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Abstract: Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is used for chemical analysis of
surfaces. ToF-SIMS is a powerful tool for polymer science because it detects a broad mass range with good
mass resolution, thereby distinguishing between polymers that have similar elemental compositions and/or
the same types of functional groups. Chemical labeling techniques that enhance contrast, such as
deuterating or staining one constituent, are generally unnecessary. ToF-SIMS can generate both two-
dimensional images and three-dimensional depth profiles, where each pixel in an image is associated with
a complete mass spectrum. This Review begins by introducing the principles of ToF-SIMS measurements,
including instrumentation, modes of operation, strategies for data analysis, and strengths/limitations when
characterizing polymer surfaces. The sections that follow describe applications in polymer science that
benefit from characterization by ToF-SIMS, including thin films and coatings, polymer blends, composites,
and electronic materials. The examples selected for discussion showcase the three standard modes of
operation (spectral analysis, imaging, and depth profiling) and highlight practical considerations that relate
to experimental design and data processing. We conclude with brief comments about broader opportunities

for ToF-SIMS in polymer science.



Introduction

In the first 100 years of polymer science, we have witnessed remarkable advances and achievements in the
development and understanding of polymeric materials. This includes work in advancing polymer
chemistry, physics, modelling, and simulations. However, these advances would not have been possible
without the development of techniques capable of characterizing polymeric materials across multiple length
scales. Imaging techniques such as transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) provide real-space images of structural features down to nanometer length scales. X-
ray and neutron scattering techniques provide information on molecular-level and meso-scale ordering and
structure. Rheological measurements are critical to understanding flow and deformation of polymeric
materials across multiple time scales, and atomic force microscopy (AFM) can provide information on both
structure and mechanics at surfaces. Surface analysis techniques such as X-ray photoelectron spectroscopy
(XPS) and secondary ion mass spectrometry (SIMS) provide insight into surface chemistry along with
morphological information. This list of techniques is not comprehensive, and other important
characterization techniques applied to polymeric materials include dielectric spectroscopy, differential
scanning calorimetry, spectroscopic ellipsometry, optical microscopy, and quartz-crystal microbalance
dissipation spectroscopy, among others. The variety of characterization techniques commonly used in
polymer science reflects the complexity of polymeric materials. In general, no single technique can provide
sufficient feedback on structure, chemistry, mechanics and dynamics, and therefore multiple

complementary characterization techniques are needed.

Time of flight secondary ion mass spectrometry (ToF-SIMS) utilizes a focused ion beam to sputter
atoms and molecular fragments from a surface. A fraction of these sputtered atoms and molecular fragments
are sent to a time-of-flight detector, which determines their molecular weight with good resolution. The
focused ion beam provides spatially resolved information on the surface, and when paired with a secondary
beam for depth profiling, ToF-SIMS can provide three-dimensional information on polymer chemistry. The
unique capabilities of ToF-SIMS complement those of more commonly used techniques in polymer science,
and ToF-SIMS can provide critical insight to advance the development of polymers for various key
applications. ToF-SIMS is used regularly in industry as an analytical technique to identify potential
contaminants on a surface or understand differences in surface chemistry that may influence adhesion,
wetting, biological integration, catalyst fouling, or other performance characteristics.!™ As an example,
ToF-SIMS has been used in the polymers industry to quantify the surface composition of
ethylene/propylene copolymers and blends.’ However, as a tool for academic polymer research, ToF-SIMS

is far less common than scattering techniques, XPS, and AFM. This is likely due to a combination of



factors, including limited access to ToF-SIMS instrumentation, unfamiliarity with the technique, and
specific limitations of the ToF-SIMS technique. Over the past 10 — 20 years, ToF-SIMS has become more
widely accessible, and the technique has advanced in several significant ways that are relevant to the study
of polymers and soft materials. For example, the use of gas cluster beams has improved the depth resolution

for etching of soft materials, enabling sub-20 nm depth resolution in the analysis of polymer films.

The goal of this review is to provide an overview of ToF-SIMS for the polymer science community.
We start with an overview of the technique and introduce the three standard measurement modes (spectral
analysis, imaging, depth profiling), highlighting both the strengths and limitations of the method. We then
discuss examples from the literature on the application of ToF-SIMS to polymeric films and coatings,
polymer blends, polymer composites, and electronic materials and devices. We conclude with a brief
perspective on the potential of ToF-SIMS for advancing current areas of interest to the polymer science
community. This review is intended as an introduction to ToF-SIMS for researchers in the polymer science
community and is not a comprehensive review of ToF-SIMS. For more in-depth information on

instrumentation and principles of ToF-SIMS, we refer the reader to other textbooks®® and review articles’
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Section 2: Overview of ToF-SIMS
2.1 Overview of ToF-SIMS and Comparison to Dynamic SIMS

Secondary ion mass spectrometry (SIMS) is a surface analysis technique that provides spatially
resolved information on the elemental and molecular chemistry of a surface. The technique involves
bombardment of a surface with a focused ion beam, which results in the sputtering of a variety of particles
from the surface including electrons, photons, and atomic and molecular species. The sputtering process
and formation of secondary ions involves a transfer of kinetic energy through collisions between the ions
in the primary beam and the molecules near the top of the surface!!. While most of the sputtered atomic and
molecular species are neutral, a fraction (typically much less than 1%) are charged and can be collected and
analyzed. These charged species are known as secondary ions, and they reflect the chemistry of the target

region of the surface®!2.

SIMS techniques can be classified as either static or dynamic. In static SIMS, the primary beam
current is operated below the static limit® (approximately 10" ions/cm?) to minimize damage to the surface
during analysis. When operated in static mode, at most 1 % of the atoms on the surface are sputtered, and
as a result the surface is not significantly etched or damaged during analysis. Conversely, dynamic SIMS
uses much higher beam currents (approximately 10'7 ions/cm?), resulting in continuous etching (i.e., depth

profiling) of the surface during analysis, and the primary beam is operated in direct current (DC) mode.



Dynamic SIMS produces much higher secondary ion fluxes, and as a result has better sensitivity (as low as
10'* atoms/cm?) and a wider dynamic detection range (from 5x10?? atoms/cm® to 5x10'? atoms/cm®). A
drawback of dynamic SIMS is that only atomic or small molecular ionic species can be detected. While
such fragments are useful in depth profiling of certain polymeric systems'?, a complete mass spectrum is
needed to differentiate polymers that have similar chemical structures, among other scenarios that are
discussed herein. This review is focused exclusively on ToF-SIMS and its applications in polymer science,

and more detailed information about dynamic SIMS can be found in other publications.®!*

ToF-SIMS is a static SIMS technique in which the primary analysis beam is pulsed and secondary
ions are analyzed using a time-of-flight (ToF) mass analyzer (Figure 1). Secondary ions are accelerated to
a ToF spectrometer which records the mass-to-charge (m/z) ratios. The m/z ratios are determined by
measuring the time required for ions to traverse the flight path from the surface to the detector. With
knowledge of the flight path and the electrical potential, and assuming unit charge, the mass of the ion can
be determined. Furthermore, the ToF mass analyzer can discriminate between ions with excellent mass
resolving power!>2°. The surface under analysis is not significantly etched by the primary beam, but the
technique can be paired with a secondary beam (dual sputter gun) to perform a depth profiling analysis.
ToF-SIMS therefore provides surface-sensitive analysis of a wide range of atomic and molecular fragment

ions, and this is particularly useful for the analysis of polymeric and organic materials.
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Figure 1: Schematic for analysis of a surface by ToF-SIMS showing (left) the sputtering process that
generates secondary ions, (middle) an overview of the instrumentation, and (right) modes of analysis that
include acquisition of a surface mass spectrum, a mass-spectrometry (MS) image, and a depth profile of the

material which produces a 3-D volume rendered dataset. Each pixel contains a full-range mass spectrum

for that region of the sample.



2.2 Components of the ToF-SIMS

Here, we briefly introduce the basic components of the ToF-SIMS, which include the primary ion beam
and a beam for sample etching that enables depth profiling. (The ToF mass analyzer was described in the
preceding section.) The primary beam is pulsed to enable analysis by a time-of-flight mass spectrometer.
Liquid metal ion guns (LMIGs) based on bismuth are most used in commercial ToF-SIMS instruments.
These can be operated at lower temperatures compared with other LMIG sources such as gold and can
produce ion clusters (e.g. Bis") for analysis. These ion beams can also be tightly focused to achieve high
spatial resolution (< 200 nm) and have excellent stability through the duration of a measurement. More

information on primary ion sources is available in the literature.?!

Subsurface analysis can be achieved by operating in dual beam mode, which involves alternating
the primary ion beam used for analysis and a second, low-energy (typically between 100 eV to 20keV) and
high-current beam for etching the sample. By using two beams, the advantages of LMIG for analysis are
combined with capabilities for uniform etching with high depth resolution.?? Cluster ions are particularly
useful for depth-profiling of organic and soft materials because they do not penetrate far into the material,
thereby preserving the structures underneath the surface?*?*. Figure 2a presents snapshots of molecular
dynamics simulations of argon cluster ions impacting a surface. As the cluster size increases, the damage
is increasingly confined to the material surface?>*. A variety of polyatomic ions have been tested and
implemented for depth profiling of soft materials, including SFs* and Ce?*,"?® and large argon clusters
have emerged as the best for quantitative depth profiling of soft materials.?*? The argon gas cluster ion
source offers the possibility to tune the cluster size and the energy-per-atom ratio for improving the

243033 "and these are now available in commercial ToF-

secondary ion signal intensity and depth resolution
SIMS systems. Terlier et al. compared the performance of Cs*, Ceo*, and Ariseo” in performing depth-
profiling analysis of an aligned block copolymer film in a cylindrical morphology. The authors found much
more uniform depth profiling using the polyatomic cluster ions compared with Cs*.** Another study used
Aro" to perform depth profiling analysis of multilayer films containing up to 50 alternating layers of
polystyrene (PS) and polyvinylpyrrolidone (PVP). The thicknesses of the layers ranged from 40 — 370 nm.
By using Arx0" for etching, the authors were able to clearly resolve the layers, even for a 50-layer sample
and total depth exceeding 15 um, as shown in Figure 2b.2° Another study compared the depth resolution of
polyatomic argon clusters (Araoo” and Arasee”) and Ceo*" by etching through multilayers of vacuum-
deposited organic antioxidant stabilizers and found that argon clusters produced more uniform etching and

better depth resolution, with full width at half maximum (fwhm) of 5 nm.?*

The depth resolution depends on the material, cluster size, beam current, and the beam energy, and

in general the depth resolution of ToF-SIMS is inferior to X-ray and neutron reflectivity. Depending on
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sample chemistry and the type of sputter gun, the depth resolution can be improved through sample cooling
and sample rotation. These points were examined through analysis of vacuum deposited alternating organic
multilayers consisting of thick (approx. 50 nm) and thin (approx. 3 nm) antioxidant layers that can be readily
distinguished by ToF-SIMS. Sjovall et al. demonstrated that either sample cooling (to -80 °C) or sample
rotation (at 14 Hz) was necessary to resolve each of the thin ‘delta’ layers in the sample when using Ce>*
for depth profiling. Without sample rotation or sufficient cooling, the depth resolution degraded
significantly and the authors observed a decrease in sputtering yield with depth®. However, a similar
follow-up study using Ar cluster ions (which is a commonly used source for polymer depth profiling) found
that rotation or cooling were not needed to resolve the delta layers. Four laboratories working independently
were able to clearly resolve each of the delta layers using Ar cluster ions for depth profiling, with a

discrepancy of up to 3 nm in the positions of the delta layers?*.

Composite

PS PVP
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Figure 2: (a) Molecular dynamics simulations of cross-sectional and zoomed side view of the time evolution
snapshots at 3 ps after bombardment with Ar, (n = 18, 250, 1000 and 2500) cluster projectiles. Reproduced
with permission from Ref. 3. (b) False-color image of a ToF-SIMS depth profiling experiment using Araooo"
cluster ions. The sample was comprised of 50 alternating layers of polystyrene and polyvinylpyrollidone,
where each layer was approximately 300 nm thick, for a total sample thickness of 15 pm. Reproduced with

permission from Ref. %.

Other components of the ToF-SIMS instrument include the electrostatic reflectron mirror, the
vacuum system, and an electron flood gun. A vacuum environment (<10 mbar for modern instruments) is
required to prevent surface contamination by removing volatile components, increase the mean free path of
secondary ions, and enable high voltages without breakdown or discharges®. An electron flood gun is used

to neutralize or minimize surface charge during analysis, and the electron flood gun is pulsed periodically



(approximately 1:10 duty cycle) with the AC primary beam. More detailed information on ToF-SIMS

components and instrumentation can be found elsewhere.®

2.3 ToF SIMS modes of operation and analysis

There are three basic modes of analysis in ToF-SIMS: spectral analysis, imaging, and depth profiling, and
examples of each are shown in Figure 3. Spectral analysis is the simplest and most common and involves
acquiring a high-resolution mass spectrum for the surface under analysis. This can be used for a variety of

purposes including identifying contaminants,’’® determining the relative abundances of elements or

3942 43,44

molecules, studying the orientations of molecules on a surface,”** or distinguishing between block and
random copolymers.* For example, Liu et al. analyzed poly(styrene—co—4-vinyl phenol) (PS-P4VP)
random and block copolymers matched in size and composition.** The spectrum for the random copolymer
(Figure 3a) contained secondary ions that corresponded to either PS, P4VP, or both S and 4VP. Peaks at
m/z = 183 and 209 were associated with S-4VP units and were only present in the spectra for the random
copolymer. The spectra for the block copolymer only contained secondary ions for PS or P4VP fragments
and not S-4VP units. ToF-SIMS analysis of these materials could therefore easily distinguish between the
two types of copolymers. The authors also demonstrated that after calibration, they could quantitatively

determine the ratio of S and 4VP in the random copolymers by analysis of the mass spectra.
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Figure 3: Examples of (a) spectral, (b) imaging, and (c) depth-profiling modes of ToF-SIMS analysis. (a)
Positive ToF-SIMS spectrum of the PS-P4VP copolymer. Reproduced with permission from Ref. * (b)
ToF-SIMS data of ATRP-TAD printed in 5 pum stripes spaced by 10 um (left) and reprinted ATRP-TAD in
10 um dots spaced by 5 um (right). Reproduced with permission from Ref.** (¢) Depth profiling of
bottlebrush copolymer additives with polystyrene (PS) and poly(methyl methacrylate) (PMMA) side-chains
in linear PMMA (left). The blue color reflects the C,H30," from linear PMMA chains while the red reflects
C7H;" ions from PS side chains in the bottlebrush copolymer additives. The green color reflects Si* from

the silicon substrate. Reproduced with permission from Ref. *!.

In imaging mode, the primary beam is focused to enhance the lateral resolution and rastered across
the surface to produce a mass spectral “image,” and this can be used to characterize chemically-distinct
regions on the surface. For example, Roling et al. produced a micropatterned surface using microcontact
printing to deposit a self-assembled monolayer followed by surface-initiated polymerization to grow
polymer brushes from the patterned regions. Figure 3b shows ion images of a patterned polymer brush film
in either stripes or dots on a surface, depending on the stamp used. The polymer brush regions were easily
distinguished from the surface by ToF-SIMS, and the lateral resolution was sufficient to clearly resolve the
5 um stripes and 10 um dots.*® In this study, the aspect ratio of the patterns (height/width) was very low.

However, when samples present with significant topography, the measurement is complicated by several



factors. As examples, the data from a rough surface are projected onto a 2D map, and the sputtering rate
may differ across the surface due to variation in the angle of incidence of the primary ion beam, or due to
spatial variations in composition.***” Note that resolving lateral features on a surface that are smaller than
100 nm is not possible since this approaches the physical limits for detection of secondary ions.
Furthermore, there is a trade-off between the spatial resolution and the mass resolving power that can be
achieved in a single measurement. To achieve a high mass resolving power, the instrument is operated in
“bunched” mode, which involves short pulses (approximately 600 ps)° of the primary ion beam.
Conversely, high spatial resolution can be achieved using longer pulses (10 — 100 ns) in a “burst alignment”
mode’ at a cost of mass resolving power. Alternative modes to improve spatial resolution while maintaining
good mass resolving power include using a series of short pulses (“burst mode™) ° or delayed extraction®®,

but both of these methods involve trade-offs in terms of count rates and in the analysis of low-mass ions.

Depth profiling is achieved through dual beam mode, where an ion source separate from the
primary ion beam is used to etch away the top surface of the material. This etching is alternated with the
primary beam to produce mass spectra as a function of depth. This can also be combined with lateral
imaging to produce three-dimensional mass spectrometry images. For example, Mei et al. analyzed polymer
blends containing a linear poly(methyl methacrylate) (PMMA) and a surface-active PS-PMMA bottlebrush
copolymer. To characterize these blend films, they performed ToF-SIMS depth profiling and measured the
intensities of C;H;" and C,H30," secondary ions, corresponding to PS and PMMA, respectively, as shown
in Figure 3c. They were able to observe enrichment of the bottlebrush copolymer additive at the film surface
(reflected in the higher CsH;" intensity at sputter time of 0), and they acquired a three-dimensional mass
spectrometry image that clearly showed enrichment of the bottlebrush at the top of the film. The authors of
this study were also able to perform a semi-quantitative analysis of blend composition as a function of depth
by calibrating the ion intensities in homogeneous blends of known composition.*! It is important to
emphasize that knowledge of the sample chemistry is critical for an accurate ToF-SIMS depth profile, as a

calibration curve is generally required to convert counts to composition.

Depth profiling by ToF-SIMS can provide similar information as neutron reflectivity (NR) and X-
ray reflectivity (XRR), namely a depth-dependent composition. There are three features of ToF-SIMS depth
profiling that arguably make this technique more accessible than reflectivity: 1) ToF-SIMS is highly
sensitive to slight differences in chemical composition and does not require a deuterium label (common for
NR measurements of polymers) or large electron density contrast (XRR). 2) Depth profiling by ToF-SIMS
generates a real-space composition profile, while NR and XRR are reciprocal-space techniques that yield a
real-space profile through modeling of the data. 3) Each ToF-SIMS measurement samples a small area, ca.

500 um x 500 um or smaller, and can be applied to ultrathin (~10 nm) or thick (~10 pm) films. The thickness
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limit is partly set by practical considerations rather than instrumentation, as sputtering through tens of
micrometers would take a very long time. (While cross-sectional imaging enabled by ultra-low-angle
microtomy can probe the through-film structure in films that are 100s of micrometers thick, the lateral
resolution of this technique is quite poor.) Reflectivity requires a large-area sample due to the long beam

footprint and is generally limited to thin films (<500 nm).

A key disadvantage of ToF-SIMS is the limited depth resolution when applied to polymers, which
means that sharp interfaces that should produce a step-function depth profile cannot be resolved. Instead,
the apparent composition varies continuously across the interface, and the standard deviation (o) of this
profile depends on the sputtering source, the material chemistry, and the sputtered depth. This relatively
poor depth resolution can be attributed to the matrix effect, which may alter the apparent shape and position
of an interface, as well as to surface roughening that may increase with depth of sputtering. As examples,
Figure 4 shows ToF-SIMS depth profiles for a thin film of PS-6-PMMA lamellae and for a bilayer of
deuterated PS (dPS) and protonated PS, both on silicon substrates. Argon cluster ions were used for
sputtering. The PS-b-PMMA lamellae assemble into well-defined layers through the film thickness, as
evidenced by the periodic oscillation of the O signal which is unique to PMMA. Prior x-ray scattering
studies of a nearly identical PS-5>-PMMA showed that the interfacial width (between PS and PMMA
domains) is approximately 5 nm, or ¢ = 2 nm, consistent with mean-field predictions.*” However, the O
oscillations in Figure 4a are significantly more smeared than expected, matching ¢ = 8 nm. A similar
outcome is found for the dPS/PS bilayers that were prepared by floating a dPS film on top of a spun-cast
PS film: while neutron reflectivity measures an interface with o = 3.6 nm, ToF-SIMS depth profiling (C;D;"
signal) detects an interface with ¢ = 10 nm, as shown in Figure 4b. We note that studies of model organic
multilayers showed that depth profiling with Argon cluster ions could achieve a (best-case) depth resolution
of o = 2 nm that was constant through the thickness of a ca. 300 nm film.?* Another important distinction
between ToF-SIMS and NR or XRR is sample environment, as ToF-SIMS can only probe samples under

vacuum while NR and XRR can also measure polymer/liquid interfaces.
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Figure 4: (a) PS-b-PMMA lamellae oriented parallel to the silicon substrate. The oxygen (O) signal is
unique to PMMA domains (and the native oxide at the silicon substrate). The expected profile for this
material is shown in red, and an approximate fit is shown in blue. The vertical dashed line marks the
polymer/substrate interface. (b) dPS/PS bilayer. The best-fit profile to the deuterium signal (C;D7") is

shown in black, and the profile determined through neutron reflectivity is shown in grey.

2.4 Challenges in ToF-SIMS data analysis

A significant drawback of the ToF-SIMS technique is that the secondary ion intensities measured do not
directly correspond to the abundance of the corresponding elements or molecules on the surface, and
therefore the method is generally not quantitative. The intensities of secondary ions generated depend on a
variety of factors including chemical abundance, mass of the ion, and the so-called “matrix effect”.>® The
matrix effect is observed when a fragmentation process is dependent on the types of chemical moieties
within the polymer (end-group chemistry,”! comonomer®?) and/or noncovalent interactions such as
hydrogen bonding®®. For this reason, the secondary ion yield for a particular secondary ion can vary by
orders of magnitude with changes in the local chemical environment. As an example, in random copolymers
of styrene and methylmethacrylate, the absolute intensity of several styrenic fragments is higher than
expected based on composition, and even higher than observed for polystyrene homopolymer>?. Another
example is blends of poly(styrene-co-4-vinylpyridine) and poly(styrene-co-4-vinylphenol), where proton

transfer from phenolic to pyridinyl moieties enhances the intensity of pyridinyl ions relative to the
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theoretical value based on sample composition.>* The matrix effect is not unique to organic materials and

is also observed in inorganic materials such as metallic alloys.>*

Several techniques have been developed to minimize or eliminate the matrix effect and achieve
semi-quantitative or quantitative analysis. Secondary ion intensities can be calibrated through analysis of
well-defined standards, and in many examples the ratios of secondary ion intensities depend linearly on the

relative composition of the atomic or molecular species at the surface,!!:40:41:45:55-59

even when a strong
matrix effect is present.’® For the spectrum shown in Figure 3a, the authors showed that secondary ion
intensities corresponding to either PS or P4VP varied linearly with the composition of the random
copolymer, and therefore ToF-SIMS could be used to quantify the copolymer compositions. For the blend
study shown in Figure 3c, the authors were able to determine the depth dependent concentration of the
blend by analyzing homogeneous blends of known composition to calibrate C;H7" and C;H30," secondary
ion intensities. Shard et al. studied blends of polylactide (PLA) with the small molecule drug codeine. They
observed a strong matrix effect and an overall reduction of secondary ion intensity with increasing
composition of codeine relative to PLA in the blend, but they were able to produce a linear calibration scale
by measuring the ratios of secondary ion intensities corresponding to codeine and PLA. They also
introduced a kinetic model for charge transfer that could account for the changes in the secondary ion
intensities with changes in film composition®. In a follow up study, Shard et al. used an empirical
expression to model the variations in secondary ion intensities as a function of the volume fraction of each
component in a binary blend and defined a parameter to quantify the sign and magnitude of the matrix
effect in blends®'. Other approaches for semi-quantitative analysis include metal-assisted SIMS (MetA-

62,63

SIMS), where a thin metal is deposited on top of the material under analysis,’>® analysis of prominent ion

64,65 66,67

signals from metallic cations,*** and laser post-ionization

The large size of ToF-SIMS datasets can complicate analysis. ToF-SIMS datasets can include
three-dimensional spatial information and high-resolution mass spectra, similar to hyperspectral image
maps. A number of multivariate analysis (MVA) techniques have been used to analyze ToF-SIMS datasets,
such as principal component analysis (PCA), non-negative matrix factorization (NMF), discriminant
analysis (DA), partial least squares (PLS), multivariate curve resolution (MCR), and maximum
autocorrelation factors (MAF)® 7, These methods in general serve to identify statistically significant
variances in the datasets that can provide information on chemical variations of the material or materials
under analysis. Principal component analysis (PCA) is the most widely used MVA technique. The PCA
method identifies ‘principal components’ that are combinations of secondary ion signals and represent large
variances within a multi-dimensional dataset. Each sample or pixel is assigned a ‘score’ that reflects the

significance or presence of each principal component in the dataset. Analysis of the different scores across
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a set of samples can be used to determine chemical differences within a dataset. For example, Urquhart et
al. performed ToF-SIMS studies on a polymer microarray containing 576 acrylate-based polymers. PCA
analysis enabled the authors to easily identify polymers that had a surface enrichment of non-fluorinated

monomers.”! More information on multi-variate analysis techniques can be found in the literature.®®7°

2.5 Additional features and advanced techniques

Several techniques have been developed that either enhance the capabilities of ToF-SIMS or combine ToF-
SIMS with other surface analysis techniques. In 2016, Fisher et al. reported ToF-SIMS with tandem mass
spectrometry (MS/MS) capabilities.”” Tandem mass spectrometry involves two stages of mass spectrometry
analysis” and is particularly useful for the analysis of large or complex molecular ions, common in
biomaterials.’” The technique involves acquiring a full ToF-SIMS spectrum and selecting desired secondary
ion peaks for further analysis. Fragments within a / m/z window are sent to a collision-induced dissociation
(CID) cell which further fragments the ions and produces a secondary mass spectrum. This technique
provides useful additional information to aid in the identification and analysis of secondary ions with no
need of a reference, and the technique is also compatible with imaging and depth profiling. As an example,
Fisher et al. analyzed the cross-section of a zebra finch brain and performed tandem mass spectrometry
analysis on the m/z 255 fragment. This resulted in an MS/MS spectra that enabled the authors to identify
the peak as corresponding to palmitic acid’>. Tandem mass spectrometry capabilities are now available in

some commercial ToF-SIMS systems.

The combination of ToF-SIMS with atomic force microscopy (AFM) enables characterization of
both chemical and structural features of a material. Conventional ToF-SIMS analysis does not account for
or detect topographical variations of a surface, and different organic materials can sputter at different rates’.
This can lead to artifacts and uncertainty in the interpretation of mass spectrometry images or depth-
profiling analyses.” The combination of ToF-SIMS with AFM can overcome these challenges and also
provide additional advantages, such as the ability to resolve features with higher resolution than by ToF-
SIMS alone’” and avoiding changes in surface chemistry and structure when transferring between
instruments.’® Bernard et al. used a combination of AFM and ToF-SIMS to analyze a bulk heterojunction
organic photovoltaic film. Through AFM height and phase analysis combined with ToF-SIMS analysis,
they were able to acquire chemical information on domains smaller than the resolution capabilities of ToF-
SIMS.”” In a recent study, Miyagi et al. utilized a combined ToF-SIMS and AFM instrument to analyze
chemical and structural changes on the surface of a polymer blend film. They created a wedge crater in the

polymer film to a maximum depth of 40 nm. Next, the film surface was analyzed before and after thermal

14



annealing to investigate changes in surface chemistry due to migration of polymer additives to the damaged
surface. The authors analyzed the film by AFM after thermal annealing to quantify changes in the material
topography. With this combination of techniques, the authors demonstrated that the surface chemistry of
the material was able to “self-heal” due to migration of polymer additives to the damaged site but the surface

topography did not change.*

Other examples of advanced ToF-SIMS capabilities include the combination of ToF-SIMS with a
focused-ion beam (FIB) which can be useful in the analysis of hybrid materials’®, the combination of
helium-ion microscopy with ToF-SIMS which can provide excellent spatial resolution along with chemical
analysis by ToF-SIMS”, the Storing Matter technique which can enhance the intensities in the higher-mass
range compared with conventional ToF-SIMS®, orthogonal SIMS which can produce improved
sensitivities and mass resolving power®!, and the analysis of liquid samples by ToF-SIMS using liquid

secondary ion mass spectrometry (liquid SIMS).%

Section 3: Analysis of Polymer Films and Coatings
3.1 Spectral Analysis

The spectral analysis mode can evaluate the composition and lateral uniformity of polymer coatings, as
well as detect/quantify the density of functional groups on a polymer surface. Spectral analysis is a simple
yet powerful approach for characterizing polymer coatings that are prepared by reactions on a surface, such
as polymer brushes and plasma polymer films. Polymer brushes are frequently used to modify the chemistry
of a substrate®® and are prepared by grafting-to or grafting-from reactions. Spectral analysis can probe the

8485 which is useful for

structure of a brush by evaluating its composition at different etch depths,
characterizing order in block copolymer brushes.® Surface spectral analysis can also be used to test for
compositional homogeneity within a sample, and among samples, by mapping the surface composition.
Such data can inform the development of grafting-to or grafting-from protocols. As an example, Schulz et
al. grafted ultra-thin poly(N-isopropylacrylamide) (PNIPAAM) brushes from silicon substrates with
surface-initiated atom transfer radical polymerization (SI-ATRP).*® Spectral analysis confirmed that thin
PNIPAAM brushes were successfully grown across the surface of each sample, and the chemical
composition of the brushes was consistent for a range of activator/deactivator ([Cu(Il)]o/[Cu(I)]o) ratios.
Plasma polymerization is a common technique for preparing thin, mechanically robust films on a substrate.
Spectral analysis can determine whether a plasma-polymerized coating has the same chemistry as one

prepared from a commercially available polymer (i.e., a polymer that was synthesized in solution). As an

example, Oran et al. showed that the chemistry of plasma-polymerized poly(allylamine) coatings depends
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on the plasma conditions and is distinct from a commercial reference.®” This was attributed to different

extents of branching and crosslinking in each material.

Spectral analysis can also detect functional groups at the surface of a polymer film and quantify
their coverage using a calibration curve. Hadjesfandiari et al. used spectral analysis to inform the design of
antimicrobial coatings for platelet storage bags. Specifically, they detected a low concentration of
antimicrobial peptides (AMPs) that were conjugated to a polymer coating and further demonstrated that the
AMP coverage was uniform across the surface.®® Kim et al. showed that spectral analysis can quantify the
surface density of amines in plasma-polymerized ethylenediamine films,***° which is tunable through
changes in plasma power. Their approach used a calibration curve that related secondary ion signals to
amine densities that were determined by infrared (IR) and ultraviolet-visible (UV-vis) absorbance
spectroscopies. As amines do not absorb UV-vis light and provide a weak signal in IR, these moieties were
reacted with chemical tags (benzaldehydes) that provided a strong signal for each technique. Fragments of
the same chemical tags were also detected in the TOF-SIMS measurements. The authors identified two
secondary ion signals that were proportional to the surface amine density, as shown in Figure 5. This study
demonstrated that ToF-SIMS could be used along with surface derivatization techniques to perform
quantitative analysis of surface functionality. However, an independent method such as UV-vis, IR or XPS

is required to calibrate the signal.
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Figure 5. Normalized negative ToF-SIMS spectra of AMP-polymer conjugates as a function of plasma
power. (a) m/z 163 after reaction with 4-nitrobenzaldehyde and (b) m/z 237 after reaction with
pentafluorobenzaldehyde. Corresponding calibration curves are shown in (¢) m/z 163 and (d) m/z 237.

Reproduced with permission from Ref. ®,
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3.2 Imaging

The ToF-SIMS imaging mode can map the chemistry of micropatterned polymer surfaces. As an example,
the patterning of polystyrene by “breath figures” is well-documented in the literature.”’*? This technique
involves spreading a polystyrene solution on a surface under humid conditions, and as solvent evaporates,
the surface cools and water condenses. The droplets of condensed water template the formation of a
honeycomb structure, i.e., hexagonal arrays of micropores. Many studies have shown that this patterning
process is highly effective when using polystyrene with polar end groups.”® Yunus et al. and Galeotti et al.
used ToF-SIMS imaging to examine the spatial distribution of polar end groups within the honeycomb
structure.”** These studies showed that the polar end groups were enriched within the microcavities,
demonstrating that chemical patterns can be formed within the ordered topography (Figure 6a).
Photolithography is another common approach for micropatterning of polymer films. Dubey et al. used a
positive-tone photoresist to introduce chemical patterns in a coating of poly(ethylene glycol) that was
derivatized with N-hydroxysuccinimide (NHS).”> After development of the patterns, which produces
alternating regions with and without the photoresist, the sample was immersed in a solution of 2-
methoxyethylamine to convert the exposed NHS moieties to methoxy (MeO) groups. The remaining
photoresist was then stripped to reveal a pattern of alternating NHS and MeO functional groups, where the
NHS sites could be used to immobilize biomolecules while the MeO sites were passive. Aided by PCA,
ToF-SIMS imaging could discriminate between areas with NHS versus MeO moieties and confirm the
formation of chemical patterns. Additionally, these studies revealed a distinct chemistry at the border of the
NHS and MeO patterns that was caused by residual photoresist. The authors noted that atomic force
microscopy could not detect any topography associated with this residue, demonstrating the value of ToF-
SIMS imaging for quality control in a lithographic process. Du et al. showed that UV exposure could trigger
the polymerization of dopamine, providing a simple route to generate polydopamine (PD) micropatterns by
photolithography.”® PD is a near-universal adhesive that binds to metals, oxides, and polymers,”’ and
patterns of PD could be used to anchor other species (such as nanoparticles) into regular arrays. The authors
used ToF-SIMS imaging to confirm the formation of well-defined micropatterns, as shown by the CN-
intensity map in Figure 6b. Spectral analysis in negative ion mode showed a strong signal corresponding to
a dopamine dimer, which confirmed that UV-triggered dopamine polymerization produces a similar PD

structure as the common base-triggered dopamine polymerization.
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Figure 6. (a) ToF-SIMS image (CN" intensity map) for honeycomb PS films prepared by breath figure
patterning (scale bar = 10 um). Reproduced with permission from Ref. **. (b) ToF-SIMS image (CN-
intensity map) of photopatterned polydopamine on a silicon wafer; and (c) ToF-SIMS spectrum acquired
from polydopamine surface. Reproduced with permission from Ref. . (d) ToF-SIMS image (F- intensity

map) of PVDF/PU interface. Reproduced with permission from Ref. °%.

ToF-SIMS imaging can also be used to examine a buried polymer/polymer interface. Hinder et al.
used ultra-low-angle microtomy to expose the interface between a poly(vinylidene difluoride) (PVDF) film
and an underlying polyurethane-based (PU) primer.”® Both the PVDF and PU were commercial materials
that included additives. Positive and negative ToF-SIMS ion maps revealed a heterogeneous interface with
island-like structures that were caused by the topography of the PU primer. Measurements in negative ion
mode could detect several identifiable fragments from each layer that reflected the complex commercial
formulations: fragments from both aromatic and aliphatic monomers of the PU, the diisocyanate crosslinker
in the PU, additives in PU, vinylidene difluoride in PVDF, and an acrylate copolymer additive in PVDF.
More significantly, these data showed that the interface composition was distinct from that of the bulk
PVDF or the bulk PU. Specifically, the interface was enriched in the acrylate copolymer additive. While
the primary function of these additives was to improve the bulk mechanical, rheological and optical
properties of PVDF, this study showed that interfacial excess provides a secondary benefit of enhancing

adhesion to PU.
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3.3 Depth Profiling

When reactions are used in post-deposition modifications of polymer films, the changes in chemistry are
not always restricted to the near-surface region. Depth profiling can characterize the extent that the reaction
front propagates into the film. Guo et al. showed that post-polymerization modification (PPM) of polymer
brushes could lead to surface wrinkles with a tunable periodicity.” The PPM involved crosslinking the
outer layer of poly(styrene-alt-maleic anhydride) brushes with cystamine under poor solvent conditions.
When the modified brushes were immersed in a good solvent, anisotropy in the swelling (in-plane versus
through-plane) produced a compressive stress that was relieved through wrinkling. The wavelength of the
wrinkles was controlled by PPM time. ToF-SIMS depth profiling was used to detect the intensities of
secondary ions from the brush backbone (CsHs"), the cystamine crosslinker (H3S"), and the silicon substrate
(Si") as a function of depth from the free surface. These data revealed that the penetration depth of cystamine
into the brush increased with PPM time, following a linear relationship until conversion of the anhydride
reached approximately 50%. The authors proposed that such kinetics are indicative of a PPM mechanism
that involves the propagation of a cystamine front into the brush. Kim et al. compared the effectiveness of
plasma-enhanced ion implantation and traditional plasma treatment for surface modification of
poly(ethylene terephthalate) (PET) with CF4.!% Spectral analysis in positive ion mode detected a range of
fluorine-containing fragments, including CF" and CFs*, as well as CsHsOs" fragments from PET. By
normalizing the different fluorine signals to that of CsHsO;3", the authors concluded that plasma-enhanced
ion implantation introduces more fluorine at the surface than traditional plasma treatment methods, and
these were consistent with XPS measurements of the surface. Depth profiling ToF-SIMS measurements
showed that this trend persisted deeper into the film, leading to differences in the thickness of the modified
layer. However, the authors did not consider the possibility that the different surface treatments could
damage or affect the polymers differently, which could produce changes in the intensity of the CsHsOs"
reference signal as a function of depth. Rupper et al. developed functional plasma polymer films with a
graded structure using CO,/C;Hs discharges. The surface layer contained a high concentration of functional
groups, including hydroxyl and carboxyl moieties, and the base layer was highly crosslinked to enhance
chemical stability.'”" With depth profiling, the authors showed that a higher fraction of oxygen-containing
fragments (such as C;HO", C3HO") were detected from the surface layer than the base layer. The transition
from surface to bulk was sharp, with a steep decline in the oxygen-containing fragments past a depth of 1

—2nm.

Depth profiling can be used to probe diffusion of a small molecule penetrant in a thin polymer film.

t,loz

As an example, Bottoms et al. examined diffusion of sodium triflate in a polymeric photoresis where

sodium triflate was employed as an inert analogue of a common catalyst (acid triflate). They prepared
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bilayers with a base “feeder layer” containing sodium triflate and a top “diffusion layer” that initially
contained no ions. The thicknesses of the base and top layers were approximately 400 nm and 600 nm,
respectively, so the bilayer interface was at a depth of 600 nm from the free surface. When the bilayer was
heated, the ions diffused across the interface. The authors tracked the F- signal from triflate and, with the
use of a calibration curve, were able to quantify the depth-dependent concentration (Figure 7). These depth
profiles were then analyzed with Fick’s second law to extract the diffusivity. The authors noted that the as-
prepared bilayer interface was sharp, but the apparent resolution in the ToF-SIMS measurement was ¢ ~
20 nm. This loss of resolution is attributed to non-uniform etching, where the surface becomes increasingly
rough with sputter time. A consequence of this behavior was that short-time diffusion (small diffusion
lengths) could not be examined with this technique. However, long-time Fickian behavior was easily

resolved for a range of photoresist formulations and process temperatures.
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Figure 7. Depth profiling of sodium triflate in poly(hydroxystyrene-co-acrylic acid-co-styrene). In the as-
prepared bilayer (control), the concentration of sodium triflate (Na*TFI") in the feeder layer was 0.11 #/nm?>.
After heating at 423 K for 4 min, sodium triflate diffused across the interface. The optimized diffusion
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model is shown by the red line. Adapted from Ref.

Depth profiling in conjunction with imaging can map the three-dimensional composition of a
polymer film, which is useful for characterizing multilayer structures and detecting interior defects. Mei et
al. demonstrated that UV-initiated thiol-ene reactions could rapidly crosslink bottlebrush polymer films.'%
This approach took advantage of the polynorbornene backbone chemistry, which provided the alkene sites,
along with thiol-terminated side chains or a multifunctional thiol additive. The crosslinked bottlebrush films

were insoluble, so multiple layers with differing chemistry were prepared through sequential solution
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casting and crosslinking steps. An example of a multilayer film is shown in Figure 8a, where depth profiling
in conjunction with imaging confirms the formation of distinct alternating layers of PS and PMMA.!” Note
that depth profiling with ToF-SIMS can be extended beyond binary systems.!**!% Ren et al. showed that
spin-coated films of poly(bisphenol A decane ether) (BA-C10) exhibit a complex topography in optical
microscopy, including droplets and striations, that depends on the type of solvent used for casting.'® The
authors examined the structure of these topographic features using a combination of depth profiling and
imaging. They tracked signals unique to the polymer (CoH;1O", CsHs") and the silicon substrate (SIOH")
and found that the substrate signal rose faster in the center of the droplets than in the surrounding valleys.
This observation, along with cross-sectional views of the 3D image, suggested that the droplets were hollow

inside (Figure 8b-c).
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Figure 8. ToF-SIMS depth profiling analysis of a polymer multilayer coating (a) and spin-cast polymer
films (b and c). (a) False-color spectra for PS/PMMA multilayer coating reconstructed from ToF-SIMS
depth profiles. Red, blue, and gray colors indicate PS, PMMA, and the silicon substrate, respectively
Reproduced with permission from Ref. ', (b) and (c¢) Spin-coated BA-C10 films with THF as the solvent:

(b) in-plane and through-plane view of ion counts from the polymer; (c) from left to right: surface
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topography by optical profilometry; Depth profiles reconstructed retrospectively from the valleys and

droplet; a schematic of the inferred hollow droplet structure. Reproduced with permission from Ref. 16

Section 4: Polymer Blends
Section 4.1: Spectral Analysis

Spectral analysis can quantify the surface composition of polymer blends. This approach requires ToF-
SIMS signals that are unique to each polymer, which is often aided MVA techniques such as PCA.'%” The
signals are then converted to composition by using a calibration curve, or in cases where matrix effects are
negligible, the relative signals are directly proportional to the blend composition. A secondary measurement
such as XPS is used to establish the relations between ToF-SIMS signal and composition, rather than known
proportions of each polymer in the blend, as the surface is usually enriched by the lowest energy
constituent(s).>® As an example, Cossement et al. used spectral analysis to quantify the surface composition
of PMMA /poly(L-lactide) (PLA) blends for a range of blend compositions.!” The ToF-SIMS spectra from
PMMA and PLA have some similarities, as they are both hydrocarbons with ester-based repeat units. PCA
analysis was used to identify the peaks that were characteristic of each polymer, such as C4HsO,", C3H30r,
and CsH;30, for PMMA and C;H30;, CsH305 and C3HsO3™ for PLA, although some of the peaks could
likely be identified through visual comparison with homopolymer reference spectra. The surfaces of several
blends were then measured with ToF-SIMS spectral analysis as well as XPS. The authors used partial least
squares regression to show a good correlation between the surface compositions by XPS and spectral
analysis, where the latter was based on all the ToF-SIMS signals that were characteristic of PMMA and
PLA. In another example, Dekeyser et al. examined the surface composition of a polymer bilayer that was
prepared by spin coating poly(methyl methacrylate-co-methacrylic acid) on top of PS.'”® Pure PS and
acrylic films were measured by spectral analysis, and the ToF-SIMS signals that are characteristic of each
material were determined through comparison with published spectra for PS and PMMA. Spectral analysis
of the bilayer showed that both polymers were present at the surface, demonstrating that the PS base layer
was partially dissolved during spin casting of the acrylic overcoat (from chlorobenzene). The surface was
also imaged by atomic force microscopy, revealing phase-separated domains that confirm the findings from

ToF-SIMS measurements.
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Section 4.2: Imaging

ToF-SIMS imaging can resolve phase separation in binary and multi-component polymer blends. MV A is
often used for such studies: these methods can help to distinguish two (or more) polymers that share a
common chemical motif, and also enhance the chemical contrast for samples with small domains, large
variations in surface topography, and when the measurement is challenged by sample charging and
degradation.'” " Trindade et al. examined thin film blends of two immiscible polyesters (20 pum thick).!?
The variables for the experiments were type of substrate (aluminum or zinc), blends with or without a
pigment, and cured or uncured. The blends were provided by a commercial partner, so the exact chemistry
was unknown, but the partner also provided control samples of the pure polyesters (both cured and uncured).
Ultralow-angle microtomy was used to prepare cross-sections for imaging the through-film blend structure,
with the aim of resolving both the bulk and interfacial regions. The authors acquired 28 data sets for 4 types
of blend samples (6 patches per sample, each 500 um x 500 pm) and 4 control samples. These data were
processed by NMF. As shown in Figure 9a, the surfaces of two polyester control samples were
distinguishable before curing but appeared identical after curing. The cross-sectional images of the blends
show that polyester “2” is always concentrated at the top surface and is also enriched at the bottom surface
when the formulation includes the pigment. The bulk layer in all coatings shows phase-separated structures,
and the domain sizes were larger in blends with no pigment and on zinc substrates. Kono et al. examined
immiscible blends of PS and poly(1,4-butadiene) (PB).!'° Spectral analysis was used to examine pure PS
and PB reference samples for two different doses of the primary ion beam, revealing degradation. Signals
that were characteristic of each material were readily identified by visual inspection of the spectra, with
m/z =41 for PB and m/z = 91 for PS (positive ion mode) selected for further analysis. As shown in Figure
9b, the image map for m/z = 41 shows speckle patterns rather than clearly defined domains. The authors
explored two approaches to enhance the chemical contrast. First, they evaluated six MV A techniques and
determined that PCA showed the highest chemical contrast, but the morphology was still difficult to resolve.
Second, they stained the samples with OsOs, which reacts with the double bonds on PB. Clear images were
obtained from the O™ signal without using MV A for contrast enhancement. The authors speculated that in
the absence of staining, MV A failed to produce a high-quality image because there was a large amount of
PS in the PB-rich domain. Ravati et al. examined the phase-separated structures in ternary blends of
polylactic acid (PLA), polybutylene succinate (PBS), and polycaprolactone (PCL). As these three
polyesters have similar chemical structures, it is difficult to identify the phases through microscopy:
common techniques to enhance contrast, like extraction of one polymer in a selective solvent, are not viable.
The authors used PCA of pure polymers to identify signals that were unique to each constituent. As
examples, m/z=69 (CsHy"), m/z=101 (C4Hs05") and m/z=56 (C3;HsO") are characteristic of PLA, PBS and
PCL, respectively. Figure 9c includes images from a binary PLA/PCL blend (left panel) and the ternary
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PLA/PBS/PCL blend (middle panel), which are constructed by overlaying the CsHy* (blue), CsHsO" (green)
and C4HsOs" (red) signals. Both blends show macroscale phase separation, and PLA forms an interfacial
wetting layer in the ternary system. The authors also tested whether MCR could identify the phases in the
ternary blend; in contrast to PCA, this technique does not require prior knowledge of the constituents.
Figure 9c¢ shows the results of MCR analysis (right panel), shows the same interfacial wetting layer as

determined through PCA.
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Figure 9: a) Morphology of binary polyester blends on Al and Zn substrates, with and without pigment,
was identified by NMF analysis. The images to the left are overlays of all components indicated in the
spectra on the right, where each component is assigned one color. Reproduced from Ref. ' b) The left
image is a map of m/z = 41, characteristic of PB. The middle image is the chemical contrast from PCA,
effectively a ratio of PB to PS content. The right panel is the O~ signal from stained films. Adapted from
Ref. "% ¢) Morphology and binary and ternary polyester blends. The left and middle images, spanning 400
um x 400 pm, are constructed from an overlay of the CsHy" (blue, PLA), C3H4O" (green, PCL) and C4sHs05"
(red, PBS) signals. These signals were identified through PCA. The right panel is based on MCR analysis,
where blue, green, and red correspond with PLA, PCL, and PBS, respectively. Adapted from Ref. 2.

Section 4.3: Depth Profiling

In polymer blends, one constituent is typically enriched at surfaces and interfaces. ToF-SIMS depth
profiling is a powerful approach to probe this enrichment,’®!!*!'* and with appropriate calibration this
technique can even quantify the excess. As an example, Mahoney et al. examined the through-film
composition in blends of poly(L-lactic acid) (PLLA) and Pluronic surfactant, which is an ABA triblock
copolymer based on poly(ethylene oxide) (PEO) end blocks and a poly(propylene oxide) midblock.!'* This
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blend system is of interest for drug delivery implant systems, as PLLA is biodegradable, Pluronic can
encapsulate the drug, and Pluronic is also thought to improve biocompatibility by accumulating at the
surface of the device. Spectral analysis of pure Pluronic and PLLA films was used to identify peaks that
are characteristic of each material, and in the positive ion spectra, the signals selected for depth profiling
were m/z = 59 for Pluronic and m/z =56 or 128 for PLLA. The blend films (700 nm thick) were then depth
profiled to examine the distribution of Pluronic throughout the thickness. The depth profiles showed a clear
enrichment of Pluronic at the free surface, followed by a narrow depletion region immediately beneath the
surface, a wide bulk region of uniform composition, and a modest enrichment of Pluronic at the substrate.
Stein, Verduzco and coworkers used depth profiling to examine surface enrichment in architecturally
complex polymer blends, where the major component is a linear commodity polymer, and the minor
component is a bottlebrush polymer additive.*>**® In one such study, they examined an athermal blend of
linear polystyrene with bottlebrush polystyrene additive, where the additive was partially deuterated to
provide an easily identifiable signal (*H") in ToF-SIMS spectra.’® The architectural variables for the study
were degree of polymerization (DP) of the linear polystyrene (Ny), DP of the bottlebrush side chains (Ns),
and DP of the bottlebrush backbone (Ny). Thin films (ca. 300 nm) were cast from chlorobenzene, thermally
annealed to equilibrate the structure, and depth profiled with ToF-SIMS. The H" intensity was normalized
by C* and converted to bottlebrush composition (mass fraction ¢) with a calibration curve (Figure 10a). We
note that the ratio of H*/C" intensities was linear with actual deuterium content, which might indicate that
matrix effects are negligible in polymer blends where the only difference between constituents is an isotopic
label. Furthermore, if a linear relationship is either demonstrated or assumed for such blends, then the signal
can be converted to composition without a calibration curve: A scaling factor that converts signal to
composition can be determined using the known overall blend composition and sample thickness. The
depth profiles revealed conditions that drove depletion or enrichment of the bottlebrush at the surfaces, as
well as cases where the surface composition matched that of the bulk (Figure 10b-c). These results showed
qualitative agreement with simulations based on self-consistent field theory that incorporated a weak

enthalpic preference for linear PS at the air surface.
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Figure 10. ToF-SIMS depth profiling of linear polystyrene with 10 wt% bottlebrush polystyrene additives.
(a) Calibration curve shows that normalized deuterium counts are directly proportional to mass fraction of
bottlebrush additive. (b) Depth profiling of as-cast films. (c¢) Depth profiling of thermally equilibrated films.
B = surface composition matches bulk composition; E = bottlebrush enrichment; D = bottlebrush depletion.

Adapted from Ref. %,

Section 5: Polymer composites
Section 5.1: Spectral Analysis

Polymer composites are composed of a filler incorporated into a polymer matrix.'!'>!'® Each filler type has
distinct surface properties that are not always compatible with the polymer matrix, leading to bonding issues
between the filler and matrix. This is especially relevant when using natural fibers, as these exhibit polar
surface characteristics that are incompatible with commodity polyolefins such as polypropylene.!'7-!!8
Consequently, the surfaces of natural fibers are often modified through chemical treatments to enhance
interactions with the matrix. ToF-SIMS can detect these modifications and discriminate between the near-
surface and bulk composition, where the former is critical for applications in composites. As an example,
Zafeiropoulos et al. examined the pre-treatment of flax fiber surfaces by reactions with acetic anhydride
(acetylation) and stearic acid (esterification) to increase the hydrophobicity.!'” Spectral analysis was
employed to confirm successful acetylation through detection of CH3;COO  ions and successful stearic acid
incorporation through detection of C;7H3sCO-H>" and Ci7H3sC=0" ions. ToF-SIMS is also able to
determine the efficiency of the treatments. Furthermore, the relative ion intensities changed when measured
at different positions along the treated fibers, demonstrating that the pre-treatments produced heterogeneous

surfaces. Freire et al. showed similar results for the esterification of cellulose fibers by fatty acids:!''® by
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mapping CH3;(CH,),CO" ion counts across the surface, they determined that the treatment was successful

but highly heterogeneous.

In the manufacturing of high-performance composites, individual parts are molded and then
assembled into a final structure. The molds are coated with release agents such as fluorine- or silicon-
containing films. Residue from these films can reduce the surface energy of the part,''* which influences
how two part bond together.'?%!?! Bénard et al. demonstrated that polyamide or polyester peel plies can be
used to alter the surface chemistry of carbon/epoxy and glass/epoxy composites to improve bonding.!?*!2?
The peel-ply layer was impregnated into the composite during the curing step and then removed prior to
use of the part. ToF-SIMS analysis of the composite/peel ply contact area revealed that polyamide peel
plies introduced a variety of polar groups at the surface, as evidenced by the increase of nitrogenous
containing species (NH, CNO, C¢H12NO), while polyester peel plies resulted in more non-polar carbonated
groups (CH30, C3H;0, Phthalate). Another approach to alter the surface chemistry of the individual parts
is post-cure processing. Gilbert et al. modified the surfaces of carbon fiber and E-glass epoxy resin

).12¢ ATmaP atomizes N-

composites with an Accelerated Thermo-molecular adhesion Process (ATmaP
methylpyrrolidone liquid and then vaporizes it, resulting in a surface reaction that increases the
concentration of polar functional groups and also decreases contamination. ToF-SIMS analysis of treated
and untreated samples detected approximately 20 distinct mass fragments (positive ion mode). Given the
complexity of the spectra, PCA was used to differentiate between sample types and treatments. The authors
found that the key differences between sample types were CxHyN* ions from E-glass and Si*, Si>CsH;sO"
and Si;CsH 503" ions from carbon fiber, where these silicon-containing fragments were due to surface
contamination by the release agents. Furthermore, ATmaP-treated samples showed high counts of C;H;0"
and CsH;7" ions, where C,H3;0" was representative of oxidation while CsH;" was a consequence of chain
scission. Spectral analysis coupled with PCA has also been used to study surface oxidation of polymer

composites in extreme environments, including low earth orbit conditions and high temperatures with

intense ultraviolet light.!!>116

Section 5.2: Imaging

In manufacturing of composites, the spatial distribution of fillers will impact mechanical properties. Karar
and Gupta utilized ToF-SIMS to image the lateral distribution and cluster size of carbon nanotubes (CNTs)
in polyurethane (PU) films, and then correlated this information to the strength of the composite.'** The
ToF-SIMS spectrum of CNTs shows a variety of hydrocarbon peaks (such as CsHs*, C4sH;") that are distinct

from those of PU, as well as a peak from residual iron catalyst (Fe"). Therefore, imaging can map the CNT
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location within the PU matrix. As seen in Figure 11a, small spherical clusters were observed with 1 wt%
loading of CNTs, while larger, asymmetric clusters were observed at a loading of 5 wt%. The tensile

strength was highest for 1 wt% loading.

Electronic properties are also influenced by clustering of fillers. For example, flexible electrodes
based on graphene typically require a polymeric binder, and when the binder is non-conductive, the
graphene must be well-dispersed to achieve high conductivity.'?®!?” Brennan et al. used ToF-SIMS imaging
to examine the dispersion of graphene in a conductive poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT-PSS) binder, and in a non-conductive PMMA-based (MT46) binder.'?
ToF-SIMS could detect carbonaceous fragments from graphene, but the yield was low due to high bond
strengths and low ionization potentials. Instead, these authors proposed that contaminant species in
graphene, specifically sodium (Na*), could be used to map its distribution. To test this idea, the authors
blended two different graphene types, Carbon A and Carbon B, with both MT46 and PEDOT-PSS binders.
Samples were prepared on an Aluminum foil. As shown in Figure 11b, a uniform Na* signal was detected
from samples with Carbon A (and either binder), with little Al" signal. This is indicative of well-dispersed
graphene. However, a heterogeneous Na' signal was detected from samples with Carbon B, and a strong
Al" signal was detected in multiple patches. These maps are consistent with clumping of the graphene filler:
the polymeric binders sputter more readily than graphene, exposing the foil in areas that are free of
graphene. The authors also noted that reference spectra from pure PEDOT:PSS included Na“, Al and other

ions, but these signals were much weaker than those produced by graphene or aluminum foil.
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PEDOT.PSS

Figure 11. ToF-SIMS images showing the location and size of CNT clusters in a PU matrix, for a) 1 wt%
CNT loading (C;Hs") and b) 5% CNT loading (C2Hs"). Adapted from Ref. 2. ToF-SIMS images showing
graphene through sodium contaminant (Na*) and the Aluminum substrate (Al"), for ¢) Carbon A and d)
Carbon B. Adapted from Ref %,

Section 5.3: Depth Profiling

In the electronics industry, polymer composites are widely used as an electrically conductive adhesive
(ECA). Compared to lead based solders, they are more environmentally friendly, easier to produce, and
processed at lower temperatures.'?* One drawback comes from the inherently lower conductivity resulting
from the oxidation of the filler metal, specifically silver, during the curing process.'*? Yang et al. proposed
a novel method to combat this oxidation by covering the exposed silver with treated silver iodide
nanoislands, which are conductive and can also resist further oxidation.'?* Spectral analysis was used to
determine the overall change in silver oxidation by monitoring the sum of Ag;OH" and Ag,O" over the
silver base peak Ag". Since the oxidized signal comes from the base silver layer, and not the nanoislands,
its detectability was controlled by the nanoisland coverage. As seen in Figure 12a, bare silver was further
oxidized after curing. Silver with sparse to moderate coverage of the nanoislands experienced a decrease in
the total oxidation after curing (Conditions 1 and 2), while an increase in oxidation was observed with a
fully iodinated surface (Condition 3). Depth profiling was performed with the fully iodinated samples, both

before and after curing, as shown in Figure 12b. A strong signal from silver hyperiodite ions (AglO),
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indicative of high oxygen incorporation in the nanoislands, was observed near the surface. Curing increased

the amount of AglO in the near-surface region but had little impact deeper into the layer.
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Figure 12: ToF-SIMS results demonstrating the reduction of silver oxidation due to the iodination process.
a) comparison of bare silver to three different iodination treatment levels. b) ToF-SIMS depth profile of
condition 3, which is the highest coverage of nanoclusters. Reproduced from Ref. '%°. ¢) Depth profiling of
PPy/silk fibroin composites (12-20 pm thick) from a non-actuated film (solid squares), a cured film (open
squares), and films after first reduction (solid circle), second reduction (open circle), and second oxidation

(solid triangle). Reproduced from Ref. 13!,

Conducting polymers can be used in actuation, but as these materials are often brittle, fillers are
often used to improve the mechanical properties. As an example, Bradshaw et al. designed actuators based
on interpenetrating networks of polypyrrole (PPy) and silk fibroin,'*! a system of potential viability for in
vivo applications. They used ToF-SIMS depth profiling to examine changes in both dopant and ion
concentration after actuation in phosphate buffered saline (which contains both phosphate and chloride
ions). There was little change in the dopant concentration after multiple oxidation and reduction cycles.
However, the ion concentration was changed after an initial cure phase that applies a large potential over a
long time, and further changed through multiple actuation cycles. After curing, the authors showed an
increase in the intensity of both phosphate (reflected by PO;™ and PO, fragments) and chloride (CI'). The
chloride ions continued to build up after multiple actuation cycles while phosphate concentration was
stagnant. These trends explain characteristics of the actuation performance: The buildup of anions inhibits

anion movement, which explains why a large deflection during the initial cure is not repeated in subsequent
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cycles. The buildup of chloride ions, which reflects an imbalance in the flow rates in and out of the film,

could explain why expansion during oxidation is faster than relaxation during reduction.

Section 6: Analysis of Electronic Materials and Devices
6.1 Spectral Analysis

The solid-electrolyte-interphase (SEI) layer influences the safety, cycling stability, power output,
and capacity of non-aqueous batteries, including lithium-ion batteries. The SEI layer is formed by the
decomposition of electrolyte on the surface of the negative electrode and includes inorganic lithium salts,
lithium carbonates, semi-carbonates, and polymers.'*? Electrolyte additives that react at the electrode
surface have been used to improve the properties of the SEI layer. These reactive additives coat the negative
electrode and can prevent or reduce side-reactions with the electrolyte but are not effective at elevated
temperatures (above 50 °C). Okumura et al. proposed dimethallyl carbonate (DMAC) as an electrolyte
additive to improve stability at elevated temperatures. They hypothesized that the multiple reactive
functionalities of DMAC could provide improved stability in the resulting SEI film, even at elevated
temperatures, due to the higher film crosslink density. They added DMAC to an electrolyte of 1 M LiPFg
in a 1:2:2 blend of ethylene carbonate, dimethyl carbonate, and ethyl methyl carbonate and used a
combination of X-ray photoelectron spectroscopy (XPS) and ToF-SIMS to analyze the SEI layer. Elemental
depth profiles produced by XPS showed that a thicker SEI layer was formed when a higher weight fraction
of DMAC was added to the electrolyte, and XPS also revealed a higher content of lithium alkyl carbonate
in the SEI. ToF-SIMS provided additional insights into the molecular constituents in the SEI layer. Through
analysis of both the positive and negative spectra, the authors were able to identify various fragments,
including lithium alkyl carbonates, aliphatic hydrocarbons, and fragments produced from the
decomposition of LiPFs or of the binder polyvinylidene difluoride (PVDF). By tracking the intensities of
specific fragments as a function of DMAC content, they confirmed that the intensities of lithium alkyl
carbonate-derived fragments (C;0™ and C,H305") and aliphatic-derived fragments (CesHii" and CsHo")
increased while those derived from PVDF (CsFsH," and C;FsH,") decreased or remained constant as the
amount of DMAC additives increased. The authors concluded that the DMAC was incorporated into the
SEI layer, and the thickness and coverage of the SEI layer increased with greater amounts of DMAC
additives. The authors also found that the reversible capacity at elevated temperatures improved
significantly when DMAC was used as an additive. The study demonstrates that additives such as DMAC

can improve the stability of lithium-ion batteries at elevated temperatures and is an example of how ToF-
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SIMS can be used in combination with other techniques, such as XPS, to gain detailed chemical insight

into interfaces between hybrid materials.'*?

In another example where ToF-SIMS was used to examine composites relevant to energy storage,
Konarov et al. investigated a composite of sulfur (S), dehydrogenated polyacrylonitrile (DPAN), and
reduced graphene oxide (rGO) as a cathode material for an Li-S battery.!** S is non-conductive, and both
DPAN and rGO were added to provide electronic conductivity. Prior studies had established that S forms
a covalent bond with DPAN, and Konarov et al. were interested in understanding how the binding between
S and DPAN potentially changed during electrochemical cycling. The researchers used ToF-SIMS to track
the binding between S and DPAN by analyzing the intensity of the CS" fragment, which reflected a C-S
bond. Their electrochemical measurements suggested that polysulfides did not form during cycling, and
ToF-SIMS revealed that the C-S bond was maintained in both the charged and discharged states and after
100 charge-discharge cycles (Figure 13). Their composite electrodes were able to maintain greater than 90
% of the initial capacity after 100 charge-discharge cycles. This study presented the first direct observation

of C-S bonds in lithium-sulfur batteries.

(a) © 1 300 " L
W i J 250 : CS*=48.97
£ i 1 ) ¥
§ 600 2: v v
1 -

‘3 4004 100
200 504

0 0- Il

& 44 4 44 a4 Cylvi d

cle
Fresh Discharged Charged (100 cycles)

Figure 13. (a) ToF-SIMS spectra for S/DPAN composites (top) and (b) schematic for covalent binding
between S and DPAN (bottom). The spectra show that the CS" ion fragment can be detected for freshly
prepared electrodes and for both charged and discharged electrodes. Reproduced with permission from Ref.

134 Copyright Elsevier.
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6.2 Imaging

ToF-SIMS provides excellent sensitivity and can be used to identify multiple contaminants or low-
concentration species in a single experiment. Kettle et al. demonstrated this in a study of the degradation
processes in polymer bulk heterojunction (BHJ) OPVs. BHJ OPVs are multilayer organic devices that are
typically sandwiched between metallic electrodes. They can be fabricated with either the anode or cathode

on top, and these are referred to as normal or inverted configurations'*

. Kettle et al. compared the relative
stabilities of devices with these different configurations and use a combination of XPS and ToF-SIMS to
analyze chemical changes in the devices. Using the XPS, they were able to deduce active layer degradation
mechanisms, which included chain scission, oxidation, and loss of side chains for the donor conjugated
polymer and breakage of fullerenes and loss of molecular shape. They were also interested in studying the
migration of metallic ions from the bottom electrode through the devices, but XPS provided insufficient
sensitivity. However, the authors were able to observe In and/or Sn ions in some of the devices using ToF-
SIMS. The bottom substrate for both types of devices was an indium-tin-oxide (ITO)-coated glass, and the
presence of In or Sn on the surface of the devices would indicate that metallic ions migrated through the
charge transport layers and the active layers to the top of the device. Prior studies have reported that ion
migration is possible when the ITO surface is exposed to the conductive polymer PEDOT:PSS, which can
etch ions from the surface of the ITO."*%137 In the study by Kettle et al., the non-inverted device structure
included a PEDOT:PSS film on top of the ITO-glass substrate. ToF-SIMS measurements detected both In
and Sn ions on the surface of the active layer for the non-inverted devices only, and an ion image showing
the distribution of '>In" is shown in Figure 14. While the authors were unable to determine a concentration
of In or Sn on the top surface based on this analysis, the authors concluded that the migration of these ions

contributed to the more rapid degradation of non-inverted devices.'?*

ToF-SIMS can also be used to analyze the distribution of Li" ions in electrode materials for lithium-
ion batteries. Fedorkova et al. compared LiFePOs electrodes containing either polypyrrole (PPy) or a blend
of PPy and polyethylene glycol (PEG) as binder materials. While prior work had shown that PEG improves
mechanical properties, the effect on Li" ion distribution was unclear. Using ToF-SIMS, Fedorkova et al.
produced ion images that showed the distribution of Li" ions in the electrodes. Their analysis found that Li*
was uniformly distributed in the electrodes containing PEG, but they were unable to detect Li* in the PPy
electrodes without PEGs. This indicated that PEG improved the solubility of Li* in the composite electrode.
The authors also found that the electrodes with PEG exhibited higher electronic and ionic conductivities

compared with those with only PPy.!**
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Figure 14. ToF-SIMS images show the ion distribution of (a)?’Al" and (b)!'*In* on the surface of a non-
inverted cell aged in air for 300 h. The images show the location of the Al top electrode and In" impurities

in the BHJ OPV that migrated from the bottom electrode. Reproduced with permission from Kettle et al.! .

6.3 Depth Profiling

Bulk heterojunction (BHJ) organic photovoltaic (OPV) devices are multilayer organic devices.
They generally include an active layer that is a blend of two organic semiconductors (typically a conjugated
polymer as the donor and fullerene as the acceptor), charge transport layers, and electrodes. ToF-SIMS
depth profiling studies have been conducted to determine interfacial widths, characterize compositional
variations between and within layers, and study the dependence of secondary ion yield and depth resolution

on the ion beam used for sputtering!4®-144

. Mouhib et al. performed depth profiling studies on
polymer/fullerene BHJ OPVs and found an apparent interfacial width in the range of 8 — 14 nm when
sputtering with an argon cluster (Ari700" ) beam, but the apparent width of the interface at the bottom of the
film with ITO was significantly larger (20 nm), indicating a buildup of roughness during depth profiling.
They also observed much larger apparent interfacial widths when depth profiling with Cs*. The authors of
this study also concluded that it was important to use an energy of 10 keV or lower for the Ari700", which

corresponds to approximately 6 eV per Ar atom'*!

. Other studies have similarly investigated different ion
sources for depth profiling and the dependence of beam energy on the sputtering process and reached similar
conclusions'**!1*2143_Surana et al. investigated matrix effects in the depth profiling of polymer/fullerene
OPVs both within each layer and at interfaces. They studied active layers comprised of Ceo fullerene
derivative phenyl-Cei-butyric acid methyl ester (PC¢qoBM) and different conjugated polymers, and
systematically varied the mass fractions of PCsBM in the active layer. They observed a non-linear
relationship in the negative fullerene ion yield for all active layer blends studied, as shown in Figure 15a.

This demonstrates that quantification of the depth-dependent composition of these blends cannot be

performed by assuming a linear relationship between secondary ion yield and composition. They also
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observed a strong enhancement in negative fullerene ion intensity at the bottom interface on substrates with

Ti0,, which they attributed to electron transfer between TiO, and PCBM.

Vertical stratification in organic electronic devices such as bulk heterojunction (BHJ) photovoltaics
or organic light emitting diodes can improve performance!*-'%®, but controlling vertical stratification is not
straightforward and may require tailoring the surface energies of the substrates and/or varying processing
conditions.'*” Sun et al. investigated sequential, layer-by-layer (LBL) deposition of the donor and acceptor
in the active layer as a method to control vertical stratification in the active layer.'*® Using ToF-SIMS depth
profiling studies, they compared the vertical distribution of donor and acceptor in LBL deposited devices
and conventional devices prepared by depositing a solution blend of donor and acceptor. The intensity of
F as a function of depth reflected the relative composition of the donor polymer J71, and they observed
significantly stronger vertical stratification in LBL-deposited devices. They demonstrated a 10%
enhancement in power conversion efficiency for devices deposited by LBL and concluded that LBL
deposition was a much simpler method for controlling the vertical distribution of donor and acceptor
compared with alternative approaches.'*® Vertical stratification can also be beneficial to organic light-
emitting diodes (OLEDs). Using ToF-SIMS, Murat et al. studied vertical segregation in inverted OLEDs
consisting of a co-deposited layer of polyethylenimine ethoxylated (PEIE) and 1,3,5-tris(N-
phenylbenzimidazol62-yl)benzene (TPBi) as the electron transport layer. They found that they could
produce devices with similar performances whether these materials were co-deposited or deposited
sequentially. ToF-SIMS depth profiling of CsHs" and CoH4N" ions, corresponding to TPBi and PEIE,
respectively, demonstrated the PEIE spontaneously segregated to the bottom substrate. This was attributed
to the higher surface energy of PEIE and a strong interaction with the underlying ZnO substrate.'* In
another study, Cao et al. studied the effects of interface layers on vertical stratification in BHJ OPVs. They
showed that the deposition of a conjugated polymer with a lower surface energy than PEDOT:PSS affected
the vertical distribution of donor polymer and PC7;BM acceptor in the active layer. Specifically, the
interface layer drove the donor preferentially towards the cathode, and the effect was most significant for
low surface-energy polymers. This change in vertical distribution was also correlated with the device power

conversion efficiency.!'>

The combination of depth profiling and imaging in ToF-SIMS provides a powerful tool for
analyzing the chemistry and structure of buried interfaces in devices for energy conversion and storage. For
example, hybrid solar cells are comprised of a bilayer of a conductive polymeric film and doped silicon,
and the morphology and chemistry at the hybrid interface can influence the power conversion efficiency.
While prior studies had investigated the effects of a thin native oxide layer on the power conversion

efficiencies (PCEs) of hybrid solar cells'®!, Thomas et al. were interested in understanding the effect of an
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oxide layer on morphology of the polymer film. They analyzed a hybrid solar cell comprised of the p-type
conducting polymer poly(3,4-ethylene-dioxythiophene):polystyrenesulfonate (PEDOT:PSS) on an n-type
Si substrate. They performed ToF-SIMS depth profiling analyses using an Arioo0 sputtering beam to etch
through the PEDOT:PSS film and analyze the interface between PEDOT:PSS and the Si substrate.
Depending on the surface treatment of the underlying substrate, they observed either a smooth interface
(for Si-H surfaces) or micropores (for substrates with an oxide layer). The researchers further demonstrated
that the formation of the micropores depended on the oxide layer thickness and that thicker oxide layers

produced larger micropore defects.!>?
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Figure 15. ToF-SIMS analyses of bulk heterounction OPVs. a) Negative fullerene ion yield measured in
polymer:PCBM OPYV active layers as a function of PCBM wt. % and for different conjugated polymer
donors. All blends exhibit a non-linear dependence of the negative fullerene ion intensity with fullerene
wt%. Reproduced with permission from Surana et al. Ref. '** b) Bottom perspective TOF-SIMS images of
CsH7SO; ions of PEDOT:PSS layers spin-coated on substrates with a (let) thin or (right) thick SiOx layer.
Large micropores are evident in the PEDOT:PSS layer on top of the thicker oxide layer. Reproduced with

permission from Thomas et al. Ref. 132,
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ToF-SIMS provides both excellent sensitivity and the ability to discriminate between different
isotopes, and this enables semi-quantitative depth profiling analyses to understand degradation mechanisms
in organic electronic devices. Norrman et al. used a combination of XPS and ToF-SIMS depth profiling
studies, along with annealing of devices in controlled environments, to understand the effects of oxygen
and water infiltration.'>? Using XPS, they were able to determine the amount of oxygen in both normal and
inverted geometry devices, and they observed chemical changes in the active layer of the devices. Next, the
authors exposed the devices to an environment of either dry '®02:N; or oxygen-free H>'%0 atmosphere with
the goal of separately understanding the contributions of water and oxygen to degradation of the devices.
They found that XPS was not sufficiently sensitive to detect the additional oxygen uptake for this exposure
step, but ToF-SIMS could easily distinguish between '°O and '®0 and therefore quantify the amount of
oxygen introduced in the controlled environments. By performing depth-profiling analyses of the devices
exposed to different environments and calibrating the ToF-SIMS ion intensities using the XPS
measurements, they were able to determine the '*O uptake in different layers of the OPV devices and
attribute them to either water or oxygen. These studies demonstrated that for devices kept in the dark, the
highest concentration of 30 was in the hole transport layer (PEDOT:PSS) and attributed to water in the
environment. For devices that were illuminated, a higher concentration of 30 was observed in the active
layer and attributed to oxygen. The group also observed chemical and morphological changes for devices
stored in the dark for 6 months, and ToF-SIMS was used to image morphological changes at the
PEDOT:PSS interface. The authors concluded that morphological changes and degradation at the
PEDOT:PSS-active layer interface were the primary failure mechanisms. This study demonstrates how
ToF-SIMS can be combined with XPS to performed detailed, semi-quantitative studies of oxygen uptake
and degradation.

Ghasemi et al. used ToF-SIMS to study kinetic and thermodynamic effects that influence the
stability of BHJ OPVs that contain non-fullerene small molecular acceptors (NF-SMAs)'**. The use of NF-
SMAs in BHJ OPVs has led to devices with power conversion efficiencies approaching commercial
viabililty,'>> but these devices have poor stabilities due to morphological changes in the active layers over
time. To understand these morphological changes, Ghasemi et al. used ToF-SIMS to measure the
diffusivities and Flory-Huggins yx-interaction parameter for 5 different SMAs blended with 5 different
conjugated polymers. To measure diffusivities, they first prepared bilayers of the NF-SMAs and conjugated
polymers. They were then thermally annealed, and ToF-SIMS depth profiles were performed to analyze the
diffusion of the NF-SMA into the conjugated polymer layer. They obtained excellent fits to these depth
profiles using a concentration-independent model based on a 1-D solution to Fick’s 2" Law, and the best

fit of this model provided the NF-SMA diffusivity. Next, they used similar experiments to estimate the
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equilibrium concentration of NS-SMA in the conjugated polymer host as an estimate of the bimodal, which
represents the limit of solubility. The volume fraction of NF-SMA was determined by monitoring the
intensities of F-, Cl", or CN" secondary ions, which were unique to the NF-SMA, and assuming that the NF-
SMA and polymer had the same density (1.15 g cm™). Through these measurements, they were able to
determine the temperature-dependent diffusivities, the activation energy for diffusion, and the -interaction
parameter for each NF-SMA in each polymer host. These measurements revealed that the most
incompatible polymer-NF-SMA blends produced the most stable devices. This is counterintuitive because
it might be expected that the most incompatible blends would degrade due to morphological changes most
quickly, but Ghasemi and coworkers showed that these blends also had the highest activation energy for
diffusion and the lowest NF-SMA diffusivities. This work suggests a new approach to design thermally
stable BHJ OPVs with NF-SMAs!3,

Outlook

ToF-SIMS is a powerful technique for mapping the chemistry of polymer surfaces. As described
in the preceding sections, these measurements (often coupled with multivariate analysis) can resolve
numerous effects that are important for fundamental polymer science, including functional groups that
control the properties of a surface or filler, lateral phase separation and surface segregation in blends, the
spatial distribution of fillers in composites, and the structure and composition of the SEI in lithium-ion
batteries. We note that many of the examples discussed herein were proof-of-concept studies designed to
illustrate the unique capabilities of ToF-SIMS, rather than studies that used feedback from ToF-SIMS to
advance fundamental polymer science. This reflects the fact that ToF-SIMS is not yet a mainstream tool
for polymer characterization in academia. However, there are several reasons to expect that ToF-SIMS will
become more prevalent in the polymer science literature: First, recent advances in instrumentation (such as
the introduction of gas cluster beams) have improved the ability to characterize polymer surfaces. Second,
the wealth of proof-of-concept studies have established the feasibility of using ToF-SIMS analysis to inform
a range of critical research areas, including polymers for energy conversion/storage and polymer-based
composites. Finally, these instruments are becoming more widely available through shared facilities at
universities and national laboratories.

There are characterization needs in polymer science where ToF-SIMS could be very valuable. As
an example, studies have shown that ToF-SIMS depth profiling can probe penetrant diffusion in glassy

polymers'® as well as interdiffusion of polymers and small molecules'>*

. The key advantage of using ToF-
SIMS for diffusion studies is the intrinsic chemical contrast, which is particularly important when probing

materials with complex chemical motifs. We envision that this method could be applied toward studies of
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ion/molecular diffusion through membranes, diffusion of dopants in polymer semiconductors, and polymer-
polymer interdiffusion at junctions. A challenge with such experiments is optimizing (and quantifying) the
depth resolution, as this depends on the choice of ion beam for sputtering and its energy,'*° as well as the
type of material being sputtered and its thickness. Furthermore, as the ToF-SIMS signal associated with a
constituent is not always proportional to its concentration, this relationship must be quantified in order to
model the shape of the diffusion front and calculate a diffusivity. Another opportunity for ToF-SIMS is to

TLIST9 " guch as characterization of “gradient

provide feedback for combinatorial materials science
surfaces”.'” The use of gradients is well-established for rapid screening of polymer blend morphologies'®!,
dispersion of fillers in polymer composites'®?, surface chemistry and wettability for block copolymer self-

159.163 " and composition of mixed polyelectrolyte brushes for responsive surfaces!'®*. Both the

assembly
spectral analysis and imaging modes are quite fast, and all ToF-SIMS instruments have motorized stages,
so one could easily acquire data at different positions along a gradient. It is worth noting that gradients
often include the pure materials at each end, allowing one to acquire valuable reference spectra from the
same sample.

ToF-SIMS also has unique capabilities for the study of polymeric biomaterials and hybrid
materials. ToF-SIMS is capable of label-free analysis, which enables detection of specific biomarkers on a
surface or in a sample. Recent work has extended the capabilities of ToF-SIMS to significantly enhance the
mass resolving power using an Orbitrap analyzer.'> The method is compatible with the other features of
ToF-SIMS (focused ion beam, depth profiling), and it was applied for single-cell chemical imaging and
metabolic profiling!®®. This capability could be useful for analysis of cellular scaffolds and polymers at the
interface with cells and tissue, although it is rather specialized and not yet widely available. Recent studies
of hybrid materials have taken advantage of the capability of ToF-SIMS to detect both elemental and

167,168 degradation processes'®, and

molecular fragments to study -electrode-electrolyte interfaces
stratification near interfaces '**1%, but a broader range of applications could benefit from similar studies.
This includes studies of polymeric membranes and solid electrolytes for energy storage and other
electrochemical applications.

Finally, we note that ToF-SIMS can probe the composition of buried structures/interfaces by
imaging cross-sections or depth profiling. As an example, ToF-SIMS was recently applied to chemically
image cross-sections of two 17" century paintings by Nicolas Poussin in order to determine the binding
medium used. The results obtained by ToF-SIMS suggested that an oil-based binder rather than an egg-
based binder was likely used'®. The data from ToF-SIMS depth profiling are complementary to those
acquired from workhorse characterization tools such as XRR and NR, although the depth resolution is

poorer. There may be opportunities to use the “real-space” data from ToF-SIMS to reduce uncertainty in

the analysis of reciprocal-space data from scattering and reflectivity.
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