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Photo-induced force microscopy for nanometer
surface characterization of functional interfaces

® and Mohamed Siaj @ *°

Maziar Jafari, (2% Amir Khojastehnezhad
After over a decade, photoinduced force microscopy (PiFM) has emerged as a mature and widely adopted
nano-IR technique that integrates atomic force microscopy (AFM) with infrared (IR) spectroscopy. Herein,
we review PiFM's non-destructive, single-digit nanometer resolving power using the surface-sensitive
contactless sideband mode on ideal samples, such as thin films of reduced aryl diazonium salts, organic
mixed ionic-electronic conductors (OMIECs), silane-modified nacreous glass, bulk heterojunctions in
organic solar cells, and gold microsphere-based electrodes in sensors. Additionally, we demonstrate PiFM's
extendibility to more commonly encountered samples with roughness on the micrometer scale, such as
protein-carbohydrate bionanocomposites, covalent organic frameworks (COFs) or microporous organic
(MONs), (MOFs),

tetrahydrate-treated wood surfaces. Under such conditions, operational adjustments, including increased

networks metal-organic frameworks organic crystals, and disodium octaborate
drive amplitude and reduced scan rate, were implemented to overcome the attractive regime and achieve
effective surface tracing. This increased oscillation in PiFM, which improves the signal-to-noise ratio (S/N),
parallels the detection principles of tapping-mode AFM-IR, peak-force tapping mode (PFIR), and
photothermal induced resonance (PTIR) microscopy. Alternatively, we also demonstrate examples of PiFM
in the bulk penetration direct mode to detect graphene oxide flakes in the depths of a proton-exchange
membrane for water electrolysis (PEMWE), and on modified glass surfaces with silanes as precursors for
thiol-ene “click” chemistry. We then provide compelling results that tap into the material-based reactivity
and the mechanisms of the underexplored chemical functionalization of two-dimensional (2D) transition
metal dichalcogenides (TMDCs) using aryl diazonium salt surface chemistry. Lastly, we discuss the special
conditions in PiFM studies that have achieved impressive sub-nanometer lateral spatial resolutions, enabling
a clear optical acquisition of single molecules. This review extends the applicability of PiFM to a broad
range of materials while providing a clear explanation of how necessary configurational adjustments affect

the detection scheme.

sensitivity, achieving spatial resolutions below 10 nm and even
down to or below the single-nanometer scale,”” which is more

Over a decade ago, scanning probe microscopy (SPM) reached
a milestone in its evolution, equaling and even surpassing
other microscopy techniques in its ability to achieve direct
chemical characterization. Photoinduced force microscopy
(PiFM) represents the integration of atomic force microscopy
(AFM) with infrared spectroscopy (AFM-IR). First introduced in
2010, PiFM delivered the initial chemically resolved
topographical images, inspired by earlier achievements in
scattering scanning near-field optical microscopy (sSNOM),
which utilized plasmonic near-field effects to enhance
spectroscopic resolution.”™ PiFM inherits AFM's surface
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than three orders of magnitude finer than conventional
infrared microscopy. This advancement enables a new era of
detail in nanospectroscopy and surface chemical imaging.?®
Unlike high-energy electron microscopy, PiFM is non-
destructive due to its low irradiation power requirements, while
being contactless, making it ideal for damage-free surface
chemical analysis and tip or sample reusability.”

Several analogous techniques have emerged alongside
PiFM, including tapping-mode AFM-IR, peak-force infrared
(PFIR),"*"® and photothermal induced resonance (PTIR)
microscopies."®° Currently, these are commonly grouped
under the umbrella term AFM-IR. Although apparently
similar, PiFM stands apart from these techniques because it
operates in the attractive regime of the force-distance curve
(Fig. 1a).*° This unique operational mode gives PiFM the
advantage of minimal sample perturbation during
measurements. Furthermore, PiFM offers superior spatial
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resolution and sensitivity. As summarized in Table 1, PiFM
has often been compared to other AFM-IR techniques to find
that each technique possesses characteristic unique
advantages, notably with respect to adaptive surface or bulk
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operability and lateral spatial resolution.>®**°* One axis of
focus in this review is the discussion on the depth sensitivity
arising from increased PiFM oscillation amplitudes during
surface-sensitive sideband operation, particularly for samples
exhibiting pronounced surface asperities. The primary
challenge is to strike a balance between topographical
accuracy and an adequate signal-to-noise (S/R) ratio.
Numerous reviews have addressed the technical aspects of
PiFM, including the physical origins of the observed signal
and its chemical contrast capabilities, in an effort to resolve
longstanding debates regarding the rationale behind the
principles of detection.’™**** While these topics are of
undeniable importance, the present review instead
emphasizes the versatility of PiFM across the broad
landscape of science and technology, mostly through studies
concretely accomplished by our own group. Comprehensive,
application-oriented reviews on PiFM have been published,
focusing specifically on geology,® and more generally, on
diverse surfaces.*® Impressively, geologists have even drawn
comparisons between PiFM and conventional chemical
characterization techniques used in the field, such as energy-
dispersive X-ray spectroscopy (EDXS), Raman spectroscopy,
and Fourier transform infrared (FTIR) spectroscopy, despite
their fundamentally different operating principles.’® A
condensed summary of these comparisons is presented in
Table 2. Today, a substantial body of PiFM research is
available, spanning an increasingly wide range of disciplines.
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Fig. 1 Comparison of AFM-IR operational regimes on a force-distance curve, highlighting PiFM's unique operation in the attractive regime, in
contrast to tapping AFM-IR, PFIR, and PTIR, which function in the repulsive regime (a). Scheme illustrating the first (fy) and second (f;) cantilever
mechanical eigenmodes (b). PiFM settings for various measurements: conventional surface-sensitive (c), surface-sensitive for rough samples (d),
and deep-level or bulk-level (e), in each case specifying laser pulsing frequency (f,,), dither piezo drive amplitude (4), and probing depth (d). In the
insets of (c-e), f, is schematically positioned relative to fy and f; for better visualization.

In conjunction with a recently released method primer
discussing application examples in specific disciplines of
science and technology,® this review seeks to highlight
individual significant specific projects that our PiFM has
successfully explored to demonstrate its adaptability toward
nearly any form of solid sample.

In our initial explorations with PiFM, we demonstrated
significant  insights with various examples, including
electrochromic devices, solar cells, biosensors, and integrated

Table 1 Technical comparison of PiFM with modern AFM-IR techniques

plasmonics.*”"*! Here, we review recent advancements achieved

with PiFM on biosensors and solar cells, expanding its
applicability to thin films on gold and carbon surfaces, organic
mixed ionic-electronic conductors (OMIECs), silanized glass,
bionanocomposites, covalent organic frameworks (COFs),
microporous  organic networks (MONs), metal-organic
frameworks (MOFs), organic crystals, and boron-treated wood.
We have included a pair of studies demonstrating PiFM's depth
sensitivity in detecting buried graphene-oxide flakes in a proton-

PiFM sSNOM REINS PTIR PFIR TM-AFM-IR
Operating mode Tapping mode Contact mode Peak force tapping Tapping
Tapping mode mode mode
Force-distance regime  Attractive Repulsive
Lateral resolution <5 nm ~20 nm 20-50 nm ~10-100 nm  ~10 nm Same as PiFM
Contact or non-contact Non-contact Intermittent Contact
contact Intermittent contact
Tip contamination or ~ None Low High Low
sample damage
probability
Chemical detection Photoinduced dipoles Near-field Resonant Photothermal Photothermal Photothermal
and photothermal modulated amplified expansion expansion and expansion
expansion scattered light scattered light mechanical properties
Depth probed (Sideband)" ~0.5-20 ~5-50 nm (ref. 42 and 43) ~10-500 nm  ~10-200 nm (ref. 14) ~10-300 nm
nm (ref. 44) (ref. 28)

(Direct) ~1 pm
(ref. 32 and 33)¢

¢ Direct mode depth is reported by the vendor.
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Table 2 Condensed comparison of lateral resolutions and depths probed between PiFM and typical chemical characterization techniques used in

mineralogical bulk analyses

PiFM Raman FTIR EDXS

Lateral resolution <5 nm >500 nm >10 pm 500 nm

Depth probed (Sideband) 0.5-20 nm >500 nm ~1 pm ~500 nm-2 pm
(Direct) ~1 pm*

“ Direct mode depth is reported by the vendor.

exchange membrane for water electrolysis (PEMWE), or films  nanofilms produced via on-surface electrochemical

issued from thiol-ene “click” chemistry on silanized glass
substrates. We provide enriching material-based reactivity and
compelling mechanistic data toward a poorly explored research
area by presenting recent developments in surface chemical
modification of monolayer transition metal dichalcogenides
(TMDCs), underlining the importance of PiFM for guidance in
the realm of two-dimensional materials. To conclude, we
spotlight recent impressive sub-nanometer resolution PiFM
achievements in observing semiconductor quantum dots and
pentacene single molecules.

2. PIFM of smoother samples

Since our initial report, further surface-sensitive PiFM
experiments have led to the examination of organic

Photo-induced
Force (a.u.)

reduction of aryl diazonium salts, silanization of nacreous
glass, bulk heterojunctions in organic solar cells, and DNA-
aptamer based biosensors. For PiFM surface-sensitive
measurements on smooth samples, the cantilever dither
piezo oscillation (A) is set to a 1 nm drive amplitude, the
laser is pulsed at f;,, = fi — fo, and the sample depth probed
is ~10-20 nm, as depicted in Fig. 1c.

2.1 PiFM of reduced aryl diazonium salt films

Aryl diazonium salts have emerged as a versatile tool for
surface functionalization across diverse samples.*” Due to its
electron-deficient nature, the diazo moiety readily accepts an
electron, releasing molecular nitrogen and generating a
highly reactive phenyl radical that covalently bonds with

.4
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Fig. 2 The clean template-stripped gold (tsAu) interface functionalized with a 4-nitrophenyl (4-NP) nanofilm, produced via localized
electrochemistry using SECCM (a). The strong infrared signals of the 4-NP nanofilm, measured by PiFM, show high-intensity regions that align
precisely with the film topography. Adapted from ref. 50, with permission from the American Chemical Society. A 4-NP nanofilm was also
deposited on a glassy carbon electrode (GCE) surface (b). Although the PiFM signal was notably weaker than on the tsAu substrate, mid-infrared
spectra clearly distinguished between sparsely populated pinholes and more densely coated areas. PiIFM mapping further revealed contrast in
signal intensity between these features. Adapted from ref. 51, with permission from the American Chemical Society.
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nearby surfaces.*® The adaptability of aryl diazonium salts
lies in the wide range of functional groups that can be
introduced onto the arene core, allowing the tuning of
surface physicochemical properties for various applications.
These salts can be synthesized easily in either aqueous or
organic media and can be isolated or applied directly in situ
for functionalization. The electrochemical reduction of aryl
diazonium salts provides a practical and controllable method
of coating conductive surfaces with sub-, mono-, or
multilayer films. By employing techniques such as
voltammetry or static potential measurements, one can
estimate the volume and surface densities of grafted

molecules, providing insights into film thickness and
compactness. Pairing  these measurements  with
nanometrology techniques, such as AFM, reduces

uncertainty, as faradaic efficiency can vary significantly with
different aryl diazonium salts, substrates, and grafting
solutions.*”™*° In our research, PiFM was invaluable for both
nanometrology and nanospectroscopy of these films,
facilitating direct thickness measurements to quantitatively
correlate with electrochemical approximations. Notably, to
the best of our knowledge, our work provided the first direct

nanolocalized chemical observations of the surface

c8H17

a)  N2200 HeCu
°N
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nanofeatures formed on these films. These features had
previously been inferred as being grafted molecules but had
never been directly probed in reduced aryl diazonium salt
studies. We achieved spatial resolutions of ~5-7 nm, far
below the diffraction limit of conventional infrared
microscopy.””®" PiFM provided chemically resolved imaging
of the sharp interface between bare gold and a few-layer
4-nitrophenyl (4-NP) nanofilm produced by localized
electrochemistry with  scanning electrochemical cell
microscopy (SECCM), as demonstrated by both topography
and by chemical contrast mapping images at the nitro- and
aromatic ring modes (Fig. 2a). The same salt was used to
prepare a thin film on the surface of a glassy carbon
electrode (GCE) in an organic medium. The resulting film
was heterogeneous and contained numerous defects. A
pinhole was isolated and systematically examined to
highlight the PiFM signal variations between the pit of the
pinhole and the step-height region of the film (Fig. 2b).
Although the electrodeposited film was thicker on the GCE
than on gold, the PiFM signal from the attached molecules
was considerably clearer and more intense on the gold
substrate. This may be attributed to the spectroscopic signal
enhancement of the organic molecules positioned between
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Fig. 3 Molecular structure of NDI(biOE2)-T2 and N2200 OMIEC polymers (a), PiFM spectra of the film surface with either greater NDI(biOE2)-T2
or N2200 signals (b), and PiFM images of pure or different ratio blended films clearly showing that the 90:10 ratio produces a more seamlessly
mixed blend with less aggregated domains in comparison to the biphasic solid chemical heterogeneities observed in the other resulting mixtures

(c). Adapted from ref. 62, with permission from Wiley.
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the plasmonic substrate and the metal-coated tip. To the best
of our knowledge, these findings constitute the first
nanometer-scale, chemically resolved evidence that the
covalently surface-attached molecules, in thin-film form,
originated from the electrochemical dediazotation of the
corresponding aryl diazonium salt.

2.2 PiFM of organic mixed ionic-electronic conductor films

Organic mixed ionic-electronic conductors (OMIECs) are
typically thin polymeric films immersed in liquid electrolytes,
serving as active layers in organic electrochemical transistors
(OECTs). These materials have found wide application in
sensing and bioelectronics,”*>* electrochromics,”>"® energy
devices,”””® and integrated circuits.””®' Depending on their
semiconducting type (p- or n-type), either holes or electrons
modulate the oxidation state of the polymer repeating units.

— 0% silane
— 100% silane

a) -

PiF-IR intensity (a.u.)

View Article Online
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This redox process enables solution ions to associate with
the charged states, thereby generating charge carriers and
enhancing OMIEC conductivity.

A key challenge in the field, highlighted by Jackson et al.,
is the markedly lower performance of n-type OECTs
compared to p-type devices. This difference often approaches
nearly an order of magnitude when evaluated using the
common figure of merit: the product of electronic mobility
(#) and volumetric capacitance (C*).°> To address this, the
authors blended two n-type conjugated polymers,
NDI(biOE2)-T2 and N2200, which bear branched oligoglycol
and branched alkyl side chains, respectively (Fig. 3a). They
demonstrated that a 90:10 blend yielded a twofold increase
in uC* relative to pristine NDI(biOE2)-T2 (Fig. 3b).

Importantly, PiFM revealed that increasing the N2200
content induced phase separation, which was detrimental to
electronic performance (Fig. 3c). PiIFM provided nanoscale

b)

PiFM silane
mapping

Glass flake
topography

0% silane

1400
Wavenumber (cm™)

20% silane

1200

100% silane

Fig. 4 Mid-infrared PiFM spectra recorded on the bare (0%) and fully (100%) silanized microglass flake surfaces, with ester and siloxane functional
groups highlighted, respectively in yellow and red, on the TMSPMA molecular structure representation and in the averaged nano-IR spectra (a). Optical
microscopy images, AFM, and PiFM analyses of microglass flakes silanized at 0%, 20%, and 100% revealed nanotopographical features associated with
silane functionalization. PiFM mapping, focused on the ester functional group resonant mode highlighted in yellow (~1710-1740 cm™3), enabled
chemical identification and correlation of these features with surface functionalization (b). Adapted from ref. 65, with permission from Wiley.
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chemical contrast, clearly evidencing the loss of film
homogeneity caused by excess N2200 and its negative impact
on uC*. Additional experiments showed that a controlled,
small addition of N2200 reduced swelling of the oligoglycol
side chains in the thin films. However, the authors cautioned
that such improvements are not universal: blending N2200
with other oligoglycol-substituted polymers did not yield
beneficial effects.

2.3 PiFM of silanized glass

Glass is a widely used material due to its abundance,
transparency, and strength. However, during fabrication,
glass often suffers a loss of mechanical strength from
microdefects and machining imperfections.®® Numerous
reinforcement methods have been explored, but while
effective, they often compromise transparency, or they offer
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only marginal improvements.®® Drawing inspiration from
nacre, the resilient inner shell layer of mollusks, we
developed a glass composite that significantly enhances
performance, surpassing annealed glass by 4300% in
strength, 350% in fracture toughness, and 400% in impact
resistance.®® Surface silanization further improved the optical
properties, reducing haze by approximately 60% compared to
untreated glass. PiFM was essential in analyzing these
modified glass microflake surfaces, allowing a detailed

topographical assessment across varying degrees of
silanization (0%, 20%, and 100%) (Fig. 4b). Initial
comparisons highlighted distinct surface topographies:

untreated glass displayed a mostly smooth surface with
minimal aberrations, while 20% silanized glass retained this
flat character but featured regularly spaced nanodots. In the
100% treated sample, these nanodots had merged, creating a
continuous layer over the glass surface with some larger

20% PDI-EH 50% PDI-EH

Fig. 5 Blended bulk heterojunction (BHJ) topography, PiFM and combined PiFM maps of PBDB-T: ITIC-4F organic solar cell active layers
prepared with varying concentrations (0%, 10%, 20%, and 50%) of the PDI-EH additive (a). Distinct ITIC-4F and PBDB-T film peaks were chosen
from FTIR spectra to yield PiFM maps free from mixed signals (b). Z-scheme of the electron and hole mobility across the active organic layer
(c). Enhanced device performance at 20% PDI-EH is attributed to improved miscibility between the donor (D) and acceptor (A) materials,
promoting more optimal nanometer-level overlap. Lower (0%, 10%) and higher (50%) additive concentrations led to poor D/A phase blending,
while the moderate 20% concentration achieved a homogeneous distribution and effective colocalization of D and A molecules. The combined
mapping images reveal these respective variations in nanoscale heterogeneity and homogeneity. Adapted from ref. 70 with permission from the
Royal Society of Chemistry.
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particle formations. Mid-infrared PiFM spectra acquired from
each sample showed an intensifying peak at ~1710-1740
em " that correlated with the silane concentration (Fig. 4a),
confirming the presence of silanization. Topographical PiFM
mapping at this peak revealed two distinct intensity
populations on the 20% silanized sample, verifying the
chemical identity of the nanodots. In contrast, a minimal
signal was detected for the 0% sample, while the 100%
silanized sample nearly showed a fully saturated signal,
consistent with no coverage and full silane coverage,
respectively.

2.4 PiFM of solar cells

Over recent decades, solar cell technology has advanced
rapidly, moving from traditional silicon-based photovoltaics
(PVs) to the versatile, third-generation devices constructed
with organic, sensitized, and perovskite materials.®®®” Bulk
heterojunction organic solar cells (BHJ-OSCs), pioneered in
1995, have seen impressive efficiency gains, although
pushing these efficiencies further now requires a nuanced
approach to controlling photon absorption, charge
separation, and charge transfer processes.®® These factors
influence critical parameters such as open-circuit voltage
(Voe), short-circuit current density (Js.), and fill factor (FF).
Fullerene-based donor/acceptor (D/A) blends are a staple in
08Cs.%° The development of high-performance, non-fullerene
OSCs is still a frontier with considerable potential. Our
previous work demonstrated that incorporating a third
component with specific band-edge alignment can bridge
donor and acceptor domains, facilitating charge separation
and significantly enhancing power conversion efficiency
(PCE).*' PiFM provided an unprecedented nanoscale view,
revealing that this third component was not only essential
but directly influenced the nanoscale blend morphology,
which in turn impacted device performance. In this study, we
focused on a ternary blend system, combining PBDB-T and
ITIC-4F as the D/A pair with the addition of PDI-EH as the
third component’® (Fig. 5c). By recording PiFM maps at
unique bands specific to each D/A pair measured by FTIR
spectroscopy (Fig. 5b), we captured the critical role of PDI-EH
in achieving uniform domain sizes (10-20 nm) in the dried
form of the active layer. PiFM results showed that a dosed
addition of PDI-EH in the active layer blend effectively
enhanced film homogeneity by suppressing isolated
aggregates of PBDB-T and ITIC-4F, a result unattainable
through conventional imaging techniques (Fig. 5a). Moreover,
by adjusting PDI-EH concentrations, we observed how fine-
tuning interlacing between D/A molecules could optimize PV
performance and device efficiency. These findings underscore
the potential of PiFM to not only characterize but also guide
the development of advanced OSCs, where even subtle
nanoscale adjustments can yield substantial performance
gains. PiFM mapping of PBDB-T (at 1641 cm ') and ITIC-4F
(at 1540 cm™) as a function of PDI-EH content revealed that
a 20% PDI-EH concentration yielded the most colocalized
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distribution of the donor-acceptor pair. In contrast, blends
containing 0%, 10%, or 50% PDI-EH exhibited noticeably
poorer spatial overlap between donor and acceptor domains.

2.5 PiFM of sensors

Rheumatoid arthritis (RA) is a prevalent autoimmune disease
that causes painful inflammation in synovial joints,
ultimately leading to bone erosion.”*””* This condition arises
from an adaptive immune response that persistently activates
T-cells through the CD28-B7 pathway.”*”> CD28, a membrane
receptor on T-cells, binds strongly to CD80 and CD86
glycoproteins on the surface of activated antigen-presenting
cells (APCs). A soluble form of CD80 (sCD80) is present in
the circulation of both healthy individuals and those with
autoimmune disorders.”®”® Although its exact role remains
unclear, elevated sCD8O0 levels have been observed in patients
with autoimmune diseases such as hematological
malignancies and systemic lupus erythematosus (SLE).”®”®
Studies have shown that RA patients treated with anti-
inflammatory drugs exhibit reduced sCD80 serum levels,
highlighting its potential as a preventive biomarker for
RA.”%#® Currently, sCD80 is primarily quantified using an
ELISA-based assay.®' However, the similarity between sCD80
and other co-stimulatory proteins leads to unavoidable cross-
reactivity. Meanwhile, ELISA assays are costly and resource-
intensive. Aptamers offer several advantages over antibodies:
they are smaller, more stable, highly reproducible, and more
cost-effective.®>®®  Furthermore, aptamer candidates can
undergo an iterative synthetic selection to identify sequences
with optimal target binding, a process that is not feasible
with antibodies. In this study, we developed an
electrochemical aptamer-based biosensor (aptasensor) using
commercially available screen-printed gold electrodes
(AuSPEs).** The DNA aptamer-functionalized surface was
identified by its vibrational signatures corresponding to the
phosphodiester backbone (~875 cm™), sugar-phosphate
groups (~1050 cm™), C-X nucleotides (~1730 cm™), and
base-sugar moieties (~1100-1400 cm™'). In contrast, the
amide I, II, and III bands served as effective markers for the
sCD80-bound aptasensor by broadening, intensifying and
shifting in the ~1600-1750 cm™" range, incurring weak peaks
at ~1525 cm ', and causing several sharp bands between
~1100-1400 cm™" (Fig. 6a). These vibration modes enabled
mapping of the spatial distribution of bioelements in their
bound and unbound states on the biosensor surface by
selecting appropriate wavebands. For instance, protein amide
bands are known to shift depending on their chemical
environments.®> We observed a similar phenomenon with the
DNA aptamer, which showed that sCD80 bound and
unbound aptamers had chemically separable phosphodiester
chain signals. A neighboring sharp and intense peak was
observed after the conjunction between DNA-aptamers and
sCD80 proteins at ~875 cm™". The band at ~1400 cm™" was
chosen to effectively map the DNA-aptamer at the base sugar
resonance, and subsequently the sCD80 analyte's distribution
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Fig. 6 Representative PiFM biosensor sample surface nanospectroscopy results show the DNA aptamers' and the proteins’ detected mid-infrared
vibrational modes (a). Perspective view topography and PiFM mapping of the aptasensor surface at different stages: bare AuSPE, AuSPE coated
with the DNA aptamer, and coated with the DNA aptamer after exposure to the sCD80 analyte (b). The PiFM maps shown herein were specifically
locked on the DNA aptamer via the base-sugar vibration mode and on the sCD80 protein via the amide Il band at ~1400 cm™, as highlighted in
(a). AuSPE schemes illustrating the Au working electrode conditions at the steps of the biosensor fabrication examined by PiFM (c). Adapted from

ref. 84, with permission from Elsevier.

on the biosensing surface at the amide III mode (Fig. 6b).
PiFM played a crucial role in verifying surface coverage of the
bio-recognition elements (REs) and visualizing RE-analyte
complexes at various stages of aptasensor fabrication and
after analyte exposure (Fig. 6¢). Surface characterization by
PiFM was imperative for understanding the aptasensor's
superior sensing performance in terms of both sensitivity
and stability in detecting sCD80.

3. PIFM of rougher samples

In previous work, we conducted PiFM on relatively flat surfaces,
characterized by height variations of less than 100 nm or with
surfaces of regular geometry. On these samples, the tip
operated at a controlled distance of 1-10 nm above the surface
(85% setpoint) with a gentle dither of 1 nm amplitude and with
a laser pulsing at f,, = fi - fo. However, some of these
parameters are incompatible with samples featuring irregular
structures of micrometer-scale heights. The resulting
topography produces an inaccurate depiction of the actual
surface due to uneven attractive forces pulling on the
cantilever, triggering setpoint threshold distances that are too

274 | RSC Appl. Interfaces, 2026, 3, 266-292

far from the true surface. Consequently, achieving accurate
imaging on such samples requires switching from a contactless
to a more dynamic (or tapping) mode (Fig. 1d). The excitation
dither (4) was changed to 40 nm amplitude, but the laser
frequency (f,) was conserved. In conventional PiFM, often
termed the “second mode”, the lock-in amplifiers assign f, to
the PiF channel and f; to the topography channel. For rougher
samples, these assignments are reversed: f, becomes the
topography readout and f; corresponds to the PiF signal, a
configuration referred to as the “first mode”. This “first mode”
is likewise used for sSSNOM measurements. These adjustments
are essential for the tip to overcome attractive forces from taller
features, allowing it to temporarily enter the repulsive regime,
where it effectively senses the surface and captures an accurate
topography, rather than a misrepresentation of rough or
heterogeneous surfaces. Although measurements remained
surface-sensitive when using this setting, the lateral resolution
and depth probed were likely to slightly deviate from
conventional smooth
samples. These values are estimated to approach typical
measurements done with tapping-mode AFM-IR, PFIR, and
PTIR. Yet with this approach, we successfully obtained high-

surface-sensitive measurements on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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quality topography frames along with sub-diffraction chemical
contrast data. We acquired clean mid-infrared spectra and
chemical mapping images for diverse samples, including
cellulose nanofibril (CNF) and amyloid protein (CsgA)
bionanocomposite films, MON and COF powders, and wood
modified with disodium octaborate tetrahydrate (DOT).

3.1 PiFM of cellulose nanofibril and amyloid protein
bionanocomposites

With growing environmental and health concerns, there is a
rising demand for biodegradable and biocompatible
materials in fields like food packaging and healthcare.®***
Among candidates, polysaccharide-protein
composites show promise as biocomposites with practical
physicochemical and mechanical properties.”> Such
biocomposites have been utilized in various applications,
including water treatment, molecular biology, adhesives, and
antimicrobial activity.”*®® Naturally occurring proteins, such
as silk and collagen, have demonstrated significant
improvements in bionanocomposites, enhancing mechanical
strength, wettability, thermal stability, electrical properties,
and optical characteristics.””*® While amyloid fibrils are
traditionally associated with disease, recent studies reveal that
amyloid proteins serve essential functions across various
organisms.'*”'%" Research combining polysaccharides with
amyloid proteins has demonstrated that, even when the
proteins are not inherently amyloidogenic, the resulting
composites still exhibit enhanced mechanical strength and
thermal tolerance compared to the raw materials. Cellulose,
the most abundant polysaccharide, can be processed into
cellulose nanomaterials (CNMs). One such CNM, cellulose
nanofibril (CNF), has an elastic modulus of several hundred
GPa and a diameter of only a few nanometers. In this study,
we combined CNFs with CsgA, an amyloid protein naturally
produced from the csgA gene in E. coli, which has an elastic
modulus of 3-20 GPa, making it one of the stiffest known
biopolymers.'*>'%  With goals of fusing the beneficial
environmental, mechanical and thermal properties of both
materials, we fabricated ~500 um-thick free-standing films of
this CsgA-CNF bionanocomposite, hypothesizing that the
nanometer-scale fibrils of CsgA and CNFs would yield a highly
interlaced blend at the nanoscale.'®® We examined bare CNF,
BSA-CNF, and CsgA-CNF films by energy-dispersive X-ray
(EDXS), X-ray photoelectron (XPS), and FTIR spectroscopies
that unequivocally confirmed the incorporation of protein
within the blended CNF films (Fig. 7a). Thermogravimetric
analysis (TGA) further supported that the embedded protein
imparted its physicochemical properties to the CNFs, notably
enhancing their thermal stability and hydrophobicity.
Moreover, TGA pointed out that the CsgA-CNF had greater
moisture retention properties in comparison to bare and
BSA supplemented CNFs, suggesting a surface hydrophobic
coating which comparatively delayed the release of steam.
Collectively, mid-infrared PiFM intensity contrast imaging
and spectroscopy provided key understanding of the overall

various
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structure of these free-standing films by integrating the
information from multiple data sources. PiFM chemically
differentiated proteinaceous and cellulosic components at
the film surface with sub-diffraction-limited resolution to
show that in contrast to BSA, which was homogeneously
dispersed within the bulk of the CNF film, CsgA aggregated
domains assembled almost exclusively at the surface
(Fig. 7b). Following protein inclusion, amide I and II bands
appeared in the bare CNF mid-infrared spectra, with
considerably stronger signals originating from the CsgA-CNF
surface (Fig. 7c). The spectral features further indicated that
the protein aggregates were dominated by antiparallel
B-sheet structures and contained minimal o-helical content.
As expected, the topography images and PiFM maps were
consistent with one another, reflecting the surface-localized
aggregation of the amyloid fibrils. Notably, localized PiFM
point spectra showed that high-intensity pixels exhibited
stronger amide I and II peaks than low-intensity regions.
Moreover, the tallest topographic features did not
systematically coincide with high PiFM-intensity pixels, and
vice versa, confirming that the PiFM maps faithfully
represented the distribution of CsgA on the composite
surface. Altogether, this expanded characterization suite
provided robust insight into the molecular interactions
between the polysaccharide scaffold and the amyloid protein
modifiers, offering a novel PiFM-based method to analyze
amyloid-nanocellulose bionanocomposites.

3.2 PiFM of covalent organic frameworks and microporous
organic networks

Organic molecules are at the forefront of recent advances in
materials science, especially since the past decade, in the
form of microporous organic networks (MONs) and covalent
organic frameworks (COFs).'*>'% Notably, the 2025 Nobel
Prize in Chemistry was awarded to Susumu Kitagawa,
Richard Robson, and Omar M. Yaghi for their pioneering
work on metal-organic frameworks (MOFs). Yaghi also
originated the concept of COFs, first reported in 2005.""
These polymers exhibit impressive thermal and chemical
stability along with a highly porous structure, providing a
large surface area ideal for applications in heterogeneous
catalysis, phase separations, gas and energy storage, fiber
coatings, and even molecular electronics and
optoelectronics.'®® MONSs, often synthesized through the
coupling of phenyl-based molecules under Sonogashira
reaction conditions, form amorphous networks. At the same
time, COFs and functionalized COFs are created using the
Schiff base and transamination reactions in solvothermal
environments to achieve high crystallinity and uniform pore
sizes.'%®1997115 The crystalline quality of COFs is achieved
through a thermodynamic assembly-disassembly cycle: the
more extensive the cycles, the greater the reconstruction
from the fast amorphous kinetic products to the slow
crystalline thermodynamic products, resulting in a more
stable and higher-quality COF structure."*>'"” The various
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Fig. 7 Schematic of the free-standing cellulose nanofibril (CNF) and protein bionanocomposite films (a). Topographical images of control CNF,
BSA10-CNF, and CsgA10-CNF bionanocomposite films overlaid with corresponding PiFM chemical maps (b) at the annotated and highlighted
spectral bands (labelled i-iv) on the smoothed and averaged PiFM mid-infrared spectra shown in inset in (c). Localized raw PiFM mid-infrared
spectra recorded from CNF, BSA10-CNF, and CsgA10-CNF bionanocomposite film surfaces (c). PiFM distinctly contrasted between the CNFs and
the embedded protein regions, emphasizing on their spatial distribution and interaction. Spatially resolved mid-infrared PiFM spectra revealed
enhanced amide | and Il protein signals on the surface of BSA10-CNF and CsgA10-CNF, compared to the CNF control. Adapted from ref. 104, with
permission from the American Chemical Society.
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In our work, we designed MON and COF materials with a
focus on reusability. We created core-shell structures with a
magnetic Fe;O0, core coated by an amorphous MON shell or
functionalized crystalline COFs, providing stability and
allowing for easy recovery of the material using an external
magnet. The outer organic layer was embedded with metal
nanoparticles (MNPs), conferring catalytic or binding
functionalities and enabling efficient separation without
decomposition or leaching. Specifically, we synthesized
copper and copper oxide nanoparticle-modified MONs as
dual-purpose catalysts for converting CO, into cyclic
carbonates, presenting a green solvent alternative to toxic
reagents.''® PiFM confirmed particle diameters measured by
electron microscopy, ranging from 300 to 500 nm, and
successfully resolved the Fe;O, core from the organic MON
shell. The mid-infrared PiFM spectra were consistent with
previously recorded FTIR data for this material. Aromatic
and aromatic amine peaks were observed at ~1000-1150
em™, 1259 em ™, and near 1600 cm™', while C-N vibrations
appeared at 1511 cm . Upon incorporation of Cu NPs,
hypsochromic shifts of the aromatic-NH, and C-N bands
indicated successful interactions with MON matrix amine
groups. PiFM mapping at the C-N band produced a
uniform high-intensity image, confirming a homogeneous
surface distribution (Fig. 8b). Similarly, Pd NP-modified
MONs were developed as heterogeneous nanocatalysts for
Suzuki and Sonogashira C-C bond-forming reactions to
synthesize biaryls."*® PiFM metrology established particle
sizes and confirmed the chemical identity of the MNP-MON
base. Mid-infrared spectra revealed the integration of Pd
NPs into the MON shell through blue shifts of the
aromatic-NH, (~1260 cm™') and C-N (~1510 cm™) bands
to ~1265 cm ™ and 1518 cm™", respectively. Mapping of the
C-N band further confirmed the wuniform surface
distribution of Pd NPs (Fig. 8c). An amine-functionalized
COF with high affinity for mercury ions was also
synthesized, highlighting its potential for water treatment
applications.”” PiFM topography indicated that larger
Fe;0,-COF structures were surrounded by smaller spherical
counterparts. Mid-infrared spectra captured the
transformation from bare Fe;0,@COF to Fe;0,@RCOF-EBH-
TSC, marked by the disappearance of the imine (C=N) peak
at ~1625 cm™* and the emergence of a C-N peak at 1250
em ', reflecting the successful reduction of imines to
amines (Fig. 8a). More recently, we demonstrated an
environmentally beneficial application using MON-coated
MNPs to selectively recover precious metals, notably gold,
from electronic waste.'** PiFM topography showed minimal
morphological changes post Au NP binding, aside from
slight particle shrinkage. Mid-infrared spectra identified
these features as MON materials via the intense aromatic
peak at ~1500 cm™', and mapping at this frequency
corroborated the surface distribution. While the far-infrared
Au-S resonance was not accessible by PiFM, shifts toward
higher frequencies indicated modifications in the MON
shell chemical environment following Au NP incorporation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 8d). Furthermore, the interactions between crystalline
COFs functionalized with ionic liquids and gold were
investigated.'>® PiFM mid-infrared spectra matched bulk
FTIR, confirming uniform chemical identity at the
nanometer scale. Triazole moieties were identified via
secondary and tertiary amine C-N stretches, benzene ring
modes, and imine (C=N) vibrations at ~1210 cm™, 1374
em™, and 1565 cm™, respectively. COF structures appeared
as clusters of fractal polygons. Functionalization of COF-
NHC led to broadening of existing signals, particularly
aromatic and imine modes, and intensification of the C-N
peak due to increased histidyl content. Upon Au binding
(COF-NHC-Au), particle size decreased, and peak shifts, both
hypsochromic and bathochromic, occurred while retaining
original COF-NHC features, reflecting partial participation of
COF-NHC molecules in Au coordination (Fig. 8e). PiFM
proved essential in characterizing these materials, verifying
the integration of metal NPs within the MON/COF matrices,
the successful functionalization of the COF materials, and
the morphological and spectral effects after capturing gold.
This powerful technique was crucial for confirming the
structural and chemical composition of our hybrid materials
systems, ensuring they met the required stability and
functionality claims.

3.3 PiFM of metal-organic frameworks

An interesting application of PiFM has recently been reported
in the study of adsorption properties on metal-organic
framework (MOF) surfaces. Delen et al. investigated different
facets of ZIF-8 microcrystals exposed to formaldehyde at
various partial pressures'*® (Fig. 9a and b). They found that
adsorption  occurred predominantly on higher-index
crystallographic planes, mainly at the corners and edges of
the microcrystals, which are only a few tens of nanometers in
size  within  otherwise  micrometer-sized  structures.
Additionally, isolated high-energy nanodomains within low-
energy facets enabled adsorption on the basal planes. Defects
introduced by pyrrole ligands were shown to preferentially
target these high-energy nanodomains. Based on these
observations, the authors proposed two distinct mechanisms
of formaldehyde adsorption (Fig. 9d). The technical
significance of this work lies in the demonstration of in situ
adsorption measurements under vacuum and the use of
hyperspectral imaging (Fig. 9c). Although operating PiFM
under vacuum presents challenges, including potential
interferences in the chamber environment and the fact that
commercial PiFM probes are optimized for ambient rather
than vacuum conditions, the authors successfully adapted
the technique to reliably differentiate anisotropic adsorption
effects. Hyperspectral imaging, another unique capability of
PiFM, links each topographic pixel to a corresponding PiFM
spectrum. While this mode is inherently time-consuming due
to the need for long acquisition times (typically 20-30 s per
spectrum), the authors demonstrated that reliable spectra
can be obtained with much shorter acquisitions (100-400 ms
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Fig. 8 PiFM spectra confirmed the successful functionalization of RCOF-EBH into RCOF-EBH-TSC, indicated by the disappearance of the C=N
stretching peak and the emergence of -OH and C-N stretching signals, with no significant changes in topography (a). Adapted from ref. 121, with
permission from the American Chemical Society. A magnified view of the MON PiFM spectra (inset) revealed key blue shifts in the aromatic-NH,
and C-N peaks after the incorporation of Cu nanoparticles (b). Adapted from ref. 119, with permission from Elsevier. Similar peak shifts were
observed following the addition of Pd nanoparticles to the MON shell, and after Au recovery from e-waste (c and d). Adapted from ref. 120 and
122 with permission from the American Chemical Society. A PiFM scan at the C-N signal showed a high degree of overlap between the signal and
the topographically imaged particles (b and c). The PiFM scan showed an increase in signal after the Au bound to MON, possibly caused by the
plasmonic effect of Au NPs enhancing the PiFM signal (d). Although the signals remained constant, apparent peak shifts were observed after the
COF-NHC was bound to gold (e). Adapted from ref. 123, with permission from the American Chemical Society.

278 | RSC Appl. Interfaces, 2026, 3, 266-292 © 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00346f

Open Access Article. Published on 02 February 2026. Downloaded on 6/19/2026 5:24:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

a)

o
0-480 ppm
p=0.5-1 bar

IR:1965-775cm™ 5 nm

Crystal planes

. {110}

{211} {210}

g (@H0)

A%

Hyperspectral imaging

cm”

View Article Online

Review

d)

Formaldehyde*

Formic acid
Methanol

A

Cannizzarol/‘
reaction

Zn-OH,
8,840, 790 cm™!

Methoxy*
Vo 1060 cm’

Formic acid

DOM/POM* Formate*
Veo 1150 cm” Veoo™ asym. 1980 M
Ty, 1320 cm’ Veoomeym, 1380 cm”!
. Linker / Nitrogen @® Carbon
. Defect linker @® Oxygen
& zinc (O Hydrogen

Fig. 9 ZIF-8 MOF structure schematically represented (a), a ZIF-8 microcrystal drawing showing the different crystallographic planes and a PiFM
probe scanning the surface in situ while formaldehyde is being adsorbed (b). Hyperspectral images captured on the same frame at varying
formaldehyde partial pressures. Spectra show the -CH, bending and C-O stretching signals as an indicator of formaldehyde adsorption (c).
Author-proposed adsorption and conversion mechanisms of formaldehyde on ZIF-8 microcrystals (d). Adapted from ref. 124 with permission from

Springer Nature.

per spectrum), enabling practical imaging. To balance quality
and speed, they employed 64 x 64 px> resolutions, which
allowed acquisition within reasonable timeframes while still
yielding interpretable data.

3.4 PiFM of twisted organic crystals

Organic crystals are at the very foundation of molecular optical
phenomena, a legacy tracing back to Louis Pasteur's pioneering
observations on the optical activity of tartaric acid
crystals."** %" Decades later, organic crystals have resurfaced as
materials of great interest, not only for their optical properties
but also for their diverse morphologies and mechanical
behaviors. In particular, flexible organic crystals capable of
bending and twisting hold significant promise for applications
in  optoelectronics,”**™**'  mechanophotonics,**™**  soft
robotics,"”*>"*® and smart sensing."®” While lattice defects
responsible for such phenomena are well documented in
inorganic crystals, they remain rare and insufficiently explored
in organic crystalline materials. This scarcity highlights a
pressing need to deepen our understanding of the mechanical,
structural, physical, and chemical characteristics of deformable

© 2026 The Author(s). Published by the Royal Society of Chemistry

organic crystals. A recent study by Tang et al. investigated the
origins of twisted and bent morphologies during the
crystallization of the minor tautomer of ammonium urate (NH,-
HU)."*® Crystals were obtained through pH adjustment without
the application of any external mechanical stimuli.
Interestingly, only crystals grown at neutral pH exhibited
bending and twisting, with increasing NH,HU concentrations
further amplifying these deformations and generating more
complex motifs such as loops. High-resolution scanning
electron microscopy (SEM) (Fig. 10a), transmission electron
microscopy (TEM), and nano-electron diffraction (NED)
(Fig. 10c) revealed the coexistence of multiple crystalline facets
(Fig. 10b). Sequential TEM analyses revealed that random
defects, screw dislocations, and edge defects were key
contributors to the observed morphologies. PiFM played a
crucial role in this study, providing nanoscale chemical insight
into how the urea functional groups experienced different
chemical environments in bent and twisted crystals compared
to straight, linear ones. From the concave to the convex regions
of curvature, PiFM spectra exhibited both broadening and
intensity loss in the N-H wagging and aromatic n—r interaction
bands, accompanied by a distinct C=O blueshift, clearly
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Fig. 10 SEM micrograph showing intertwined networks of NH4HU minor tautomer crystals, distinguishable by their curved morphology. A
magnified view of a single crystal reveals the presence of twisting along its structure (a). The facets of the twisted crystals were indexed using TEM
tomography (b). TEM image with NED patterns collected at three different locations along a curved NH4HU crystal fiber (c). PiFM topography and
corresponding chemical maps acquired at the N-H wagging band (1397 cm™) and the C-N stretching band (1009 cm™), associated with aromatic
n-n interactions (d). While the straight microcrystals exhibited homogeneous signals, the bent and twisted structures displayed pronounced
chemical contrast between the concave and convex sides, indicating distinct local chemical environments. Adapted from ref. 138 with permission
from Proceedings of the National Academy of Sciences.

0 nm Y

evidencing strain-induced modification in molecular bonding  flame retardants.'*®**®'4% While large-scale applications of

and local environments (Fig. 10d). borates, such as DOT, can be conveniently achieved
through dipping methods, these compounds are prone to
leaching into the environment."”® Fortunately, borates are
eco-friendly and pose minimal risk when released into
Earthen construction is one of the oldest and most natural waterways."”"'*> Our study addresses the need for
sustainable architectural methods, offering communities  enhanced treatment longevity by investigating methods to
cost-effective housing with a minimal environmental improve borate retention within the wood matrix. We
impact."***" Wood serves as the primary foundation focused on the permeation behavior of DOT, an area that,
material in these constructions, but untreated wood is until now, has lacked in-depth examination.®® Our
highly vulnerable to degradation from insects, fungi, algae, findings provide new insights into DOT's potential as a
and fire, leading to significant decay.'**> Advances in  reliable and effective wood treatment (Fig. 11a). Using
technology and industry standards now guide the  depth concentration profiling and interfacial
processing of lumber for construction, with building  measurements, we mapped DOT displacement in realistic
codes, such as the widely adopted International Building  scenarios, such as at the wood/clay boundary in earthen
Code, mandating that wood be treated for both safety and  structures. Both bulk analytical measurements and
longevity."*® Common wood treatments include tars, oils, localized surface infrared spectroscopy were critical for
organic fungicides, silicates, copper salts, and boric acid chemically visualizing the effects of DOT treatment. FTIR
salts."**'” Among these, borates are especially valued in  spectra of treated fir and spruce revealed systematic signal
construction for their dual role as wood preservatives and  enhancements in the 1000-1475 cm™ region, attributed to

3.5 PiFM of DOT-treated wood
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Fig. 11 Schematic of disodium octaborate tetrahydrate (DOT) functionalization of wood (a). PiFM topography of diced fir and spruce samples
along the grain axis, with corresponding PiFM maps at ~1096 cm™?, selectively visualizing DOT treatment effects on the surface (b). Bulk FTIR
spectra in the 900-1200 cm™ range showing generalized mid-infrared intensity increases due to DOT functionalization, with pronounced
sensitivity at ~1096 cm™ (c). PiFM mid-infrared spectra pointing at intensifications at ~1100 cm™ and ~1425 cm™?; the highlighted ~1096 cm™
band was selected for surface PiFM mapping (d). An additional intensification at 1750 cm™ was observed in DOT-treated spruce spectra. Adapted

from ref. 153 with permission from Wiley.

the characteristic contributions of boric acid at 1150 cm™
and 1429 cm™ (Fig. 11c)."®* These spectral changes were
mirrored in the PiFM mid-infrared measurements
(Fig. 11d). Notably, the peak at 1750 cm™' exhibited
stronger enhancement in spruce compared to fir following
DOT application. Because DOT is slightly alkaline, it raises
the pH, which may promote alkaline-mediated oxidation
or hydrolysis of hemicellulose, cellulose, and lignin,
providing a plausible explanation for the observed peak
intensification.'>® The relatively modest enhancement in
fir suggests that this wood species was already more
oxidized than spruce prior to treatment, and DOT only
subtly promoted further oxidation. Initially pronounced
oxidation in fir also suggests a greater intrinsic
susceptibility to ambient oxidation compared to spruce.
Overall, combining PiFM with quantitative lateral
migration measurements and bulk infrared spectroscopy
enabled high-resolution analysis of DOT interfacial
dynamics. This approach allowed both qualitative
comparison of surface chemistry and quantitative
assessment of time-dependent DOT migration, as
influenced by humidity and a clay sealant coating, across
the two wood types, providing detailed chemical imaging
insights (Fig. 11b).

© 2026 The Author(s). Published by the Royal Society of Chemistry

4. PiFM in bulk mode

Photoinduced force microscopy (PiFM) distinguishes itself
from other AFM-IR techniques by offering superior surface
sensitivity and finer lateral resolution, particularly in sideband
operation, where the infrared laser pulse frequency is tuned to
the difference between the first and second eigenmodes of the
cantilever. Beyond this conventional configuration, PiFM also
enables a less-explored mode for probing deeper into materials,
facilitating “bulk-type” investigations. In this direct mode, the
infrared laser is pulsed at the same frequency as the first
cantilever vibration mode (f;,, = f;) (Fig. 1e). While the dither
piezo (A) continues to oscillate the cantilever at 1 nm
amplitude, the probed depth (d) extends significantly beneath
the surface.”*** In direct mode, the lock-in amplifiers are
configured as in conventional sideband non-contact PiFM,
corresponding to the “second mode”. Using this deep-mode
configuration, we successfully visualized graphene oxide flakes
embedded below the micrometer surface of a proton
exchange membrane water electrolyzer (PEMWE),*® and
near hundreds of nanometer thick films of silanized glass
substrates before and after undergoing “click” chemistry to
produce superhydrophobic surfaces."> It is noteworthy that
PiFM in direct mode is not the most commonly used
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configuration, as most studies focus on surface-sensitive
sideband operations to probe interfacial features. The
measurements presented here are therefore original,
representing one of the few demonstrations of bulk-
sampling PiFM while retaining sub-diffraction lateral
resolution. We successfully probed sample thicknesses
ranging around 250 nm and the top ~1 um within a 20
pm layer in two independent studies, as discussed below.

4.1 Graphene oxide embedded in Nafion for PEMWE
applications

As renewable hydrogen emerges as a viable clean energy
alternative, sustainable methods for its storage and production
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are undergoing rigorous investigation."”®**° Among these,
electrically operated proton exchange membrane water
electrolyzers (PEMWEs) present an attractive pathway due to
their safety, scalability, lower energy demands, and enhanced
productivity stemming from faster electrode kinetics.'®*™*%?
Perfluorosulfonic acid (PFSA) membranes, such as Nafion, are
reference materials employed as the polymer electrolyte
membrane in PEMWESs,'** % owing to their stable and
adequate mechanical, thermal, and chemical
properties.’®”'®”"17>  Despite their robustness, PEMWE
membranes are susceptible to chemical degradation from free
radicals generated at the electrodes or metal leaching from cell
components, which catalyze deleterious reactions.'”*”*
Mechanical failure due to hydration and temperature cycles

45.6 nm

0nm

°
3*

Intensity (a.u.)
1

[¢]
3

1800 1600 1400 1200

Wavenumber (cm™)

1000 800

Fig. 12 Schematic of the Nafion or Nafion-GO 20 um protective adlayer on the PEMWE electrolyte membrane (a). PiFM direct-mode mapping at
the -CF,- asymmetric stretching (~1170 cm™?) and topography of both unmodified and GO-modified adlayer surfaces (b). PiFM direct-mode mid-
infrared spectra at the indicated locations of the PiFM maps (c). PiFM spectra and mapping elucidated the in-depth distribution of graphene-oxide
(GO) concealed within the GO-modified Nafion adlayer, indicated by lower PFSA intensity bands and areas of reduced intensity, respectively. For
the bare Nafion sample, all spectra displayed uniform intensity, and the PiFM intensity mapping was consistent. Adapted from ref. 156, with

permission from Elsevier.
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represents another common challenge."’®"”” These combined
factors often lead to complete system failure."”®'”® To extend
device durability, researchers have developed ameliorated
composite membranes by incorporating nanocarbons, such as
multi-walled carbon nanotubes (MWCNTSs) and graphene, into
Nafion, primarily through solution casting techniques.'®**80188
However, solution casting methods present limitations in terms
of scalability, reproducibility, and efficiency. Consequently, we
designed a novel PEMWE membrane using ultrasonic spraying,
a technique recognized for its ease of automation and capacity
for large-scale production of uniform films through precise
control over droplet sizes."®* " Furthermore, graphene oxide
(GO) is one of the least reported reinforcing agents in the
literature, providing additional impetus to expand research
with this nanocarbon, which holds significant potential for
seamless performance.'®”**>1%7 In this innovative work, we
combined ultrasonic spraying with graphene oxide to fabricate
a 20 um nominal thickness protective GO-Nafion composite
adlayer on the surface of commercially available Nafion 115
membranes (Fig. 12a)."°° The resulting membrane was
comprehensively characterized and tested under real-world
conditions, demonstrating upgraded mechanical properties,

increased thermal tolerance, enhanced hydrophilicity,
R R
)| R S b
a \ \é s/R _R.R
os' o/S S
Nofofodh, dso
,O-§ /s 1
o d o e

OOHO OHO
ae Pl
e Ay

VTCS coated glass

Y wClick"
i ) I} SR Click" product
O o, O 7 7 f¢ S S $ R
\0/?&0,2!\0 cl)\ / ; % {
‘ O0HO oH SiH | 4
e o .0
l‘ dﬂ] O‘S S —/Si'o\ 7

o k) S0
ATCS coated glass‘ T OHT ‘Cl)rﬁ ’

it

"Click" product

High

Low Low

Sldeband

VTCS

idend Low ©
VTCS + click

View Article Online

Review

unaffected electrochemical performance, and greater long-term
stability. PiFM played a crucial role in elucidating the surface
and bulk membrane characteristics influenced by graphene
oxide loading. While the surface sensitive sideband PiFM
measurements showed unchanged mid-infrared spectra on the
control and on the GO-modified adlayer, PiFM intensity maps
and spectra in the direct configuration successfully identified
locations concealing graphene oxide flakes beneath the
membrane surface (Fig. 12b and c). The results of this study
supported experimental determination of micrometer PiFM
depth sensitivity within the 20 um adlayer in direct mode.

4.2 Silane click chemistry for superhydrophobic surfaces

Natural phenomena have long inspired human imagination
and technological progress, as exemplified by the self-
cleaning properties of the lotus leaf.'*®'®® This biological
blueprint has guided the design of superhydrophobic
surfaces, where the observed behavior arises from a
combination of mechanical structuring and chemical

composition.?*°>°”  Organosilanes represent one effective

strategy for fabricating such surfaces, particularly on oxide
208-211

substrates such as glass. In our recent work, we
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Fig. 13 Hydroxylated glass surfaces were silanized with VTCS and ATCS, followed by a thiol-ene “click” reaction with a long-chain alkyl thiol (a).
Topography images of the resulting VTCS coatings (b). PiFM chemical mapping of VTCS before and after the click reaction, showing sideband
(surface) and direct (bulk) intensity distributions of C-C and C=C bonds (c). The decrease in the C=C signal at 1409 cm™ is attributed to thiol-ene

alkylation, while the corresponding increase in C-C intensity at 1467 cm™

permission from the Royal Society of Chemistry.
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1 reflects the formation of new C-C bonds (d). Adapted from ref. 157 with
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examined  surface  modifications of glass  using
allyltrichlorosilane (ATCS) and vinyltrichlorosilane (VTCS).'*’
These modifications were subsequently subjected to a thiol-
ene click reaction with a long-chain alkyl thiol (1-DSH) to
enhance surface hydrophobicity (Fig. 13a). PiFM was
proven to be highly valuable for -characterizing both
functionalization steps and confirming the chemical identity
of the molecular coatings. Because the resulting films were
relatively thick (Fig. 13b), PiFM was operated in both
sideband and direct modes to obtain complementary surface
and depth-resolved chemical information (Fig. 13c). The
average PiFM spectra collected before and after surface
modification were integrated to quantify reaction efficiency
(Fig. 13d). In parallel, ATR-FTIR-based calculations produced
comparable results. However, both techniques indicated that
the click reaction yield was substantially lower than
previously reported near-quantitative yields in bulk solutions.
Our findings suggest that PiFM provided a more detailed and
discriminating view of the surface chemistry, enabling more
precise differentiation between reacted and unreacted
molecules, which may explain why earlier bulk studies
overestimated yields. An additional factor is the availability
of surface-exposed C—C groups, which appears to be
the limiting step in the reaction. Specifically, the
nanofilamentous morphology of VICS and the aggregated
structures formed by ATCS reduced the accessibility of
reactive C—=C bonds, thereby preventing near-quantitative
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yields. Based on cross-sectional SEM measurements of the
ATCS layers, film thickness were estimated to be
approximately ~250 nm. These results experimentally
demonstrate that PiFM in direct mode can effectively probe
sample depths as thick as ~250 nm and greater.

5. PiFM of surface-chemically
modified 2D materials

Furthermore, we rigorously investigated the concept of
atomic layer functionalization through PiFM using its highly
sensitive non-contact mode, enriching prior findings with
material-based reactivity and mechanistic insight in addition
to providing definitive evidence of the localized optical
properties of a successfully reduced aryl diazonium salt-
functionalized 2D material surface.

Two-dimensional (2D) materials are marvels of materials
science, particularly for their unique mechanical and
optoelectronic  properties, which enable highly efficient
photovoltaic, electronic, optical, and energy devices that still
challenge comprehensive theoretical understanding.*'> Their
designation as “2D materials” stems from their structure:
atomically thin, flat surfaces that adhere to substrates through
van der Waals interactions.”® Within this category, transition

metal dichalcogenides (TMDCs) have garnered significant
attention due to their exceptional electronic properties and
ambient stability.

14 TMDCs exhibit intriguing behaviors when

Modified

Bare

WSe, MoSe,-WSe,

Fig. 14 PiFM mid-infrared spectra highlighting the infrared vibration modes of 4-NP (i-iii) recorded from locations marked with colored stars in
the modified TMDC topography images (a). Schematic of the modified MoSe,, WSe,, and MoSe,-WSe, in-plane lateral heterostructure TMDC
monolayers modified with 4-NP molecules (b). Topography of bare and functionalized monolayer TMDCs and PiFM mapping images of the
functionalized monolayer TMDCs showing greater PiFM-IR intensity at the 4-NP resonant modes on their structural domains, compared to the
modified gold substrate, as observed with the intensities in the measured spectra (c). Adapted from ref. 233, the author's Ph.D. thesis.
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isolated as a monolayer. For instance, monolayers possess a
distinct band gap and charge conduction mechanism, with a
typically higher and direct band gap compared to the indirect
gap observed in few-layered structures.’’® These properties
render monolayer TMDCs highly promising for applications in
semiconductor, optoelectronic, and molecular -electronics
sectors.”'® Additionally, monolayer TMDCs can undergo phase
transformation; for example, upon sufficient charge transfer,
the ambiently stable semiconducting 2H phase may convert to
a metastable metallic 1T phase.”’’” Exfoliating bulk TMDCs
with strong reducing agents, such as tert-butyllithium (¢BuLi),
also yields conductive individual flakes. TMDCs are available
naturally in bulk form; however, synthetic approaches, both
top-down and bottom-up, have been developed to produce
these materials. Bottom-up techniques are particularly
appealing for the scalable and controlled production of large-

View Article Online

Review

area monolayers. Among these methods, chemical vapor
deposition (CVD) is notably more cost-effective and scalable
than molecular beam epitaxy (MBE). Recent studies have
attempted to covalently modify TMDC surfaces using aryl
diazonium salts (Fig. 14b). Still, many of these investigations
inferred the presence of grafted molecules based on
topographical or bulk spectroscopic assumptions, lacking
definitive chemical evidence.>*®*? In our work, we addressed
this knowledge gap in using PiFM to provide clear, chemical
evidence of monolayer TMDC functionalization (Fig. 14a),
elucidating previous ambiguous claims and contributing
valuable insights to the field.>*® Additionally, we concluded
that the observed signal contrast between TMDC materials on
the functionalized lateral monolayer heterostructure arose from
either differences in material-specific grafting reactivity or from
varying surface signal enhancement effects (Fig. 14c).
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Fig. 15 PiFM setup scheme showing the side-illuminated tip over a ZAIS quantum dot. PiFM images and profile measurements showing the
resolving power down to ~0.7 nm (a). Adapted from ref. 5, with permission from Springer Nature. The PiFM setup scheme showing the tip over
pentacene molecular structures. PiFM mapping of the pentacene covered surface and profile measurement showing the resolution at 0.6 nm.
Theoretical quantum chemical calculations considered picocavities that amplified the near-field protrusion from the probe apex (b). Adapted from
ref. 7, with permission from the American Chemical Society.
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6. Subnanometer resolved PiFM

It is well established that AFM topography images are
inherently limited by the radius of curvature of the probe tip
apex. In contrast, PiFM chemical mapping is not subject to
this constraint, since the effective probe is not the physical
tip itself but the near-field protrusion at the apex. This
protrusion forms a conical tapered end that is significantly
narrower than the geometric tip size. Despite this advantage,
image quality remains sensitive to practical factors such as
scanning stage piezoelectric crystal hysteresis, creep, and
especially thermal drift. Additionally, friction between the
probe tip and the surrounding air degrades the quality factor
(Q) of the cantilever oscillation. Collectively, these limitations
constrain the best achievable resolution to ~5 nm. While this
represents a major achievement in chemical vibrational
microscopy, it still falls short of genuine molecular-level
resolution. Visualizing individual molecules under ambient
conditions remains particularly challenging and would
require roughly half an order of magnitude further
improvement in spatial resolution. Significant progress has
nevertheless been achieved in recent years, most notably by
Sugawara and co-workers, who have introduced PiFM to the
subnanometer scale. In 2021, they reported single-nanometer
resolution (~0.7 nm) on Zn-Ag-In-S (ZAIS) quantum dot
heterostructures (Fig. 15a).> This innovation was made
possible through the development of a custom-built PiFM
system, granting complete control instrumental
parameters. The critical factors enabling this resolution
included operating under ultrahigh vacuum (<5.0 x 107 Pa),
the use of a highly sensitive cantilever (k ~ 2 N m™"), and an
exceptionally high Q factor of ~35400. More recently, in
2024, the same group demonstrated molecular resolution
down to 0.6 nm by imaging individual pentacene molecules
under near-cryogenic conditions (Fig. 15b).” In this case,
lowering the temperature from ambient to 78 K (-195.15 °C)
effectively suppressed thermal drift and molecular motion,
granting unprecedented optical stability. Notably, PiFM was
performed in conjunction with Kelvin probe force microscopy
(KPFM), allowing simultaneous mapping of electronic and
vibrational properties. This dual approach revealed how
charge transfer across pentacene molecules modified local
dipole distributions, in agreement with quantum chemical
calculations. The authors further proposed that numerous
picocavities formed at the sensing apex synergistically
amplified the plasmonic near-field, thereby enhancing spatial
resolution. Importantly, they confirmed that while these
picocavities are beneficial for PiIFM imaging, the overall tip
shape does not introduce artifacts or “ghost images” in the
acquired data.

over

7. Conclusion

This comprehensible review highlights the remarkable
versatility of PiIFM in examining a diverse array of sample types.
PiFM demonstrated sub-monolayer thickness sensitivity for
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organic molecules on gold and carbon surfaces, precise
detection and chemical mapping of silane molecules on glass,
variability in organic mixed ionic-electronic conductor
(OMIEC) film nanograins or in donor-acceptor domain-size
organic solar cell active layers, and the spatial distribution of
DNA-aptamer recognition elements and protein analytes on
biosensing devices. These results showcase PiFM's capabilities
for contactless surface chemical detection and imaging on flat,
smooth surfaces. Importantly, this work also addresses the
limitations of the non-contact mode for rougher surfaces,
introducing a tunable alternative in the form of a high-
amplitude intermittent (tapping) mode at the attractive regime.
This approach effectively overcomes imaging challenges,
delivering nanometer-scale insights into surface chemistry that
remain beyond the reach of diffraction-limited optical
methods. Using this mode, we discussed and analyzed diverse
samples such as cellulose nanofibril and intrinsic
amyloidogenic protein bionanocomposites, the chemical and
chelating effects of microporous organic networks (MONs) and
covalent organic frameworks (COFs), metal organic framework
(MOF) adsorption properties, local organic crystal chemical
molecular environments, and boronic acid derivative-treated
timber, revealing valuable connections between surface
chemistry, modifications, and distinct physical properties.
Furthermore, we demonstrated the utility of the often-
overlooked direct-mode configuration for revealing graphene
oxide flakes deeply embedded within a Nafion membrane and
examining the depths of a silanized glass surface subjected to
thiol-ene “click” chemistry. We then presented PiFM as a
pioneering instrument capable of unifying and advancing
knowledge in underexplored areas, such as the surface
functionalization of transition metal dichalcogenides and their
material-based reactivity using aryl diazonium salts. Finally, we
briefly ~summarized high-end, precise sub-nanometer
resolutions achieved with the PiFM under -customized
conditions, minimizing usual causes of noise and
interferences. The advent of PiFM marks a checkpoint in
scanning probe microscopy (SPM), unlocking valuable
potential in materials interfaces and surface science. Looking
ahead, the future of SPM holds promising opportunities,
particularly with the potential integration of artificial
intelligence and machine learning. Such advancements could
empower mankind by building the next generation of
instruments to measure surface chemistry with supreme
accuracy and overcome a new level of sample preparation
complexities, redefining the boundaries of technological
innovation in surface characterization.
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Abbreviations

1-DSH 1-Decanethiol

4-NP 4-Nitrophenyl

ATCS Allyltrichlorosilane

APCs Antigen presenting cells

AFM Atomic force microscope (microscopy)

AFM-IR Atomic force microscope (microscopy)-infrared

ATR-FTIR Attenuated total reflectance Fourier transform
infrared

BH]J-OSCs Bulk heterojunction organic solar cells

fi Cantilever second mechanical eigenmode

fo Cantilever first mechanical eigenmode

CNFs Cellulose nanofibrils

CNMs Cellulose nanomaterials

CVD Chemical vapor deposition

COFs Covalent organic frameworks

DOT Disodium octaborate tetrahydrate

A Dither piezo oscillation amplitude

D/A Donor/acceptor

EDXS Energy-dispersive X-ray spectroscopy

ELISA Enzyme-linked immunosorbent assay

FF Fill factor

FTIR Fourier transform infrared

GCE Glassy carbon electrode

AuSPE Gold screen printed electrodes

GO Graphene oxide

2H Hexagonal

IR Infrared

KPFM Kelvin probe force microscopy

fm Laser modulation frequency

MNPs Metal nanoparticles

MOFs Metal-organic frameworks

MONS5 Microporous organic networks

MBE Molecular beam epitaxy

MoSe,, Molybdenum diselenide

MWCNTSs Multi-walled carbon nanotubes

NED Nano-electron diffraction

nanolR Nanometer infrared

NPs Nanoparticles

Voe Open-circuit voltage

OECTs Organic electrochemical transistors
OMIECs Organic mixed ionic-electronic conductors
OSCs Organic solar cells

PFIR Peak-force infrared microscope (microscopy)
PFSA Perfluorosulfonic acid

PIF Photoinduced force

PiFM Photoinduced force microscope (microscopy)
PTIR Photothermal induced resonance

PVs Photovoltaics

PCE Power conversion efficiency

d Probing depth

© 2026 The Author(s). Published by the Royal Society of Chemistry
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PEMWE Proton-exchange membrane water electrolyzer

Q Quality factor

REs Recognition elements

REINS Resonance enhanced infrared
nanospectroscopy

RA Rheumatoid arthritis

SECCM Scanning electrochemical cell microscopy

SEM Scanning electron microscopy

SPM Scanning probe microscope (microscopy)

SSNOM Scattering-scanning near-field optical
microscope (microscopy)

Jse Short-circuit current density

S/N Signal-to-noise ratio

sCD80 Soluble CD80

SLE Systemic lupus erythematosus

TM-AFM-IR  Tapping-mode atomic force microscope
(microscopy)-infrared

tsAu Template stripped gold

tBuLi tert-Butyllithium

1T Tetragonal

TGA Thermogravimetric analysis
TMDCs Transition metal dichalcogenides
TEM Transmission electron microscopy
WSe, Tungsten diselenide

2D Two-dimensional

VTCS Vinyltrichlorosilane

XPS X-ray photoelectron spectroscopy
ZAIS Zn-Ag-In-S
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