion (wavelength A,) of the electron beam
in a straight section of the storage ring. The light emitted at each of the N turns in the trajectory
reinforces each other in a laser-like fashion, producing a 2N-fold increase in flux and 1/N reduction in
the angular spread of the X-ray beam. (c) Multi-harmonic undulator spectrum compared to that of a
wiggler and a bend magnet source. (adapted from [43], used with permission).
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but it has recently been replaced with a higher performance system, BL 7-ID-1 at the
fourth generation source, NSLS-II [45]. Typically synchrotron beamlines are used for
a variety of experiments, such as X-ray photoemission (XPS) which has been de-
scribed in Chapter 2, resonant inelastic X-ray scattering (RIXS), etc., and the portion
of beamtime used for polymer studies is limited. In an earlier era, users might even
bring their own experimental chamber to synchrotron facilities. These days it is over-
whelming the case that the facility builds, commissions, maintains, and evolves the
capabilities of both the source (storage ring and beamline) and the experimental end
stations. The users (a government, industrial, or academic scientist, often accompa-
nied by postdoctoral fellows and graduate students) are responsible for defining the
scientific goals, fabricating samples, bringing them to the beamline, verifying their
integrity (e.g., off-line surface conditioning and characterization), operating the sys-
tem (under supervision of the beamline scientist), analyzing the results and prepar-
ing publications. Access to synchrotron facilities is administered through a peer
review process which involves proposal submission, review by experts in the field,
scoring and beamtime allocation based on those scores. At competitive beamlines,
success rates for proposals can be less than 25%, in some cases less than 10% for
NEXAFS microscopes. Typically there is a 4 month interval between proposal submis-
sion and the period when beam might be allocated. Many facilities provide access for
up to 2 years (four 6-month periods) on the same proposal, although some require
submission of a new proposal for each 6-month period.

3.3.2 Detection schemes

Figure 3.3a summarizes the most common NEXAFS detection schemes. In general the
incident flux intensity will vary with photon energy, and with time, for light sources
that operate in decay mode. Increasingly, the light sources are operated in top-up
mode, in which the storage ring current is kept constant by frequent small refill proce-
dures. In order to get correct NEXAFS spectra it is necessary to measure the incident
intensity (I,), ideally with the same detector (which is realistically only possible in
transmission geometry) or one with a similar spectral response in the energy regime
measured [15]. For transmission detection the transmitted intensity (I) and I, are input
to the Beer—-Lambert law (see eq. (3.3)) to obtain a valid NEXAFS spectrum. For all
yield measurements (TEY, PEY, AEY, FY) the yield signal is divided by the I, signal.

3.3.2.1 Transmission
When transmission detection is used, the incident (I,) and transmitted (I) signals

are measured, and the NEXAFS spectrum is obtained in the absorbance or optical
density (OD) form using the Beer—Lambert law:
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Fig. 3.3: (a) Signals are used to detect NEXAFS. Transmission or X-ray fluorescence if the sample is
very thin; various types of energy-resolved electron yield (secondary, photoelectron, Auger); and
total electron yield via sample current. (b) Schematic of X-ray—sample interactions. Soft X-ray
photons penetrate far into samples — from several hundred nanometers up to a few microns,
depending on the X-ray energy and the material. X-ray fluorescence (XRF) photons have a similar
range, such that XRF detection will give the NEXAFS of the bulk (B) of the sample. Photoelectrons or
Auger electrons can only escape from the near surface (NS), <2 nm into the sample, and thus are
best for detecting absorbates (A). Secondary electrons, usually 5-50 eV kinetic energy, generated
by inelastic scattering of photoelectrons or Auger electrons, can escape from zone E, up to 10 nm
into the surface, depending on photon energy. (b) Universal inelastic mean free path for electron
scattering. (c) Dependence of the inelastic mean free path in solids (distance an electron can travel
before an inelastic collision) on the electron kinetic energy. (d) Sketch of a typical kinetic energy
spectrum of electrons ejected from an X-ray irradiated sample.
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OD= -¢n (%) =opt (3.3)

where ¢ is the photon energy dependent cross-section, p is the sample density, and ¢
is the thickness. In order to use transmitted X-rays to measure a NEXAFS spectrum,
the sample must have an appropriate thickness, which is optimally that which gives
an OD of 1 at the most intense absorption peak. If the sample is too thick, such that
the peak OD is above 3, the resulting absorption saturation can greatly distort the
shape of NEXAFS spectra. Absorption saturation occurs in thick samples due to con-
tributions from electronic and other sources of backgrounds, and higher order spec-
tral contributions when most of the incident photons are absorbed by the sample
[46]. If the sample is too thin, such that the peak OD is less than ~0.1, it is difficult to
obtain good statistics.

3.3.2.2 Electron yield methods

In general electron detection methods provide much higher surface sensitivity than
photon detection methods (transmission, fluorescence yield). The simplest way to
measure the total electron yield is to electrically isolate the sample and measure the
drain current between the sample and electrical ground. The drain current is di-
rectly related to the number of electrons ejected when the incident X-ray beam hits
the sample. The ejected electron current is the sum of electrons from the primary
photoionization and Auger decay processes, along with secondary electrons generated
indirectly from ionizing inelastic scattering events as the photo-electron and Auger
electron travel to the surface (see Fig. 3.3b). The X-ray photon penetration depth
(roughly 1 pm per keV) is much larger than the electron escape depth (1-10 nm).
The sampling depth (region of the sample contributing to an electron yield NEX-
AFS spectrum) depends on the kinetic energy of the electrons detected and their in-
elastic mean free path (Fig. 3.3c) [47, 48]. The primary photoelectron and Auger
signals, which have well-defined electron kinetic energies, can only be detected if
their kinetic energy is unchanged and thus only come from very near to the surface.
The secondary electron signal, especially the low kinetic energy electrons (<20 eV),
will come from a much larger range of depths, including several tens of nanometers.
In order to measure the primary electrons with well-defined kinetic energy, an electron
energy analyzer and a high, or ultrahigh vacuum system are required. TEY and PEY
methods can be done in a low vacuum (<10~ mbar) using retarding grids and a suit-
able electron detector such as a photodiode, a channeltron, or a channelplate, com-
bined with appropriate electronics. For all types of electron yield detection, sample
charging in the case of insulating samples can be an issue. In such cases, a very thin
coating of a conducting material (e.g., Pt) can be used, although that may compromise
the polymer surface chemistry of interest. Charging is worst for the primary electrons
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since PE-EY and AEY detection modes require stable, well-defined kinetic energies.
PEY and SEY are relatively tolerant to some charging, while transmission and XRF
modes are immune to sample charging.

3.3.2.3 Photon yield methods

X-ray absorption can be measured by detecting X-ray fluorescence photons, as ei-
ther a total fluorescence yield or partial fluorescence yield (PFY). While FY is very
important for studies of the bulk of solids, especially at higher X-ray energies where
the fluorescence yield is high, it is rarely used for surface studies in the soft X-ray
regime, in part due to the very low fluorescence yield from core edges below
1000 eV. Situations where FY detection has been used to advantage is in the study
of organic polymers that are part of another material that did not contain carbon,
with the polymers either as a thin coating on the surface, or as a thin layer that is
buried at a depth less then the escape depth of the C Ka X-ray fluorescence photon
(260 eV), about 300 nm [13, 49]. Simultaneous acquisition of the polarization depen-
dent electron yield (TEY or SEY) and FY spectra are often used to compare properties
of the surface and bulk of a polymeric material, in terms of both composition and
molecular orientation [50, 51]. If the fluorescence X-rays are detected with an energy
resolving detector such as a silicon drift detector, further options become available,
including selective detection of minority elements in a polymer (e.g., S in thiophene-
containing organic photovoltaic materials [52]) and use of inverse PFY which re-
duces the distortions from absorption saturation of fluorescent X-rays by too thick
material [53]. In general, although the C Ka fluorescence yield is very low (<0.1% of
the decay of C 1s core holes), the ever increasing brightness and stability of modern
synchrotron light sources tends to compensate for the low fluorescence yield, al-
though radiation damage can be a limiting factor on high flux beamlines, and es-
pecially in NEXAFS microscopy where the focused X-ray beam can deliver a very
large radiation dose [29, 48].

3.3.3 Surface-sensitive detection

If the element of interest is localized at the surface and the underlying material does
not contain that element, then any NEXAFS detection method may suffice since
inner-shell edges are widely spaced. However, in order to be sensitive to the very sur-
face — defined as one monolayer — a detection method that has a very shallow escape
depth is needed, especially if the goal is to differentiate the structure/composition of
the very surface from underlying layers which have the same or a similar composi-
tion. Among the methods described above, PE-EY and AEY are the most surface sen-
sitive. It is also possible to enhance surface sensitivity by using ions ejected from the



100 —— Adam P. Hitchcock

surface as the detection channel, either as a total ion current (TIY), or with mass
spectrometric detection of individual mass-resolved ions (PIY) [54]. However the ion
signal is weak, due to recapture of ions at the surface. Also, since soft X-rays pene-
trate hundreds of nanometers into the sample, energetic electrons (photoelectrons,
Auger, secondary) can ionize atoms in the near-surface region, thereby mixing and
often overwhelming the surface-specific signal with a spectral signature characteris-
tic of regions much deeper into the sample [55]. Another way to enhance surface sen-
sitivity is to tilt the sample and use a grazing incidence X-ray beam. This will reduce
the penetration depth of the photons, and increase the contribution from X-ray absorp-
tion in the surface region. However, given that a 300 eV photon penetrates on the
order of 500 nm, an angle of ~1° (~0.1°) is needed to reduce the penetration to ~10 (1)
nm. If the width of the X-ray beam is 100 um (a typical beam size for spectroscopy
synchrotron beamlines) the lateral spread of the beam on the surface will be 5 mm at
1° incidence and 50 mm at 0.1° incidence.

3.4 Interpreting NEXAFS spectra
3.4.1 Common features of a NEXAFS spectrum

The energy of an inner-shell spectral feature will depend on the energies of both the
core level and the ground state unoccupied level to which the electron is excited. The
core-level energies, which are essentially those detected in X-ray photoelectron spec-
troscopy (XPS) (see Chapter 2) are determined by the local environment, with the
main factor being the electronegativity of the atoms directly attached to the atom
where the core excitation takes place. Thus the C 1s level in aliphatic polymers (only
C-C and C-H single bonds) are ~ 285 eV. When carbon is bound to electronegative
atoms the C 1s core-level binding energy (BE) shifts to lower energy. Thus the C 1s BE
of C-O carbons is ~ 286 eV, that of C =0 carbons is ~ 289 eV, that of C-F is ~ 289 eV,
that of CF, is ~292 eV and that of CF; is ~ 294 eV [56]. The unoccupied levels of the
ground state, which are the upper level of the transition, are quite sensitive to the
chemical environment and thus the fine details of a NEXAFS spectrum reflect the mo-
lecular structure. Typically the strongest NEXAFS features are those involving excita-
tions to compact valence-type levels which have large 2p density on the core excited
atom. For organic polymers these are m* levels for unsaturated species, and o* levels
for both unsaturated and saturated species. The 1s - m* transitions tend to be sharp
and at lower energy; they are usually the spectral features used for qualitative identi-
fication (see Fig. 3.4). The 1s - o* transitions occur at somewhat higher energy. For
o* features associated with bonds between second row atoms (B — F), there is a corre-
lation between term values (difference in energy of the 1s > ¢* transition and the 1s
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binding energy) and bond lengths [57], which can be used for spectral assignment
and compound identification.

Detailed assignment and understanding of all the details of the spectrum of a
specific molecule or polymer requires accurate quantum mechanical calculations of
the electronic states of the molecule (see Section 3.2.1). However in many cases the
spectra can be adequately understood by comparison to small molecules with a
structure similar to that of a polymer — for example, ethane as a model for polyeth-
ylene. In general additivity principles apply — for example the C 1s spectrum of phe-
nylalanine is quite accurately simulated by the sum of the C 1s spectra of benzene
and alanine [58]. In addition, when there are characteristic functional groups, such
as pendant phenyl groups, nitrile or carbonyl groups, these tend to have transitions
at similar energies in all molecules. Finally, by recording the NEXAFS spectra of ref-
erence materials, fingerprinting identification methods can be used.

3.4.2 Polymer NEXAFS - fingerprinting and functional group
identification

Figure 3.4 presents a montage of C 1s NEXAFS spectra of a range of polymers. While
a detailed analysis of each spectrum can and has been done for most of these spec-
tra, the main message of this figure is to show that the C 1s spectra of even chemi-
cally closely related polymers — e.g., polystyrene (PS) and brominated polystyrene
(PBrS) — are readily differentiated. This means that NEXAFS can be used in a finger-
print fashion by comparing the spectrum of an unknown polymer to a data base of
polymer spectra (e.g., https://www.physics.ncsu.edu/stxm/polymerspectro/). While
NEXAFS of closely related species can be differentiated, there are many similarities
for polymers containing the same functional groups. For instance, all polymers con-
taining a phenyl group have a sharp intense C 1s - m* peak around 285 eV, ester
groups have a prominent C 1s - n*c_g peak at 285.4-285.6 eV, etc. Figure 3.5 summa-
rizes the energy ranges where different functional groups are typically found. Within
the class of carbonyl species (aldehydes, ketones, amides, esters, ureas, urethanes,
carbonates, etc.), the sensitivity of NEXAFS to the type of carbonyl species rivals that
of infrared spectroscopy [59].

3.4.3 Linear dichroism - theory

This is one of the most important and widely used properties in synchrotron-based
NEXAFS studies of polymer surfaces. In the following, the X-rays are assumed to be
100% linearly polarized, as can achieved with undulators [43]. Bend magnet beam-
lines typically have only 85% linearly polarized light [7, 11]. That reduced degree of
polarization must be taken into account in quantitative analyses of angle-dependent
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Fig. 3.4: C 1s NEXAFS spectra of 21 different polymers showing the capability of NEXAFS for
identification and chemical analysis of polymers (composite of data reported in references [20-25]).

NEXAFS studies. The intensity of a NEXAFS transition is related to the square of the
electric dipole transition matrix element (TDM, eq. (3.2)). The angular distribution of
the intensity of each transition is governed by the symmetry properties of the TDM
and its orientation relative to the electric vector (E) of the incident X-rays [7, 60]:

Ia|E.(f|u|i)|’a cos? 8 (3.4)

where 6 is the angle between the electric vector (E) and the direction of the TDM.
The following treatment is restricted to excitations of electrons from 1s orbitals,
since C 1s, N 1s, and O 1s are the most important edges for organic polymers. For
a 1s initial orbital and a directional final orbital, O, the matrix element |E. <f |y |
1s >* points in the direction of the final orbital O and the transition intensity
becomes

I a |E{flui)}* a |E.O] acos’f (3.5)

In general, 1s excitations have the highest intensity when the 2p component of the
unoccupied orbital to which the 1s electron is excited is aligned along the electric
vector of the linearly polarized X-rays. Thus, for a monolayer of benzene that is ad-
sorbed on a Ag(110) surface, where the plane of the molecule is parallel to the sur-
face, the intensity of the C 1s > m* transitions are greatest when measured with
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and organic components of soils (blue [104, 105] and red [106]).

grazing incidence X-rays (where the E-vector is nearly perpendicular to the surface)
and weakest when measured with normal incidence X-rays (where the E-vector is
parallel to the surface) [61, 62] (see Fig. 3.6). In contrast C 1s - o* transitions are
strongest at normal incidence (where the E-vector is in the plane of the benzene
ring, as are the o* orbitals), and weakest at grazing incidence [61, 62]. While this
example illustrates the concept of using NEXAFS linear dichroism to qualitatively
determine molecular orientation at a surface, the real power of NEXAFS linear di-
chroism comes from a quantitative analysis of how the intensity of a specific NEX-
AFS transition varies with systematic changes in the angle between the E-vector and
the sample [63]. Both polar and azimuthal tilting can be used. A detailed geometric
approach describing 1s excitation to specific unoccupied orbital shapes (linear, vec-
tor, and planar) and involving four separate angles was developed by Stéhr [7]. A
symmetry analysis [63-65] is conceptually simpler, and also treats the most general
cases, including excitation from p, d, and f inner-shell levels.
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Fig. 3.6: (a) Schematic of inner-shell excitations to the unoccupied n* and o* energy levels that
dominate the NEXAFS spectra of benzene. (b) Polarization dependence of the C 1s NEXAFS
spectrum of a monolayer of benzene on a Ag(110) surface where the molecule adsorbs with the
molecular plane parallel to the surface [62]. C 1s > m* excitations are most intense when the
electric vector of the X-rays (?) is perpendicular to the plane of the ring. C 1s > o* excitations
are most intense when E lies in the plane of the ring (used with permission, private
communication).

3.4.4 Linear dichroism — examples

Figure 3.7 shows an example of a linear dichroism study of the C 1s NEXAFS of a
thin film of polytetrafluoroethylene (PTFE) on a silicon wafer, aligned parallel to
the surface by gently rubbing a piece of PTFE across the Si surface which had been
heated to 1500C [66]. These PEY NEXAFS spectra were recorded using X-rays at nor-
mal incidence (E parallel to the surface) and at grazing (20°) incidence (E almost
perpendicular to the surface). The C 1s > 0*¢_¢ transition at 286 eV is most intense
in the normal incidence spectrum, which is consistent with the —(CF,-CF,)- chains
lying parallel to the surface. The C 1s - o*¢_r transitions at 292 and 299 eV are most
intense at glancing incidence but have some intensity at normal incidence. Detailed
analysis of the polarization dependence, assisted by calculations, showed these po-
larization-dependent NEXAFS spectra were consistent with a 13/6 helical conforma-
tion (6 turns in 13 repeat units), and not consistent with other helical structures or a
zigzag conformation known to exist at high pressure [66].
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Fig. 3.7: (a) C 1s NEXAFS of an oriented thin film of polytetrafluoroethylene (PTFE) on a Au-coated
Si wafer, recorded with the X-rays at normal incidence (? parallel to the surface) and grazing (20°)
incidence (? almost perpendicular to the surface [59]. The C 1s - o*c.c transition (286 eV) is most
intense in the normal incidence spectrum which is consistent with the —(CF,—CF,)- chains lying
parallel to the surface in the indicated 13/6 helical conformation. The C 1s - o*¢f transitions

(292 and 299 eV) are most intense at glancing incidence but have intensity at normal incidence.
Detailed analysis of the polarization dependence, assisted by calculations, showed the NEXAFS
data was consistent with a 13/6 helical conformation (13 advances for 6 turns of the helix), and not
consistent with tighter (7/6) or looser (19/6) coiled configurations, or with a zigzag conformation
known to exist at high pressure (adapted with permission from fig. 1 of [66]. Copyright 2002,
American Chemical Society).

Figure 3.8 presents results of a NEXAFS polarization study of an annealed
50 nm thick pentacene thin film which is a material used in organic thin film tran-
sistors (OTFT) [11, 14]. The results display a very systematic variation of the intensi-
ties of the NEXAFS features with the angle between the E-vector and the sample.
Notably, the low lying C 1s - m* spectral features at 284.2 and 285.8 eV increase in
intensity when the orientation of the X-ray beam relative to the surface approaches
normal incidence while the o* features at 294.9 and 301 eV increase in intensity
when the incident X-ray direction approaches glancing incidence. Thus, the m* orbi-
tals are preferentially oriented in the substrate plane, and the pentacene molecules
are oriented edge-on in the thin film. The n* variation indicates only the orientation
of the conjugated plane. It cannot be used to determine the orientation of the long
axis of the pentacene (see insert to Fig. 3.8b). For that, the dichroism of the o*
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Fig. 3.8: Pentacene C 1s NEXAFS dichroism. (a) C 1s spectra of a free-standing 50 nm thick
pentacene film, that was highly oriented by deposition on a Si wafer followed by annealing [11]. (b)
Plot of the integrated C 1s > m* intensity (282-286.5 eV) versus sin® 8, where @ is the angle
between the surface and the X-ray beam. The inset figure indicates the orientational vectors of the
in-plane o* and out-of-plane m* orbitals which are the terminus of the C 1s excitations (adapted

from [11], used with permission).
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resonances is used. The o* intensity is most intense near glancing incidence, where
the electric field vector is normal to the substrate plane. Thus, the long axis of the
o* ellipse is preferentially normal to the substrate, and the long axis of pentacene is
normal to the substrate. The edge-on orientation deducted from the * dichroism is
consistent with the standing up orientation deduced from the o* dichroism. The
exact orientation of the pentacene molecule in this particular film was quantified
by integrating the n* intensity from 283 eV to 286.5 eV. Figure 3.8b plots that inten-
sity versus sin? 6. A detailed analysis [11] quantified the extent of edge-on ordering
in this sample by deriving a dichroic ratio, R given by

1(90°) —1(0°)

R=Toor)+1(0°)

(3.6)
with the 0° and 90° values obtained by extrapolation from the intensities at the seven
angles measured. In this approach to quantifying NEXAFS linear dichroism, R = +1 if
the final orbital lies in the plane of the substrate, R = 0 when the final orbital is ori-
ented at the magic angle (6 =54.7°), and R = -1 for an orbital aligned perpendicular to
the substrate [11]. The analysis yielded an R value of 0.59(1) which indicates the penta-
cene molecules are strongly oriented in an edge-on fashion and the distribution of the
molecular orientation is narrow. This was actually a result of significance to the goal of
the study. When pentacene films of this type are used in OTFT, an edge-on orientation
enhances n interactions in the source-drain plane, explaining the excellent high hole
mobility when the pentacene molecules are properly oriented relative to the interface.
In order to further optimize such devices NEXAFS was used to measure pentacene
orientation as a function of film thickness, substrate chemistry, and substrate
temperature. In other studies of pentacene, C 1s NEXAFS microscopy (STXM) has
been used to map in-plane grain orientation based on the C 1s NEXAFS polariza-
tion dependence [67].

3.5 Examples
3.5.1 Pure polymeric materials
3.5.1.1 Fused aromatic rings

In the case of polymers with an aliphatic CH-CH backbone and pendant groups (e.g.,
polystyrene) bonds, there is little electronic interaction between repeat units, and the
spectra are independent of chain length, except for very short oligomers. However,
when there is extensive delocalization across repeat units (as is important in conduct-
ing polymers) the NEXAFS spectra can be strongly dependent on electronic interac-
tions among adjacent units. Figure 3.9a shows how the C 1s - * region (283-287 eV)
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of the NEXAFS spectra of a series of fused phenyl rings evolves as the length of the
fused ring system grows [68]. The delocalization of the m* orbitals across the full
structure (Fig. 3.9b) leads to splittings which push the * bands as low as 283.4 eV
and as high as 286.2 eV, which is a much larger energy range than found for nonin-
teracting phenyl groups. The complex pattern in these spectra, detected with a very
high-resolution spectrometer (E/AE >14,000), is due to a combination of electronic
level spitting and C—H and C-C vibrational excitation accompanying the C 1s excita-
tion. While the details are beyond the scope of this chapter, it is noteworthy that
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Fig. 3.9: Development of m* band structure of fused ring polyacenes [68]. (a) High-resolution C 1s
NEXAFS of benzene, naphthalene, anthracene, tetracene and pentacene in the region of the C 1s >
T* transitions. The fine structure is a combination of electronic and vibrational excitations.

(b) Dominant band 1 and band 2n* molecular orbitals for naphthalene, anthracene, tetracene, and
pentacene, related to the 1m* and 2n* of benzene. (c) Results of high-level density functional
theory (DFT) calculations of these spectra. The vertical lines indicate positions of the n*electronic
transitions (fixed ground state geometry), the dashed curves consider only electronic processes,
while the full curves include consideration of vibrational excitations (adapted with permission from
figs. 1-3 of [68]. Copyright 2018, American Chemical Society).
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many of the spectral features arising from electronic interactions, nuclear motion and
core hole effects were predicted with reasonable accuracy using DFT (Fig. 3.9b, c)
[68]. The major deficiency of the computational aspect of this study, the over predic-
tion of the intensity of the first band (283-285 eV) was attributed to insufficient treat-
ment of the relaxation in the presence of the core hole. The authors speculated that
using other functionals or using independent parameters for short- and long-range
electronic interactions could remedy this deficiency [68].

3.5.1.2 Polysaccharides

Polysaccharides are biopolymers important in many aspects of biology and biotech-
nology. A NEXAFS study of eight different saccharides and polysaccharides [69]
showed that fine details of the C 1s spectra could be used to differentiate each spe-
cies (Fig. 3.10a). Further, with the support of FEFF8 multiple scattering calculations
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Fig. 3.10: C 1s NEXAFS of saccharides and polysaccharides[69]. (a) C 1s spectra of fructose, xylose,
glucose and galactose, curve fit using Athena. Peak 1 is assigned to C 1s(Cy) » 0*c_oy and peak 2
is assigned to C 1s(Cy) > 0% g)c—on transitions. (b) Feff8 simulation of the spectrum of the C; carbon
of glucose, at the correct structure, and with +10 pm and -10 pm shifts of the C;—OH bond length.
(c) Linear correlation between the term value of the C 15(C) > 0*0)c—on transition and the C;—OH
bond lengths (adapted from figs. 1, 4, and 5 of [69], Creative Commons).
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[70] of equilibrium and distorted structures of glucose (Fig. 3.10b), it was shown
that the term value of the C 1s (C;) > 0*(0)c_on transition — the difference in energy
of the ionization potential for the C; carbon and the energy of peak 2 around 292 eV
(Fig. 3.10a) - correlated with the length of the C—OH bond at the hemiacetal/hemi-
ketal position (Fig. 3.10c). This type of bond length — term value correlation, first
reported in 1984 [57], works well for bond lengths in small molecules constructed
from second row atoms. This is one of the most subtle examples of this type of
structure—spectral correlation to my knowledge. The high quality of the spectral
peak fitting using Athena [71, 72] software was critical to this analysis. Athena is an
important processing tool for NEXAFS data.

3.5.2 Surface versus bulk chain orientation

NEXAFS has been used to study the orientation of pendant groups at the surface of
homopolymers. For example, Lenhart et al. [51] showed that there was a net align-
ment of phenyl groups normal to the exposed surface of various types of polysty-
rene, but that there is a wide range of tilt angles, particularly in more bulky
substituted phenyl polystyrenes. A nice example of using NEXAFS to study molecu-
lar orientation of the bulk and surface of a complex polymer has been reported by
Schuettfort et al. [73] These results are summarized in Fig. 3.11. The polymer studied
was poly(N,N-bis-2-octyldodecylnaphthalene-1,4,5,8-bis-dicarboximide-2,6-diyl-alt5,5—
2,2-bithiophene) [p(NDI20D-T2)], a high-mobility conjugated polymer used in organic
field-effect transistors (OFET). It was spun cast from a dilute aqueous solution on to a
Si wafer (which established the chain orientation), and then floated off to form a free
standing ~ 55 nm thin film. High surface-sensitive analysis is critical in this application
since charge transport in the OFET occurs along a ~1 nm thick layer at the semiconduc-
tor/ polymer interface. Figure 3.11a defines the set of angles needed to describe the ori-
entation of the polymer chains at the surface while Fig. 3.11b shows how the Auger
electron yield (AEY), total electron yield (TEY) and transmission C 1s NEXAFS spectra
were measured simultaneously. By comparing the polar angle dependence of the AEY,
TEY and transmission C 1s NEXAFS spectra (Fig. 3.11c), they showed that the surface
layer of the solvent cast p(NDI20D-T2) film had a significantly smaller tilt angle (41°)
than the bulk of the polymer (55°) (Fig. 3.11d). Further they measured the azimuthal
angle dependence of the C 1s spectra of as-cast and melt-annealed p(NDI20D-T2) films
and showed that the polar and azimuthal alignment of the molecular units at the sur-
face was the same in both preparations. In contrast, the molecular orientation in the
bulk differed significantly (see Fig. 3.11e). The NEXAFS results [73] provided a consis-
tent microstructural explanation of bulk and surface charge transport phenomena pre-
viously observed in p(NDI20D-T2) films. In particular, the observation of a distinct
edge-on surface orientation in spin-coated P(NDI20D-T2) accounts for the high-charge
transport mobilities observed in top-gate transistors. As part of this study, the same
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Fig. 3.11: Using angle-resolved NEXAFS to deduce surface versus bulk orientation of P(NDI20D-T2),
an organic field-effect transistor material [73]. (@) Schematic defining the experimental geometry
and the polar (6) and azimuthal (¢) angles, for which the polarization dependence was measured.
The arrow perpendicular to the molecular plane indicates the dipole transition dipole moment
(TDM). (b) Experimental geometry used to simultaneously measure total electron yield (TEY), Auger
electron yield (AEY), and transmission signals. (c) Polar angle-resolved AEY, TEY, and transmission
NEXAFS spectra of the as-cast P(NDI20D-T2) film. (d) Polar angle dependence of the 1s - n* peak
area for the three different types of spectra. (e) Cartoon of molecular orientation at the surface and
bulk based on the measured values of the overall TDM (black arrow). The deduced orientation of
the individual naphthalene diimide (NDI, red) and thiophene (T2, yellow) units relative to the TDM
are indicated for a dihedral angle of 47°. Only the NDI and T2 cores are shown (adapted with
permission from [73] . Copyright 2013, American Chemical Society).



112 — Adam P. Hitchcock

samples were also measured by grazing incidence wide-angle X-ray scattering (GI-
WAXS) [73]. However, GIWAXS was unable to differentiate the surface and bulk struc-
ture, due to its much larger sampling depth than AEY- or TEY-NEXAFS.

3.6 Spectromicroscopy of polymers

C 1s NEXAFS spectromicroscopy has proven to be of tremendous value in many
studies of both the bulk and surface of homogeneous and heterogeneous poly-
mers since the capability was first demonstrated by Ade et al. [12]. Because poly-
mers such as Kevlar exhibit strong molecular alignment, one can use the difference
in x-ray absorption between spectra recorded with linear polarization in two (ideally
orthogonal) directions to characterize the polymer orientation in the plane of the thin
section [74]. A wide variety of multicomponent polymer materials have been studied
using implementations of NEXAFS in soft X-ray microscopes. Several reviews of soft
X-ray NEXAFS microscopy have been published [17, 18, 75, 76]. C 1s NEXAFS micros-
copy has been applied to a large number of polymer types [20, 21, 25]. A bibliography
of the soft X-ray microscopy literature can be accessed at http://unicorn.mcmaster.
ca/xrm-biblio/xrm_bib.html. Two major soft X-ray spectromicroscopy techniques
have been applied to polymer surfaces: X-ray photoemission electron microscopy
(X-PEEM) and scanning transmission X-ray microscopy (STXM). Here these two
NEXAFS microscopies are described, and examples of their application to adsorp-
tion of proteins to polymeric biomaterial surfaces are given.

3.6.1 NEXAFS microscopy methods
3.6.1.1 X-ray photoemission electron microscopy (XPEEM)

XPEEM [77] is a full-field microscopy in which a lateral area (2-60 pm) of a surface
is illuminated by monochromatic X-rays (Fig. 3.12a). Electrons created near the sur-
face are ejected and accelerated by an electric field (<1 kV/mm) into an electrostatic
or magnetic electron microscope column to make a magnified image. The image is
detected by a suitable imaging system, typically a channel plate to amplify the elec-
tron signal, a phosphor to convert electron pulses to visible light, followed by a dig-
ital camera (Fig. 3.12a). XPEEM instruments are housed in ultrahigh vacuum (UHV)
chambers (P <10™° mbar) so polymer films which outgas cannot be studied. NEX-
AFS spectroscopy and NEXAFS imaging are obtained by measuring sequences of
XPEEM images over a range of X-ray energies. Due to the high field at the surface
and the high sensitivity of the XPEEM analyzer to secondary electrons, the sampling
depth is somewhat larger than typical TEY sampling depths, of the order of 10 nm
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Fig. 3.12: XPEEM visualization of the adsorption of human serum albumin (HSA) on a spun-cast
phase-segregated polystyrene/polymethylmethacrylate (PS/PMMA) surface [7, 80]. (a) Schematic
of an X-ray photoemission electron microscope (XPEEM).(b) C 1s spectra of PS, PMMA and HSA.
Maps of (c) PMMA, (d) PS, and (c) HSA in the single domain thick film. (f) Rescaled color-coded
composite of the PMMA (green), PS (red), and HSA (blue) component maps. (g) Histograms of the
thickness distributions of the three components. The sum of the gray scales of the three

components has been normalized to 10 nm, a sampling depth determined experimentally (from
[80], used with permission).

[42]. There are significant challenges to applying XPEEM to polymer surfaces, in-
cluding sample charging, UHV vacuum incompatibility, radiation damage [48], and
sample damage by arcing caused by the high field at the surface. However, with
thin samples (<50 nm), rapid shuttering, short exposures, and careful control of
total exposure times, XPEEEM has been applied successfully to a number of poly-
mer surfaces, including environmentally responsive polymer brush surfaces [78],
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and candidate biomaterials [79]. An example from a study of protein adsorption on
a polymer blend is given below. In other studies, XPEEM has been used to investi-
gate competitive adsorption of peptides versus proteins [80] and pH-responsive sur-
faces [81].

3.6.1.2 Scanning transmission X-ray microscopy (STXM)

In STXM [18, 29, 75, 76] a Fresnel zone plate (ZP) is used to create a finely focused
(<30 nm spot size) monochromated X-ray beam. A sample with partial X-ray trans-
mission at the core level of interest is placed at the ZP focal point and (x, y) raster
scanned while recording the transmitted X-ray intensity (see Fig. 3.13a). Images
constructed from the transmitted intensity are recorded over a range of photon en-
ergies, and converted to OD using an I, signal measured by STXM through a path
that includes all except the sample. Since STXM is a type of X-ray in, X-ray out tech-
nique, the vacuum requirements are not very stringent, such that measurements
can be made at 1 bar He, reduced pressure with saturated water vapor, and on fully
hydrated samples with up to 3 pm thick aqueous layer. This flexibility has lead to
STXM being used frequently for operando or in situ studies of materials, including
polymers [82]. Electron yield detection can be used and comparisons have been
made of bulk properties, probed by transmission, and surface properties, probed by
TEY [83]. Here, in order to compare XPEEM and STXM applied to a similar problem,
Section 3.7.3 presents results from visualization of the selective adsorption of a pro-
tein at the complex surface of a polyurethane polymer containing two types of rein-
forcing particles [77].

3.6.2 XPEEM of protein adsorption on PS/PMMA

Many polymer materials are used in medical technology. Frequently, it is desirable to
optimize the innate or modified surface chemistry and morphology for specific medical
applications. Characterization of the surfaces of such biomaterials and quantitative
evaluation of their interaction with relevant proteins, peptides, and other biologically
active species is an important part of biomaterials optimization. The goal of imaging
polymeric biomaterial surfaces is to determine and understand the chemical and mor-
phological factors which improve biocompatibility. In general, proteins or peptides are
the first species to adsorb to biomaterials and thus much of biomaterials optimization
involves controlling protein—surface interactions. In this context control may refer to
complete prevention or minimization of adsorption (protein resistance and antifoul-
ing), or it may refer to the selective promotion of adsorption of one specific protein
from the complex mix of species present in a biological tissue or fluid with which the
biomaterial is in contact. Thus, studies in which the competition for adsorption by
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Fig. 3.13: STXM mapping of the adsorption of fibrinogen (Fg) on a polyurethane (matrix) with
reinforcing styrene acrylonitrile (SAN) and poly-isocyanate polyaddition product (PIPA) particles
[84]. (@) Schematic of a scanning transmission X-ray microscope (STXM). (b) Rescaled color-coded
composite of the four-component maps derived from a C 1s image sequence — polyurethane matrix
(gray scale); SAN (red); PIPA (green); Fg (blue). (c) Curve fit analysis of the C 1s spectrum of the
pixels identified as having large Fg content. The thick line, which is a good match to the data
(points), includes the Fg component in the fit, while the thin line, excludes Fg from the fit. The
insert shows the pixels selected (Fg in blue on the grayscale polyurethane). (d) Rescaled color-
coded composite of SAN (red), PIPA (green), and Fg (blue) distributions derived by fitting an N 1s
image sequence. (e) N 1s spectra of the SAN, Fg, PIPA, and polyurethane spectra, used in the fit
(from [84], used with permission).
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several species to the same surface is studied by chemically sensitive surface imaging
are of interest.

Figure 3.12 presents results from an XPEEM study of a 0.005 mg/mL aqueous
solution of human serum albumin (HSA), interacted for 20 min with the surface of a
phase segregated 30 wt% polystyrene/70 wt% polymethyl methacrylate (PS/PMMA)
blend [80]. The surface was thoroughly rinsed and then placed directly into the
load lock chamber, and pumped for ~20 min to dry it. Figure 3.12b presents the C 1s
NEXAFS spectra of the three species on a comparable absolute intensity scale, show-
ing they can be easily differentiated. These reference spectra were used to fit a C 1s
image stack measured by XPEEM and thus derive maps of the surface distribution of
the three species. The sampling depth was measured to be 10 nm [80]. The ~ 50 nm
thick polymer blend film was prepared by spin-coating dilute toluene solutions of the
indicated composition on to native oxide silicon wafers. This polymer blend surface,
which has been studied extensively by both XPEEM [79-81] and STXM [84-87] natu-
rally phase segregates to produce isolated 0.5-2 pm sized PMMA domains (Fig. 3.12c)
in a continuous PS domain (Fig. 3.12d). The fact that the minority species is the con-
tinuous domain is surprising. This is believed to be due to preferential attraction of
the PMMA to the hydrophilic oxidized silicon substrate [88], although other factors,
such as the higher surface activity of PS [89], may also play a role. This blend surface
is an interesting candidate for competitive adsorption studies since the PS domain is
strongly hydrophobic, the PMMA domains are quite hydrophilic, and the interphase,
a region of 10-30 nm at the boundary of the PS and PMMA domains has both charac-
teristics. Figure 3.12e presents a map of the signal from HSA on the PS/PMMA surface,
derived from a three-component fit to a C 1s image sequence [80]. Comparison of the
maps of HSA and PS suggests that the protein prefers to adsorb to the hydrophobic
PS domain. However, the color-coded composition of the three maps (Fig. 3.12f)
shows there is a clear preference to the PS-PMMA interphase. HSA is an amphiphilic
protein, with both hydrophobic and hydrophilic regions at its surface, so the inter-
phase offers more opportunities for strong binding. In addition to mapping of HSA
on PS/PMMA, competitive adsorption of HSA and SUB-6, an antimicrobial peptide, to
the PS/PMMA surface was also measured [80].

3.6.3 STXM of protein (Fg) adsorption on a reinforced
polyurethane

Polyurethanes (PU) are commonly used in medical applications due to their favor-
able mechanical and chemical properties. The adsorption of fibrinogen (Fg) to a
complex multicomponent polyurethane thin film in which the polyether-rich tolu-
ene-di-isocyante (TDI) polyurethane matrix was reinforced with styrene-b-acryloni-
trile (SAN) particles and poly-isocyanate poly-addition product (PIPA, a methylene
diphenyl diisocyanate (MDI)-based hard segment-like material) particles. A STXM



3 Polymer surface characterization by NEXAFS —— 117

study of the chemistry and morphology of the polyurethane [90, 91] showed the
SAN and PIPA particles could be readily differentiated from their NEXAFS signals.
The lateral distribution of the Fg protein on the TDI-PU_SAN_PIPA surface was de-
termined by STXM [84] for three types of samples: (i) Fg exposure from phosphate
buffer solution, followed by rigorous rinsing with buffer, then dried. (ii) the same
protocol but using exposure to a pure aqueous overlayer, followed by rinsing and
drying. (iii) an in situ study in which the polyurethane film covered by ~ 1 um of
dilute protein solution trapped between two silicon nitride windows. Figure 3.13
presents results from a C 1s and N 1s STXM study of the in situ sample [84]. Both the
C 1s (Fig. 3.13b,c) and N 1s (Fig. 3.13d,e) results show that Fg prefers to adsorb to re-
gions of the matrix at the edges of the larger SAN particles. While the C 1s analysis
was quite subtle, and required careful peak fitting analysis (Fig. 3.13c), the N 1s edge
was particularly informative, since protein has many N atoms and a characteristic
spectrum. While the SAN particles also have significant amounts of nitrogen, the N 1s
DT Liile transition (399.8 eV) is easily distinguished from the N 1s >7*,miqe transi-
tion (401.2 eV) (see Fig. 3.13e). Figure 3.13d shows a color-coded composite derived
from a N 1s image sequence. A similar conclusion as to preferred adsorption site was
reached for the ex situ Fg exposed sample measured after rinsing and drying. While
the detailed mechanism of Fg adsorption to the SAN—polyurethane interface is not
clear, surface topography may be playing a role since the SAN particles protrude up
to 50 nm from the surface.

3.7 Summary

From a purely spectroscopy perspective, there is ample flux at existing synchrotron
facilities to apply NEXAFS spectroscopy to most polymer science problems where the
sample is unchanging or only changing on a second or slower timescale. Radiation
damage is a significant limitation for NEXAFS microscopy of many polymers, particu-
larly fluorinated species such as perfluorosulfonic acid (PFSA) ionomer [48, 92, 93].
However, if an unfocused or intentionally defocused beam is used, the dose can be
reduced to the point where radiation damage is not a problem, of course, at the ex-
pense of spatial resolution. At this time, a revolution happening in synchrotron sour-
ces improves the flux and brightness of the monochromated X-rays [94]. These two to
three orders of magnitude improvement will make NEXAFS spectroscopy and micros-
copy significantly more powerful. For purely spectroscopic applications, the new
fourth-generation light sources will be able to follow the kinetics and dynamics of
chemical and physical transformations of polymer surfaces [33, 82, 95-97]. As an ex-
ample, the surface structure of hydrated polymers used as bioscaffolds for artificial tis-
sue is known to be important to the success of tissue growth [98]. Static, ex situ
approaches are giving insights [79] but the ability to follow the surface re-organization
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and watch the tissue formation in real time is probably within the capabilities of NEX-
AFS spectroscopy at fourth-generation light sources. In addition to improving “con-
ventional” STXM, the much higher brightness will make dramatic improvements to
the newly emerging method of soft X-ray ptychography which already is providing spa-
tial resolutions below 10 nm [99, 100]. It is expected, once systems are fully optimized,
the spatial resolution will routinely be limited only by wavelength of the X-rays (~4 nm
at the C 1s edge). This is almost the case for the dedicated COSMIC ptychography sys-
tem at the Advanced Light source (Berkeley, CA, USA) [100]. As an example, F 1s pty-
chography has been used to map PFSA ionomer in the membrane electrode assembly
of polymer electrolyte membrane fuel cells (PEM-FC) with a resolution better than
15 nm in 2D and 30 nm in 3D [101]. In general, in situ and operando studies of polymer
surfaces are emerging as an increasingly important application of NEXAFS. The future
of NEXAFS, as a tool to study both bulk and surface properties of polymers, is very
bright indeed!
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