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ABSTRACT: Peak force infrared (PFIR) microscopy is a recently developed approach to acquire multiple chemical and physical
material properties simultaneously and with nanometer resolution: topographical features, infrared (IR)-sensitive maps, adhesion,
stiffness, and locally resolved IR spectra. This multifunctional mapping is enabled by the ability of an atomic force microscope tip in
the peak force tapping mode to detect photothermal expansion of the sample. We report the use of the PFIR to characterize the
chemical modification of bio-based native and intact wooden matrices, which has evolved into an increasingly active research field.
The distribution of functional groups of wood cellulose aggregates, either in native or carboxylated states, was detected with a
remarkable spatial resolution of 16 nm. Furthermore, mechanical and chemical maps of the distinct cell wall layers were obtained on
polymerized wooden matrices to localize the exact position of the modified regions. These findings shall support the development
and understanding of functionalized wood materials.

1. INTRODUCTION without either sample or instrument modifications, and such
reports have been limited so far.

A technique that can go beyond the optical diffraction limit
of far-field microscopy while preserving the sensitivity to

The three major components of wood are cellulose, hemi-
cellulose, and lignin, whose distinct allocation and structural
arrangement within the lignocellulose scaffold are responsible

for the unique properties of wood." Because the demand of vibrational spectra is atomic force microscopy (AFM)-based IR
bio-based materials continually increases, the problem of spectroscopy (AFM-IR). AFM-IR represents an effective,
optimal utilization of this renewable resource arises. Chemical nondestructive approach for characterization at the nanoscale
and physical modifications broaden the functionality of wood in which spectroscopic surface properties are revealed with
materials and enable applications under demanding conditions high spatial resolution.” The main operating principle behind
such as outdoor or load-bearing applications.” The separation this method is the induction of thermal expansion of a
of wooden resources into their components and additional specimen because of the absorption of IR energy. This
chemical protocols bring further opportunities to create high- expansion is then probed locally by an AFM tip scanning the
performance bio-based polymers.” To promote and support surface.”® In cellulose science, for instance, AEM-IR supported

new applications of native or functionalized lignocellulosic
materials, material behavior should be tied to fundamental
knowledge of structural and chemical features of the raw and
processed wood materials. Nanoscopic mapping of chemical
composition of a wood cross-section can, in principle, be
achieved using scanning probe microscopy (SPM), but
common imaging modes do not provide chemical sensitivity.
On the other hand, infrared (IR) or Raman imaging is sensitive
to composition of organic materials but is limited in resolution
by the Abbe-limit. Therefore, direct nanoscale imaging of
chemical group distribution in wood structures is difficult

improved understanding of polylactic acid nanocellulose
composites,7 interactions of resins and wood cell walls,® and
the chemical composition of pit membranes in wood.”
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Figure 1. PFIR measurements were carried out on native (a) and chemically modified (b,c) wood structures. (a) Native wood cells consist of cell
walls that are built up by a scaffold of cellulose, hemicellulose, and lignin and are connected by the middle lamella. In the dry state, a hollow cavity
appears in the center of a wood cell, called lumen. (b) Whole wood structure was esterified by succinic anhydrides leading to an increased amount
of carboxylic groups. (c¢) TFEMA monomers were polymerized onto areas close to the lumen from an initiator previously grafted onto the wood

surface.

A further development in combining IR spectroscopy with
SPM is represented by peak force IR (PFIR) microscopy,
which maps out spectroscopic and mechanical properties
simultaneously using an AFM tip tapping the surface of the
sample at sub-resonance frequencies and recording photo-
thermal forces arising due to IR laser pulses directed at the
sample.'’ Peak force tapping is performed in the PeakForce
Quantitative Nanomechanical Mapping (PeakForce QNM)
mode, so that adhesion and modulus values can be extracted
from the acquired force—distance curves. Simple PeakForce
QNM measurements, without spectroscopic contrast, were
applied, for instance, on wooden matrices to locally identify
moduli variations'' or time-dependent adhesion forces.'”> With
lignocellulose fibers, researchers analyzed the adsorlption
behavior and morphology of cellulose nanofibers."”* In
PFIR, the addition of an IR laser focused between the AFM
tip and the specimen enables simultaneous identification of
chemical and mechanical surface variations. A spatial
resolution below 10 nm has been reported for PFIR images
of block copolymers,'® zymosan particles from yeast,"> and
source rocks of oil shale.'®

In this study, we applied the PFIR technique to image
ultramicrotomed lignocellulose substrates. We examined
chemical surface characteristics and correlated them to
nanostructural features for native wood and two functionalized
wood materials, which displayed the inherent characteristics
superior to native wood materials. One modification procedure
was designed for the fabrication of the mechanically stable
wastewater filters obtained by treating wood scaffolds with
succinic anhydrides.'” The second method uses modification
with TFEMA (2,2,2-trifluoroethyl methacrylate) polymers to
engineer novel, complex wood-based materials."® These
substrates were imaged with the aim of achieving spectroscopic
contrasts within the lignocellulose nanostructure and help us
gain insights into their apparent material properties. We
employed IR-sensitive imaging at different wavenumbers and
coupled them with adhesion and modulus maps to visualize
the distribution of specific functional groups and correlate
them with observed mechanical properties. This information
was available for examined wooden structures at the spatial
resolution down to 16 nm.

2. MATERIALS AND METHODS

Spruce wood (Picea abies) was chosen due to its relatively simple and
homogeneous wood structure.” Small blocks (1 X 1 X 0.5 cm®) were
cut out of native spruce wood. Attention was paid to use wood blocks
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with similar growth ring width of about 1-2 mm and density of
approximately 0.46 g/cm’. These wood blocks were either tested with
no further chemical modification and are referred to here as native
wood or were chemically functionalized following two different
modification protocols. The first modification process uses succinic
anhydride, acetone, and pyridine (anhydrous grade). The second
modification process uses TFEMA, a-bromoisobutyryl bromide
(BiBB), tin(II)-2-ethylhexanoate (Sn(Oct),), copper(II)bromide
(Cu(Il)Br,), and N,N,N’,N”",N”-pentamethyldiethylenetriamine
(PMDETA) dissolved in a mixture of N,N-dimethylformamide
(DMF, anhydrous), pyridine, and methanol. All chemicals were
purchased in analytical grade from Sigma-Aldrich (St. Louis, MI,
USA), except for pyridine (anhydrous grade), which was purchased
from VWR (Radnor, PA, USA). All chemicals were used as received.

2.1. Functionalization of Wood | (Wood-COOH). The
modification process that leads to an increased amount of carboxylic
groups of all wood cell wall layers (Figure 1b) is described in detail in
a previous publication'” and results in the material referred to here as
wood-COOH. In short, five wooden blocks were dried at 65 °C in an
oven to a constant mass value. Succinic anhydride (reactant) was
added in 3 molar equivalent with a wood glucopyranose unit
(molecular weight = 162 g/mol) in a flask equipped with a reflux
condenser and containing 15 mL pyridine. The dried wood blocks
were immersed in the solution overnight. Subsequently, the solution
was heated up to 65 °C and kept at this temperature for 2 h.
Thereafter, the wood cubes were submerged in acetone at room
temperature in five cycles before they were dried at 65 °C in an oven.
The weight percentage gain was found to be 15.8% (calculated on the
basis of the dry weights before and after the modification).

2.2. Functionalization of Wood Il (Wood-TFEMA). The
modification process that leads to growing of poly-TFEMA
monomers from the lumen side toward the secondary cell wall
(Figure 1c) has also been previously described'® and produces the
modified wood material referred to here as wood-TFEMA. The
technique is based on a surface-initiated activator generated by
electron atomic transfer radical polymerization. Five wood cubes
underwent Soxhlet extraction, were dried in an oven, and placed in an
evacuated Schlenk flask with a septum (1072 mbar). A BiBB-pyridine
solution [BiBB in 0.5 molar equivalent with a wood glucopyranose
unit (molecular weight = 162 g/mol)] was prepared and added to the
flask with a syringe. The grafting process lasted 20 h at room
temperature. The cubes were first submerged in methanol and then in
acetone and dried at 65 °C. These modified wood blocks (weight
percentage gain = 25%) served as the macroinitiator for the following
polymerization step in which poly-TFEMA were grown from the
BiBB-modified areas. For this purpose, two flasks were prepared. In
one flask, a solution of PMDETA (ligand) and TFEMA (monomer)
in DMF was prepared, cooled with ice, and degassed with nitrogen for
1 h. The previously modified wood cubes were placed in the other
Schlenk flask containing Cu(II)Br, and equipped with a septum. The
flask was subsequently evacuated (10~ mbar), DMF was added, and
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Figure 2. Depiction of the operating principle behind PFIR microscopy. (a) AFM diode laser monitors the deflection of the AFM probe while a
QCL induces contact resonances whose characteristics are determined by the properties of the tip-sample contact. (b) Use of the pulsed laser
source changes the deflection of the cantilever because of photothermal expansion of the sample surface every other cycle. The subtraction of the
cantilever deflection curve measured either with laser-induced changes (red trace) or without laser-induced changes (blue trace) combined with
subsequent fast Fourier transform will provide the PFIR signal at this location.

the solution was heated up to 80 °C in an oil bath. Afterward, the
ligand and monomer solution was transferred to the Schlenk flask
containing the wood samples, followed by the addition of Sn(Oct),
(reducing agent) in small steps over 40 h with a syringe pump. After
completion of the reaction, the polymerized wood samples were
washed in ethanol, sonicated in ethanol and acetone, and dried at 65
°C. The total weight gain was 43%. The molar mass ratios of the
chemicals required for modification were calculated, as reported in the
previous publication: [TFEMA]/[wood-BiBB]/[Cu(II)Br,]/[PMDE-
TA)/[Sn(Oct),] = 10:1:1:2:2."8

2.3. ATR—FTIR Spectroscopy. Fourier transform IR (FTIR)
spectra were acquired with an attenuated total reflectance Fourier
transform IR spectroscope (ATR—FTIR, Perkin Elmer Frontier,
Waltham, MA, USA). Four scans covering the range from 900 to 1768
cm™ were acquired for each type of the wood cube (native wood,
wood-COOH, and wood-TFEMA). The resolution was set to 2 cm ™.
The spectra were averaged, baseline corrected, and normalized to the
highest peak with a spectroscopy software (Spectragryph 1.2,
Oberstdorf, Germany); the results were visualized with OriginPro
2016 (OriginLab, Northampton, MA, USA).

2.4. Surface Preparation via Ultramicrotoming. To accom-
modate the limits of the scanning range for the sample heights in the
atomic force microscope used for PFIR, smooth surfaces had to be
generated. Therefore, small pieces (3 X 1.5 X 1.5 mm®) were cut from
the samples and glued (Uhu, Uhu plus sofortfest, Biihl/Baden,
Germany) onto metal discs. In an ultramicrotome setup (Ultracut-R,
Leica, Wetzlar, Germany), the samples were cut with three different
diamond knives (Trim 45/Histo/Ultra-AFM; DiATOME, Nidau,
Switzerland) consecutively. The radial sections of native wood and
wood-COOH were cut and further examined by PFIR. For wood-
TFEMA samples, transverse cross-sections were cut for the PFIR
investigation. The difference between the radial and transverse
sections is visualized in the Supporting Information file in Figure S1.

2.5. PFIR Microscopy. The PFIR method is an AFM-based
technique for examining surface properties in the peak force tapping
mode, also known as the pulsed force mode. Our PFIR instrument
was constructed using a MultiMode AFM with Nanoscope V
controller (Bruker, Santa Barbara, CA, USA). During the peak force
cycle, the oscillating sample driven by a piezo stage (at 2 kHz) comes
into contact with the AFM probe and causes the vertical deflection of
the AFM cantilever (platinum-coated silicon probe, nominal spring
constant 40 N/m, tip radius of ~25 nm, HQ:NSC15/Pt,
MikroMasch, Sofia, Bulgaria). The deflection of the cantilever is
monitored by a conventional optical lever detection scheme: a beam
from a diode laser, focused at the backside of the cantilever, is
reflected to a split photodiode detector, reporting changes in the laser
spot position with cantilever bending. As depicted in Figure 2a, the
apparatus is extended by a pulsed IR laser [quantum cascade laser
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(QCL), MIRcat, Daylight Photonics, California, USA], which is
focused between the surface of the sample and the AFM tip using a
combination of optical elements. The 100 ns long pulses are timed to
appear every other peak force cycle, changing the deflection versus
time response of the cantilever every other peak force cycle because of
photothermal expansion of the sample (Figure 2b). The deflection is
digitized and sent to a data acquisition card with a sampling rate of 50
MHz. The PFIR trace is generated by subtracting the cantilever trace
without photothermal expansion from the cantilever trace with
photothermal expansion. The final PFIR signal is then generated by
fast Fourier transform of the PFIR trace and integration of the contact
resonance band.

Chemical moieties that are able to absorb more energy from the
pulsed laser source will therefore provide a higher PFIR signal. In the
point spectrum mode, the tip is fixed to a certain sample position, and
the frequency of the QCL laser is swept to obtain a PFIR spectrum
similar to a conventional IR spectrum for bulk materials. To obtain IR
chemical maps, the laser is fixed to a certain frequency while the tip is
scanning the lignocellulose substrates with a scan speed of 0.2 Hz.
The elastic modulus and adhesion values can be extracted from the
acquired force—distance curves using the Derjaguin—Muller—Top-
orov model'® implemented in the controller software supplied by the
instrument manufacturer.'® The adhesion force is defined as the
maximum force required to break the tip free from the surface
contact. The acquired maps were visualized with Gwyddion (freeware,
Brno, Czech Republic), and the spectra were plotted with OriginPro
2016. A fully detailed description of the whole PFIR technique can be
found in a previous publication.'’

2.6. Confocal Raman Microscopy. Ultramicrotomed native
wood, wood-COOH, and wood-TFEMA in their dry states were
analyzed with a confocal Raman microscope (alpha300 RA, WITec
GmbH, Ulm, Germany). The distribution of the functional groups
after the wood modification was mapped to visualize the chemical
composition provided by Raman microscopy.”® The spectra were
acquired on the transverse cut surface every 300 nm using a 785 nm
laser (diode laser, 180 mW, CrystaLaser, Reno, NV, USA), an
optimized blazed grating (600 g mm™', UHTS spectrometer, Witted
Germany), and a deep depletion charge-coupled device camera
(Andor, DU401A BR-DD, Oxford Instruments, Abingdon, England)
with an integration time of 0.04 to 0.07 s (wood-TFEMA) and 0.43 s
(wood-COOH). Data analysis together with cosmic ray removal was
performed with a WITec Project 4.1 software (WITec GmbH, Ulm,
Germany), and Raman images were generated by band integration.

3. RESULTS AND DISCUSSION

3.1. PFIR Mapping of Native Wood Structures.
Capturing data from multiple channels of the PFIR apparatus,
we imaged the topography alongside chemical and mechanical
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Figure 3. Application of the PFIR principle to the native, radial wood sections. By scanning an ultramicrotomed wood cell wall, topography (a,d),
adhesion (b), and modulus (c) maps of the secondary wood cell wall were recorded. (e) Corresponding PFIR map was obtained by focusing an IR
laser between the tapping AFM tip and the surface of the sample. The laser was tuned to 1026 cm™, characteristic of C—O bond stretching. (f)
Cross-section of the PFIR image [indicated by the white line in (e)] traces the distribution of cellulosic polymers and compared to a cross-section
of the height image [indicated by the black line in (d)]. (g) Spatial resolution of 16 nm (defined as the full width of a stepped feature) is observed

from a cross-section shown in yellow box in (f).

features of an ultramicrotomed native wood cell wall. Figure 3
is obtained by setting the scan rate to 0.1 Hz/line and the
probe oscillation amplitude to 30 nm. The scanning area was
chosen on the thickest wood cell wall, called secondary (S2)
cell wall, where the fibrous scaffold could be visualized (Figure
3a). The diameters of these scanned fibrous structures were
found to be within 30—40 nm—extracted profiles are depicted
in Figure S2 in the Supporting Information. Additionally, the
adhesion and Young’s modulus were mapped at the same
position (Figure 3b,c). We observed average adhesion forces of
9.4 nN with maximum adhesion forces up to 14.0 nN on areas
between the wood fibrils. The average modulus was found to
be 10.3 GPa and was slightly higher in valleys between the
fibrils than at the top of the fibrils. A 3D-depiction of the
fibrous topography with adhesion and modulus overlays is
illustrated in Figure S3 in the Supporting Information.

After the modulus and adhesion maps were recorded
without the application of the IR laser, the laser was turned
on and tuned to 1026 cm™' to identify areas correlated to C—
O stretching”' in the same scan area. Figure 3e displays a
typical spectroscopic contrast of the selected surface area in the
wood cell wall because of the ability of PFIR to detect
differences in photothermal expansion by the AFM tip. We
observed that most regions of the scanned area showed PFIR
response with only some domains that did not show any
response at the selected wavenumber. Higher PFIR signals are
displayed in brighter colors and revealed the different local
magnitudes of PFIR responses attributed to C—O stretching. A
3D-depiction of the fibrous topography with PFIR overlay at
1026 cm™' is shown in Figure S3 in the Supporting
Information. Figure 3f superimposes profiles extracted at the
same position from the height and PFIR images (lines in
Figure 3d,e), which allowed identifying PFIR-sensitive areas of
the fibrous wood structure more precisely. Therefore, the PFIR
signal can be assigned to the nanoscopic fibrous structures,
approximately correlating with the topography, while generally
revealing much finer features. For example, a spatial resolution
of 16 nm was revealed from a cross-section in the PFIR map
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(Figure 3g), measured as the width of a steep edge profile.'®
Note that a shift in the topography images is visible when
comparing Figure 3a,d, which was due to the use of the open-
loop scanner in our AFM.

The fibrous geometry that is visible in Figure 3 originates
from the hierarchical wood ultrastructure. In this scaffold, small
cellulose chains are aligned to microfibrils (diameter < S nm),
which in turn form thicker aggregates called cellulose
aggregates or cellulose fibrils.”> These cellulose aggregates
are further embedded in a mixture of lignin and hemi-
cellulose.”® The fibril diameters of 30—40 nm observed in our
study agree well with the diameter values of cellulose
aggregates reported in the literature in which measurements
using transmission electron microscozpy of spruce wood found
diameters between 20 and 40 nm.”*** Nanostructural analysis
of wood cell walls revealed that the diameters naturally vary
between 10 and 100 nm>° and depend on the position within
the cell wall.*®

Adhesion phenomena have been investigated in wood
scaffolds and found to be influenced by the wood rough-
ness.””*® Comparisons of absolute values found in literature
remained unreliable because of the differences in measurement
modes and settings used as well as variations in the chemical
functionalities of AFM tips. Because native wood materials are
hygroscopic and the wood surface readily binds water, our
measurements, performed in ambient air, might be highly
influenced by capillary forces between the AFM tip and the
wood surface.”” Assuming perfect wetting of both tip and
sample surfaces (contact angle 8 = 0°), we expect to observe
forces on the order of F = 47Ry cos 6 =~ 23 nN (7 is the surface
tension of water), within a factor of 1.5—2 of our experimental
values. We therefore only consider variations within the same
adhesion map, where our main observation is that stickier areas
occur between the fibrils. This observation is potentially a
consequence of the differences in the effective local radius of
curvature (1/R = 1/Ry, + 1/Rypy.); areas that are flatter or
have negative curvature (such as valleys) should display greater
adhesion.
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The modulus of bulk spruce wood structures at the
macroscale level is found to be 11 GPa (flexural modulus of
elasticity of P. abies).” Comparing moduli values determined
with different AFM techniques, researchers observed moduli of
wood cross-sections of 3.2 GPa of the secondary cell wall
obtained in the Quantitative Imaging mode.”" Additionally, the
study of the effect of the fibril orientation on indentation
moduli of spruce wood found a decrease of modulus with
increasing indentation angles (from 19 GPa for an indentation
angle of 0° to 6 GPa for an 1ndentat1on angle of 90° with
respect to the microfibril axis).*> The moduli values presented
in Figure 3 depict similar magnitudes of modulus, but the
anisotropy and natural variability of wood materials' have still
to be considered when comparing absolute values. The
influence of the microfibril angle on the mechanical strength
also needs to be accounted for in further studies to allow the
comparison of specific stiffness values.>

Because we observed a high IR absorbance at 1026 cm™ in
the conventional ATR—FTIR spectrum (Figure 4c), the first
PFIR maps were generated at that wavenumber. ThlS band is
assigned to C—O stretching of primary alcohols™ as in mainly
cellulose.” In Figure 3f, we can match the PFIR signal and
location of the fibril structure at the nanoscale. Lower signals
were observed between the fibrous features, and higher signals
were measured in the center of the fibrous structures, that is,
cut-open cellulose aggregates. This observation is in
accordance with the model where cellulose aggregates are
surrounded by a different component, for example, lignin,
which acts as a coating of the aggregates visualized by lower
PFIR signals between the aggregates ® Furthermore, features
in the PFIR images were smaller by a factor of 2—3 compared
to the corresponding height image, which gives evidence to
features with smaller diameters, presumably the cellulose
microfibrils.

Full spectra could not be acquired due to the fact that two
neighboring pixels often showed varying signals (inhomoge-
neous distribution of wood components) complicated by the
use of the open-loop AFM system in which the AFM probe
position in the image plane is not completely constant.

3.2. Chemical Surface Changes within Esterified
Wood Structures. In addition to analyzing native scaffolds,
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we evaluated the success of chemical modification procedures
by visualizing compositional changes at the cell wall level with
PFIR. The treatment of the wood samples with succinic
anhydride resulted in an increased amount of carboxylic groups
within the wood matrix (wood-COOH, see Section 2.2). This
modification procedure aims at adding to wood the function of
removing copper ions from waste water.'” The increase in
carboxylic groups was verified on three levels. First, conven-
tional ATR—FTIR measurements were acquired on native and
modified specimens (Figure 4c); an increased IR absorbance at
1723 cm™! (C=O vibration) and at 1157 cm™' (C-O
stretching)17 confirmed the increase of —COOH functional
groups after modification.

Second, Raman maps at 1728 cm™ were acquired on the
cross-sections of native wood and wood-COOH to track the
carboxyl group content. These scans revealed an overall
increase of —COOH groups within all cell wall layers of
samples treated with succinic anhydride (results are depicted
in Figure S4 in the Supporting Information). Lastly, we
overcame the fundamental limitations of the ultimate
resolution in light microscopy techniques (Rayleigh criterion
or diffraction limit) and were able to map native and modified
wood surfaces with the PFIR setup at the spatial resolution far
better than other light-based spectroscopic techniques. Similar
to Figure 3, ultramicrotomed radial sections of the secondary
cell wall area were scanned with the IR laser tuned at 1723
cm ™' to show the change in the chemical composition at the
surface (compare normalized PFIR maps in Figure 4ab).
Features depleted or enriched in COOH functionality
(absorbing at 1723 cm™") with sizes on the order of 10—20
nm are clearly resolved. Additionally, histograms highlighted
the overall increase of PFIR signal intensities at 1723 cm™" of
the wood-COOH samples (Figure 4d) at the expense of the
low-intensity regions of native wood.

PFIR maps at 1723 cm™" of both surfaces, native wood and
wood-COOH, showed an energy absorbance at that wave-
number (C=O stretching), resulting in thermal expansion.
The PFIR absorbance at native wood surfaces can be
attributed to the carbonyl group of glucuronic acid, which
appears in xylans of hemicelluloses.”” Comparing Figure 4a,b,
we can observe that almost all structures in wood-COOH

1
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showed uniformly high PFIR signal originating from wood cell
wall esterified by succinic anhydride."” A zoom into the cell
wall areas for both samples (Figure S) helps with the

PFIR signal
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Figure S. Zoom into the cell wall of native (a) and chemically treated
(b) wood samples reveals the distribution of elastic moduli and PFIR
signals with high spatial resolution. Wood-COOH structures
possessed higher PFIR intensities at 1723 cm™' but lower moduli
compared to the native wood scaffolds.

localization of the regions of high PFIR intensities and
stiffness. Thus, we observed that the top of the fibers possessed
higher PFIR intensities, while these areas also possessed lower
moduli characteristics. This combination of high COOH-
content and low stiffness might result from the composition of
the wood cell wall: as described previously, cellulose molecules
generate microfibrils surrounded by a lignin—hemicellulose
compound matrix. These microfibrils align with 1ar§er
structures, which are embedded in the matrix material***®
7—10% of the hemicelluloses in spruce wood are built up by
arabinoglucuronoxylan, including gluronic acid,”® which could
be responsible for the high PFIR intensities on the fibril

structures. In wood-COOH samples, the hydroxyl groups of
cellulose were esterified with succinic anhydride, resulting in an
increased amount of carboxyl groups, which then cause high
PFIR intensities of the whole cellulose aggregates in wood-
COOH samples. This carboxylation is accompanied by the
dramatic drop (by a factor of 4—5) in Young’s modulus.

3.3. Chemical Identification of Polymerized Wood
Cells. The polymerization with TFEMA leads to a partial
polymerization several micrometers deep in certain cell wall
areas.'® The cross-section of a TFEMA polymerized cell wall
was scanned in the PFIR mode, so that different cell layers,
that is, middle lamella, cell corner, secondary cell wall, and
polymerized cell wall, could be identified (Figure 6a). The
scanning position was selected, so that deep lumina, that is,
hollow cavities in the middle of the cell, were not scanned
because they could exceed the z-limit of the AFM scan range.
The modulus map of the scanned section illustrated that
different cell wall layers could be easily distinguished by
different magnitudes of elastic modulus (Figure 6b). The
secondary cell wall possessed highest stiffness of 5.0 GPa,
followed by the polymerized cell wall area (3.2 GPa), the
middle lamella (2.6 GPa), and the cell corner (2.5 GPa); these
values were extracted by the mask tool in the Gwyddion
software. A reversed order was observed for PFIR intensities
when scanning the same area with the IR laser tuned to 1278
cm™!: the cell corner showed the highest PFIR intensities,
followed by the polymerized cell wall area and the middle
lamella, while the secondary cell wall possessed the lowest
PFIR intensities. Tuning the laser to 1743 cm™), we found a
similar trend, with the difference that the polymerized wood
cell wall area possessed the highest PFIR intensity. Because
both mechanical properties and absorbance influence photo-
thermal expansion (which serves as the key parameter in
generating spectroscopic contrasts), it is expected that certain
areas with similar moduli, for example, cell corner or
polymerized cell wall, could show different relative PFIR
intensities at different wavenumbers (comparing typical PFIR
maps in Figure 6b—d). Therefore, areas with a specific
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Figure 6. Application of the PFIR principle on polymerized wood cross-sections. The scan parameters were set to 512 samples per line, a set-point
of 10 nN, and a scan rate of 0.14 Hz. (a, top) Position of the PFIR mapping was chosen, so that the cell wall and middle lamella of two neighboring
cell walls were scanned, as indicated on the light microscopy image of the same area (a, bottom). Polymerized areas were identified in PFIR maps
taken at 1743 (c) and 1278 cm™ (d) alongside moduli scans (b). Cell wall areas partially polymerized with TFEMA were identified prior to PFIR
measurements with light (f) and Raman (g) microscopy. (e) Typical PFIR point spectrum taken from a polymerized area indicated by a cross in
(c) is compared to ATR—FTIR spectrum of TFEMA-modified samples.
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modulus showed different PFIR intensities at changed laser
wavelengths, which demonstrated that PFIR signals could be
coupled to but are not solely originating from the differences in
stiffness.

A point spectrum was acquired at the polymerized area,
which showed a similar trace when compared to the
conventional FTIR spectra (Figure 6e). Peaks at 1278 cm™,
assigned to overlapping signals of C—F stretching vibration of
the introduced polymer’” and aromatic C—O stretching of
1ignin,40 and peaks at 1743 cm™!, assigned to C=0 stretching
vibration of the ester carbonyl group, "' were present in both
types of spectra. Additionally, the characteristic cellulose
peaks®” around 1160 cm™' were detected. Prior to PFIR
analysis, Raman maps were acquired at the TFEMA-specific
band at 476 cm™" (Figure SS in the Supporting Information)
or at the BiBB-specific band at 300 cm™ (Figure 6g) to
identify the location of the polymerized modified cell wall
areas. The PFIR maps were subsequently taken on the exactly
same wood cell wall after removing several thin sections a few
micrometers thick to eliminate possible effects of the exposure
to the high-power Raman laser.

Reviewing Raman and PFIR maps, we observed that both
methods revealed that the main regions of the polymerized
wood cell wall are located around the cell wall lumen, which is
a fre?uent observation in wood polymerization proce-
dures."**** Modification chemicals are mainly transported
via lumina within the wood structure, thus, producing the
higher degree of modification closer to lumen areas. In contrast
to Raman microscopy, we can match chemical signals and
topographical features in PFIR with high resolution and at
superior signal-to-noise ratio. Distinct boundaries between cell
walls are readily apparent in the PFIR images and are clearly
chemically modified with the polymerization procedure
employed here. The strong PFIR signal at 1278 cm™' in the
middle lamella derives from C—O stretching of aromatic
molecular structures of lignin but might give evidence that
some polymerization took place in the middle lamella region.
Maps of Young’s modulus acquired simultaneously with the
PFIR data agreed well with the conventional AFM studies on
wood cell wall substrates. Previous research also found that the
secondary cell wall was stiffer than the middle lamella."" In that
study, PeakForce QNM measurements of the secondary cell
wall determined the moduli values of 21.3 GPa. The much
lower stiffness values, compared to native wood, seen in Figure
6b, are likely the consequence of the chemical processing of
our samples under harsh conditions that lowered the general
density and stiffness of the functionalized wood material (also
observed here for wood-COOH samples). In addition, the
applied chemical modification of the wood matrix could cause
a decrease in the mechanical strength due to swelling,
dissolution, or depolymerization of the wood cell wall
components.

4. CONCLUSIONS

We applied PFIR microscopy to analyze native and chemically
modified wood. The fibrous wood structure was mapped to
identify topographical, mechanical, and chemical features of
native, carboxylated, or polymerized cell wall regions.
Exploiting thermal expansion of the surface induced by a
pulsed laser system of the PFIR apparatus at a specific
wavelength, we demonstrated chemically sensitive imaging of
wood samples in their dry state with nanometer scale (10—20
nm) resolution.
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The distribution of specific functional groups was
determined, and spectra were collected from polymerized
wood scaffolds. We observed that not only areas around the
lumen but also the middle lamella showed indication of the
introduced polymer modification. This information could be
extracted from the PFIR images, while it was missing from the
Raman data due to the fundamental limitations of far-field
optical microscopy. These points will require further
investigation, and PFIR can provide a way to correlate nano-
and microstructural characterization of the changes in the
chemical composition with observed changes in the macro-
scopic behavior.

Besides the high spatial resolution derived in a non-
destructive manner, there are several practical benefits of the
PFIR mapping technique in the field of wood characterization:
(i) simple sample preparation, (ii) insensitivity to fluorescence
(compared to, e.g., Raman microscopy), (iii) high signal-to-
noise ratio, and (iv) no need of staining steps, chemical
modification of the AFM probes, or requirement for imaging
under liquid (e.g., as in the case of chemical force
microscopy ). With the experimental setup used in this
study, the current limitations in spatial resolution of light
microscopy methods could be exceeded to open the door to
routine, information-rich characterization of the ultrastructural
and chemical surface properties of lignocellulose materials.
Coupled with the quantitative results on macroscopic proper-
ties, this approach to chemically sensitive imaging could
become a major tool in the rational design of wood materials
with improved or new functionality.
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