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Abstract

Previous research found that some organosilicon treatments proved effective in sta-
bilizing waterlogged wood dimensions during drying. The present research aimed
to determine the mechanism of wood stabilization by these chemicals to understand
their mode of action. The study used chemically (ChP) and biologically degraded
(BP) model Scots pine wood treated with Methyltrimethoxysilane (MTMS),
(3-Mercaptopropyl) trimethoxysilane (MPTMS), or 1,3-Bis(diethylamino)-
3-propoxypropanol)-1,1,3,3-tetramethyldisiloxane (DEAPTMDS). Synchrotron-
based X-ray fluorescence microscopy (XFM) was used to investigate the penetration
of organosilicons into the wood cellular structure and cell walls, and nanoinden-
tation was used to study the mechanical properties of the treated wood cell walls.
All treatments resulted in high volumetric anti-shrink efficiency (ASEy) values of
74-82%, except for MTMS-treated ChP with an ASEy, of 52%. The multiscale XFM
results revealed that all applied organosilicons penetrated throughout the whole
wooden blocks and deposited in both cell lumina and cell walls. The retention of
all applied organosilicons was highest in BP wood, and so was the dimensional sta-
bilization effect. MTMS-treated ChP had the lowest measured cell wall infiltration,
which likely contributed to its lower ASE,. DEAPTMDS treatments plasticized the
cell walls and resulted in lowered nanoindentation elastic modulus (ESNI) and hard-
ness (H) for all types of wood. MTMS and MPTMS had modest effects on cell wall
mechanical properties, and the effect depended on the type of wood. The final effect
of organosilicon treatment on the dimensional wood stabilization and mechanical
properties of wood cell walls depended not only on the type of the applied organo-
silicon but also the type of wood degradation. This means that the treatment cannot
be considered universal, and specific approaches are needed for the conservation of
individual wooden objects. Although some mechanisms are now better understood,
such as the need for organosilicons to infiltrate the cell walls and the plasticizing
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effect of DEAPTMDS, other aspects will benefit from a more detailed analysis of
the molecular interactions between organosilicons and wood polymers.

Introduction

Organosilicon compounds like silanes and siloxanes are effective for surface pro-
tection and modification of commercial wood and wood-based products to decrease
their hydrophilicity, enhance decay resistance, reduce flammability, and improve
weathering performance (Tshabalala et al. 2003; Hill et al. 2004; Mai and Militz
2004; Donath et al. 2006; Panov and Terziev 2009; Giudice et al. 2013; Broda et al.
2018b; Yona et al. 2021). They can also improve dimensional wood stability (Hill
et al. 2004; Mai and Militz 2004; Donath et al. 2004; Kumar et al. 2016; Schorr
and Blanchet 2020). Therefore, we are studying them as potential consolidants for
waterlogged archeological wood that requires dimensional stabilization during dry-
ing (Broda et al. 2019b, 2020).

Although some of the applied organosilicons successfully stabilized waterlogged
wood dimensions, their effectiveness differed significantly depending on the wood
species and the degree of wood degradation (Broda et al. 2019b, 2020). Therefore,
the aim of the present research is to determine the mechanism of wood stabiliza-
tion by organosilicon compounds to understand their mode of action and thus effec-
tively apply them for the conservation of various wooden artifacts. The study was
conducted on model degraded pine wood differing in the degree of degradation and
chemical composition (Broda et al. 2022a, b) using three of the most effective orga-
nosilicon compounds: Methyltrimethoxysilane (MTMS), (3-Mercaptopropyl)tri-
methoxysilane (MPTMS), and 1,3-Bis-[(diethylamino)-3-propoxypropanol]-1,1,3,3-
tetramethyldisiloxane (DEAPTMDS) (Broda et al. 2020; Broda and Yelle 2022;
Broda and Plaza 2023). Model degraded wood was used because research on new
conservation agents for waterlogged wood requires a lot of similarly degraded wood
material, and natural historical waterlogged wood is usually not available in enough
amount or varies significantly in the degree of degradation, as it has already been
recognized by other researchers working on new wood conservation agents (Ken-
nedy and Pennington 2014; Tahira et al. 2017; Liu et al. 2019). Synchrotron-based
large-field X-ray fluorescence microscopy (XFM) was used to investigate the pen-
etration of organosilicons into the wood structure. Synchrotron-based XFM with a
sub-micrometer spatial resolution (0XFM) and the nanoindentation technique were
also applied to examine the infiltration of cell walls by organosilicon compounds
and assess their effect on the mechanical properties of the cell wall.

Due to high spatial resolution and sensitivity, multiscale synchrotron-based XFM
enables mapping and quantifying trace amounts of medium- to high-Z elements in
the studied object (Paunesku et al. 2006), such as Si atoms from organosilicon com-
pounds, at different length scales across the treated wood structure. Large-field XFM
has proven useful for investigating spatial localization of elements in wood at the
millimeter length scale across wood block faces (Kirker et al. 2017; Zelinka et al.
2019), while an X-ray beam focused to a sub-micrometer spot size (WXFM) ena-
bles mapping of elements in the individual cell wall layers and inside wood lumina
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(Jakes et al. 2015, 2020; Kirker et al. 2017). Multiscale XFM can therefore help
assess if the applied organosilicons penetrated a whole wood sample evenly, as well
as map and quantify organosilicon compounds that infiltrated the wood cell wall and
filled cell lumina and thus, help recognize different Norimoto cell wall modifica-
tion models that can aid in understanding how organosilicons stabilize waterlogged
wood (Norimoto 2001).

Nanoindentation is a technique for measuring the mechanical properties of mate-
rials at a micrometer length scale; therefore, it is a suitable tool to evaluate the
mechanical properties of individual wood cell walls (Wimmer et al. 1997). It has
proven useful in assessing the effect of chemical infiltration on the cell wall mechan-
ical properties in chemically modified wood (Jakes et al. 2015; Jakes and Stone
2021); it can then help to determine if the dimensional wood stabilization by orga-
nosilicons is related to reinforcement of the cell walls. Cell wall mechanical prop-
erty measurements can also be useful to help identify which Norimoto molecular
modifications are occurring in chemically modified cell walls (Jakes et al. 2010).

This study will provide multiscale XFM and nanoindentation characterization of
organosilicon treatments applied to undegraded, chemically degraded, and biologi-
cally degraded Scots pine wood. The effects of the treatments on bulk dimensional
stability will also be measured. These results will be combined with previously
reported chemical and structural characteristics of the model degraded wood types
used in the study (Broda et al. 2022a, b) to improve the understanding of the mech-
anisms by which organosilicons impart dimensional stabilization to waterlogged
degraded wood. This detailed knowledge about the mechanism of wood dimensional
stabilization by organosilicon compounds will help develop effective conservation
treatments suited to the needs of individual waterlogged wooden artifacts of cultural
heritage.

Materials and methods
Materials

This study used contemporary Scots pine (Pinus sylvestris L.) wood purchased from
commercial timber merchants in the Wielkopolska Region, Poland. Small rectan-
gular samples with dimensions 20x20% 10 mm (radial X tangential X longitudinal
direction) were cut from pine sapwood free from visible defects and subjected to
chemical degradation with 50% NaOH for 3 weeks and biological decomposition
using the brown rot fungus Coniophora puteana (Shum.: Fr.) P. Karst for 8 weeks,
as previously described (Broda et al. 2022a). The choice of degradation methods
was dictated by the easiness of the process under laboratory conditions and the pos-
sibility to obtain high amounts of wooden material with relatively similar degree
of degradation. After degradation, the samples were immersed in distilled water
to keep them filled with water, so they mimicked waterlogged wood. As a control,
undegraded wood in an air-dry state was used.

Wood chemical degradation with NaOH reduced the content of lignin, hemicellu-
loses, and also affected crystalline cellulose, while the fungus selectively decomposed
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Table 1 Selected properties of undegraded (CP), biologically degraded (BP), and chemically degraded
(ChP) Scots pine wood; EMC —equilibrium moisture content at 93% RH (Broda et al. 2022a, b); + stand-
ard deviation

Wood property CP BP ChP

Mass loss (%) - 38.5+4.7 16.8+1.4
Bulk density (g cm™) 0.44+0.02 0.44+0.03 0.65+0.02
Total pore volume (cm? g™!) 0.0007 0.0015 0.0012
Surface area (m? g’l) 0.36+0.02 0.70+0.06 0.79+0.03
Cell wall density (g cm™) 1.51+0.002 1.54+0.002 1.57+0.002
Cellulose crystallinity index (%) 55.9 50.1 52.7

EMC (%) 20.3 17.7 24.6

Free hydroxyls (mmol g™ 7.9+0.1 8.0+1 11.3+0.3

CP BP ChP

Fig. 1 Air-dried pine wood samples: sound undegraded (CP), biologically degraded (BP), and chemi-
cally degraded (ChP)

cellulose and hemicelluloses (Broda et al. 2022a). More information about the struc-
tural, mechanical, and moisture parameters of undegraded and degraded model wood
is presented in Table 1, and the pictures of undegraded and degraded wood can be seen
in Fig. 1.

Three organosilicon compounds that have already proved effective in stabiliz-
ing wood dimensions were selected for pine treatment, including Methyltrimeth-
oxysilane (MTMS), (3-Mercaptopropyl)trimethoxysilane (MPTMS), and 1,3-Bis-
[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetramethyldisiloxane (DEAPTMS)
(Broda and Yelle 2022). Organosilicon compounds were bought from the Adam Mick-
iewicz University Foundation, Poznari Science and Technology Park, Poznan, Poland
(Broda et al. 2020) and obtained by hydrosilylation of relevant olefins with Si—-H-con-
taining compounds in the presence of platinum catalysts (Marciniec 2009).
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Methods
Wood treatment with organosilicon compounds

Wet degraded wood samples were dehydrated in 96% ethanol, during which the
solution was changed 4 times. This time, based on the preliminary results, was suf-
ficient to get good penetration of organosilicons throughout such small wooden
blocks, which was confirmed by SEM+EDS analyses (Broda et al. 2020). Dehy-
dration before the treatment helps prevent preterm polymerization of organosilicon
monomers in the subsurface wood layers and facilitates more even penetration of
organosilicons inside the whole specimen. Undegraded samples were used in an air-
dry state. Then, wood samples were treated with 50% selected organosilicon solu-
tions in 96% ethanol using the oscillating vacuum-pressure method and slowly air-
dried after treatment, following previously described protocols (Broda et al. 2020).
The bulk wood weight percent gain (WPGgy,) based on oven-dry masses before and
after treatment, volumetric wood shrinkage (Sv), and the volumetric anti-shrink effi-
ciency coefficient (ASEv) were calculated according to standard equations as pre-
sented before (Broda et al. 2020) to assess the effectiveness of the impregnation and
the dimensional stabilization effect of the silanes. Five specimens of each type per
treatment were used, and five untreated samples of each type were used as control.

Synchrotron-based X-ray fluorescence microscopy (XFM)

Large-field view XFM Large-field view XFM was used to investigate the distribution
of the organosilicon treatment throughout the wood block sample. It was performed at
the 8-BM beamline at the Advanced Photon Source synchrotron at Argonne National
Laboratory in Argonne, IL, USA. Experiments were performed under ambient pres-
sure and temperature.

About 2-mm-thick radial wood sections were cut from the middle part of wood
samples using a razor blade guillotine, placed between layers of 4-um-thick 3525
Ultralene film (SPEX SamplePrep, Metuchen, NJ, USA), and mounted on a plastic
holder (Fig. 2). One replicate of each variant was prepared. The X-ray beam had
incident energy of 10.1 keV and was focused to a spot size of approximately 25 pm
wide and high. During scanning, sections were held at a 45° offset to mitigate the
self-absorption effect on the fluorescent photons. The elemental maps were built by
raster scanning the focused beam across the wood section using 25 pm steps with
30 ms dwell times at each step. Quantified elemental maps were created using the
XRF-Maps software (Glowacki 2020) by fitting full spectra to modified Gaussian
peaks, iteratively calculating and subtracting the background, and comparing the
results to standard reference materials (RF4-100-S1749, AXO DRESDEN GmbH,
Heidenau, Germany). For visualization, 32-bit tiff images were exported using
MAPS software (Vogt 2003).

Sub-micrometer spatial resolution XFM (uXFM) The organosilicon infiltration in
the cell walls of treated pine was studied using sub-micrometer spatial resolution
XFM (uXFM) at the 2-ID-E beamline at the Advanced Photon Source synchrotron
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Fig.2 Experiments scheme for large-field view X-ray fluorescence microscopy (XFM), sub-micrometer
spatial resolution XFM (uXFM), and nanoindentation; XFM holder for large-field view XFM mapping
contains sections from four different wood samples

at Argonne National Laboratory (Argonne, IL, USA) according to the previously
described protocols (Jakes et al. 2015, 2019; Kirker et al. 2017; Broda et al. 2023).
Two-pm-thick transverse wood sections were cut from latewood in small wooden
blocks bonded to steel disks (Fig. 2) with a diamond knife using a Leica EM UC7
ultramicrotome (Wetzlar, Germany). For each treatment, three replicate blocks were
prepared. One section from each block was carefully placed between two Norcada
200-nm-thick silicon nitride windows (Edmonton, AB, Canada) using eyelash tools
and mounted on the dedicated APS 2-ID-E beamline aluminum stick sample holders.
An X-ray beam with an incident energy of 10.2 keV was focused using a zone plate
to a spot size of approximately 0.5 um full width at half maximum (FWHM) in the
vertical and 0.6 pm FWHM in the horizontal. Elemental maps were created by raster
scanning the sample section with the focused X-ray beam using 0.5 pm step sizes and
a 50 ms dwell time. The wood sections were held at a 15° angle from perpendicular
to the beam to reduce the self-absorption effect of fluoresced photons. Experiments
were performed under ambient pressure and temperature.

Quantified elemental maps were created using the XRF-Maps software (Glowacki
2020) by fitting full spectra to modified Gaussian peaks, iteratively calculating and
subtracting the background, and comparing the results to standard reference materi-
als (RF4-100-S1749, AXO DRESDEN GmbH, Heidenau, Germany) (Vogt 2003).
Fiji image processing package (Schindelin et al. 2012) was used for data analysis and
Si quantification using 32-bit tiff XFM images exported from MAPS (Vogt 2003).
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Quasistatic nanoindentation

Nanoindentation was conducted using a Bruker—Hysitron (Minneapolis, Minnesota,
USA) Tribolndenter® equipped with a Berkovich probe. The measurements were
performed on an ultrasmooth surface in the transverse plane of each of the three rep-
licate wood blocks from which the XFM sections were removed, as shown in Fig. 2.
These nanoindentation experiments were performed during the same experimental
run described in full detail before (Broda et al. 2023). In brief, quasistatic multiload
nanoindentations with a maximum load of 0.30-0.45 mN were placed in the S2 cell
wall layer of chosen cells. The maximum load was chosen for a given treatment to
maintain similarly sized nanoindentations with maximum displacements between
approximately 175 and 225 nm. The Meyer hardness (H) and nanoindentation elas-
tic modulus (Eg™) were calculated following the protocols and analysis algorithm
described in Jakes and Stone (2021). During the experiments, the specimens were
conditioned under ambient pressure inside the nanoindenter enclosure at 50+ 1%
relative humidity (RH), and the temperature varied between 25 and 34 °C. The RH
control is important because mechanical properties of wood cell walls are known to
be sensitive to their moisture content (MC) (Yu et al. 2011). The large temperature
variation was caused by issues controlling the temperature in the laboratory housing
the nanoindenter. However, the temperature variation was not expected to substan-
tially affect the results because the RH was maintained over the different tempera-
tures, which means that the wood cell wall MC was not expected to vary by more
than 0.3% over the temperature variations (Glass and Zelinka 2021). After following
established analysis protocols (Jakes and Stone 2021), no H nor ESNI data exhib-
ited an indentation size effect and for each treatment results from each unloading
slope were grouped together to calculate averages, standard deviations, and standard
errors. The standard errors were used to represent the measurement precisions and
to aid in determining differences between treatments (Jakes and Stone 2021; Broda
et al. 2023).

Results
Effect of organosilicon treatment on dimensional stability

The effectiveness of pine wood impregnation by selected organosilicon compounds
expressed as bulk wood weight percent gain (WPGgy,) is presented in Table 2. A
clear correlation between the degree of wood degradation and the level of impregna-
tion can be seen — the higher the mass loss in Table 1, the higher the WPGg,y, values.
Biologically degraded wood (BP), which had a mass loss of about 38.5%, had the
highest WPGgy, values between 54 and 64%. With a mass loss of about 17%, chemi-
cally degraded wood (ChP) had WPGgy, values between 42 and 53%. The lowest
WPGy,, values were recorded for contemporary undegraded wood (CP), ranging
from 26 to 33%. This agrees with previous work showing that an increase in the
degree of wood degradation facilitates the penetration of higher amounts of applied
chemicals (Broda et al. 2019b, 2021).
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Table 2 Bulk wood weight
percent gain (WPGgy),
volumetric shrinkage (S,), CPc
and volumetric anti-shrink

Sample WPGpy, (%) S, (%) ASE, (%)

efficiency (ASE,) for pine CPl 26+5 —02+02 -
wood — sound undegraded CP2 33+6 -2.1+0.7 -
(CP), biologically degraded CP3 31+6 —-0.7+0.3 —
(BP), and chemically degraded B _
(ChP), untreated (c), and treated Bpe 22309

with Methyltrimethoxysilane BPI 54+8 4.6+0.2 9
(MTMS) (1), treated BP2 63+4 40+1.3 82
with (3-Mercaptopropyl) BP3 6443 55+03 75
trimethoxysilane (MPTMS)

(2), and treated with ChPe - 255+38 -
1,3-Bis-[(diethylamino)- ChP1 41+6 123+1.7 52
3-(propoxy)propan-2-ol]- ChP2 53+5 6.5+ 1.6 75
1,1,3,3-tetramethyldisiloxane ChP3 5145 6.6+2.4 74
(DEAPTMDS) (3); + standard

deviation

Regardless of the wood degradation type and degree, treatment with MTMS
resulted in the lowest WPGgy, values, while treatments with MPTMS and DEAPT-
MDS were more effective, reaching WPGgy, values about 6-12 percentage points
higher than the MTMS treatment. The observed trend in the retention level of
applied organosilicons in wood is consistent with our previous research on chemi-
cally degraded pine wood and archeological oak wood (Broda and Plaza 2023;
Broda et al. 2023). However, it differs from the results obtained for highly degraded
elm wood with a mass loss of about 70-80%. In the highly degraded elm wood, the
highest WPGyy; was obtained for treatment with MTMS, then for DEAPTMDS, and
the lowest for MPTMS treatment (Broda et al. 2019a, 2020; Broda and Yelle 2022).
This suggests that the impregnation effectiveness depends not only on the type of
organosilicon but also on other factors, including wood species and the degree and
type of wood degradation.

Compared to the sound undegraded pine control CPc, BPc and ChPc had volu-
metric shrinkages of 22.3 and 25.5%, respectively. Treatments of CPc caused slight
swelling of about 0.2-2.1%, while in degraded wood, the impregnation with orga-
nosilicons resulted in increased dimensional stability during drying (Table 2). The
treatments were generally more effective in stabilizing the dimensions of the more
degraded BP samples than the ChP ones, which likely follows from the higher
WPGgy, in BP than ChP. Volumetric wood shrinkage decreased from about 22%
for BPc wood to 4.0%, 4.6%, and 5.5% for MPTMS-, MTMS-, and DEAPTMDS-
treated wood, respectively, while for ChP wood, it decreased from 25.5% for ChPc
to about 6.5% for MPTMS- and DEAPTMDS-treated samples, and only 12.3% for
MTMS-treated sample. Based on the volumetric wood shrinkage values, the highest
anti-shrink efficiency was calculated for MPTMS and MTMS treatment of BP (82
and 79%, respectively), and slightly lower values were obtained for DEAPTMDS
treatment of BP and ChP wood (75 and 74%, respectively), as well as MPTMS treat-
ment of ChP samples (75%). The lowest anti-shrink efficiency of 52% was observed
for MTMS-treated ChP.
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The trend in the stabilizing effect expressed as ASE,, values for organosilicon
treatments observed for ChP wood (MPTMS 75%, then DEAPTMDS 74%, and
MTMS 52%) is in line with our data reported for highly degraded waterlogged
elm wood treated with the same chemicals (MPTMS 98-99%, then DEAPTMDS
89.5-92%, and MTMS 80.5-82%) (Broda et al. 2019a, 2020; Broda and Yelle 2022).
For biologically degraded pine wood (BP), the stabilizing effectiveness of MPTMS
treatment was the highest, while that of MTMS was higher than that of DEAPT-
MDS (ASE of 82%, 79%, and 75%, respectively). Interestingly, for less degraded
archeological oak excavated from the ground, the trend was different, with ASE,,
for MPTMS almost two times lower than for MTMS and DEAPTMDS (ASE of
61%, 55%, and 36% for treatment with MTMS, DEAPTMS, MPTMS, respectively)
(Broda et al. 2023). These results show that the stabilizing effect of organosilicons
is not universal and presumably depends on the wood species and the related ana-
tomical features, wood structure, degree of degradation, and chemical composition,
which will be important from the conservation perspective when choosing preserva-
tion treatments.

Multiscale XFM mapping of Si in wood

Large-field view XFM Si maps enabled observations of the distribution of organo-
silicons in the treated undegraded and degraded pine wood blocks. Compared to
the untreated blocks (Fig. 3a—c), blocks treated with organosilicons (Fig. 3d-1) had
much higher Si intensities, which indicated that organosilicons penetrated the wood
blocks from which these 2-mm-thick sections were cut (Fig. 2). A more detailed
interpretation of the Si maps in Fig. 3 is aided by further explanation of the XFM
experiments. The Si maps were created by raster scanning an approximately 25 pm
diameter X-ray beam across the surface of a 2-mm-thick wood section. At each posi-
tion, the incident 10.1 keV X-ray beam is expected to penetrate most of the way
through the 2-mm-thick specimen, creating an interaction volume that includes both
the cell wall and lumina. However, fluoresced photons created in this interaction
volume will only be measured if they escape the wood and reach the detector. Si Ka
fluoresced photons, which have a relatively low 1.84 keV energy, will be more read-
ily absorbed by the wood cell wall material than the higher energy incident 10.1 keV
X-ray beam. Assuming a cell wall density of 1.5 g cm™ and an average C,H,,O;
molecular formula, it can be calculated that about 60% of Si Ka fluoresced photons
will be absorbed after passing through only 10 pm of cell wall material (Henke et al.
1993). This absorption by the wood cell walls means that only Si within the first
5-10 cells from the surface can be effectively detected. Furthermore, the observed Si
map will be affected by the geometry of the experimental set-up. As shown schemat-
ically in Fig. 4, the sample was held at a 45° offset to the beam to mitigate the self-
absorption effect on the fluorescent photons. At X-ray beam position #1 on the front
end of the block, the path to the detector is blocked by the corner of the sample, and
very few Si Ka fluoresced photons were expected to be detected because the Si Ka
photons fluoresced toward the detector were absorbed by the wood. This effect can
be observed on the left-hand sides of the Si maps in Fig. 3. While some fluoresced
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Fig.3 Large-field view XFM maps showing localization of Si ions in 2-mm-thick pine wood sections
— sound undegraded (CP), biologically degraded (BP), and chemically degraded (ChP), untreated (Con-
trol), and treated with Methyltrimethoxysilane (MTMS) (1), treated with (3-Mercaptopropyl)trimethox-
ysilane (MPTMS) (2), and treated with 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetra-
methyldisiloxane (DEAPTDMS) (3). The areas enclosed by dashed lines indicate areas least affected
by the sample and experimental geometries and should be used for comparisons. The BP blocks were
weak and fractured. The b control BP block fell apart during scanning, and the left-hand side rotated 90°.
Arrows indicate cracks in the e and h

photons reach the detector at the top and bottom edges, most are absorbed, and there
is very little Si detected when the beam is located on the front end of the specimen
in position #1. When the beam is at the opposite end, position #3 in Fig. 4, there
were more fluoresced photons because fluoresced photons from the back end also
have a free path to the detector and can add to the measured signal. Some blocks
were also inadvertently tilted up or down slightly, such as Fig. 3d, in which the block
was tilted up. Therefore, interpretation should be confined to the areas on the front
block face away from the edges, as indicated by position #2 in Fig. 4 and the area
enclosed by the dashed lines in Fig. 3. Areas near edges and cracks in specimens
need to be excluded. Over the regions enclosed by dashed lines, the Si maps are 2D
area projections of a 3D volume measurement that should be consistent, and com-
parisons between these areas should be minimally affected by the sample edges and
experimental set-up.

The earlywood and latewood bands are evident in Fig. 3 Si intensity maps.
Except for the BP control block (Fig. 3b), the wood blocks were oriented with their
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Fig.4 Top-down schematic view of a 2-mm-thick wood section in the large-field view XFM beamline

longitudinal directions vertical, and the bands are evident as vertical stripes. The
BP control block (Fig. 3b) fell apart and shifted in the Ultralene envelope before
scanning. The longitudinal direction was horizontal in the left-hand piece and was
approximately 30° in the right-hand piece. For all these wood blocks, the latewood
bands can be identified as the thinner stripes in the Si maps because the latewood
bands were much thinner than the earlywood bands. For treated samples, a higher
Si intensity was observed in earlywood than in latewood. Within earlywood or late-
wood for a given treated block, no obvious effect of proximity to edges is observed
within the dashed lines, which indicates the organosilicon treatments distributed
throughout the block during treatment. However, some inhomogeneity in Si inten-
sity can be observed, especially in the earlywood for the MTMS- and MPTMS-
treated blocks. Because MTMS and MPTMS can self-polymerize, these higher-
intensity regions in the earlywood may indicate areas of polymerized organosilicon
in the earlywood tracheid lumina. The DEAPTDMS-treated samples were found to
have some residual liquid on their surface, which caused the Ultralene film to adhere
in some places to the sticky surface. This accumulated liquid and film sticking to the
surface likely caused the inhomogeneous features in the DEAPTDMS-treated sam-
ples (Fig. 3j-1).

The higher Si intensity in the earlywood signifies that more fluoresced photons
from Si reached the detector when the X-ray beam probed the earlywood. However,
it is not straightforward to interpret the higher intensity with regard to organosili-
con treatment. Compared to latewood, earlywood is less dense because it has thin-
ner cell walls and larger lumina. Again, assuming a cell wall density of 1.5 g cm™>
and average C,H,,0; molecular formula, about 35 or 60% of Si Ka fluoresced pho-
tons would be absorbed going through 5 or 10 pm of cell wall material, respectively
(Henke et al. 1993). Given that double cell walls are about 5 pm thick in earlywood
and 10 pm thick in latewood, fluoresced photons from Si in lumina deeper into the
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scanned front face have a much higher probability of reaching the detector in early-
wood than latewood. If the organosilicon only infiltrated in the cell wall material and
did not deposit in the lumina, then, a minimal difference in Si intensity between ear-
lywood and latewood bands would have been expected, assuming that the amount of
infiltration was consistent between the cell walls in earlywood and latewood. How-
ever, the higher Si intensity suggests either that the organosilicon is in the lumina or
that the earlywood cell walls have more organosilicon. The higher spatial resolution
experiments of 2-pm-thick sections will provide more insights.

Analysis of pXFM Si maps (Figs. 5, 6 and 7) of 2-pm-thick sections enabled
studying the organosilicon infiltration in the microstructure of treated pine latewood.
In these thin sections, the incident X-ray beam completely penetrated the wood sec-
tion, and there was much less cell wall to absorb the fluoresced photons. The total
fluorescence yield (TFY) images of the controls (Figs. 5a, 6a, and 7a) revealed the
cellular microstructure and a few effects of the biological and chemical degradations
on the microstructure. The BPc secondary cell walls were damaged during section-
ing with the secondary cell walls and sometimes appeared to peel away from the
compound middle lamella, which indicated a substantial level of degradation caused
by the decay fungus at the interface between the secondary cell walls and compound
middle lamella. There are no maps of DEAPTDMS-treated samples for BP wood
because the specimens were too degraded, and the treatment caused the specimen
to be wet and sticky, which prevented cutting the intact 2-um-thick transverse wood
sections necessary for pXFM measurements. The chemical degradation also seemed
to modify the shapes of the cells, with lumina sizes decreasing and changing shape.
The smaller lumina was consistent with the increase in bulk wood density measured
for ChP (Table 1).
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Fig.5 Micro XFM maps showing localization of Si ions in sound undegraded pine wood (CP), untreated
(c), and treated with Methyltrimethoxysilane (MTMS) (1), treated with (3-Mercaptopropyl)trimethoxysi-
lane (MPTMS) (2), treated with 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetramethyld-
isiloxane (DEAPTMDS) (3). Total fluorescence yield (TFY) maps were included to visualize the wood
cell structure
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Fig.6 XFM maps showing localization of Si ions in biologically degraded pine wood (BP), untreated
(c), and treated with Methyltrimethoxysilane (MTMS) (1), treated with (3-Mercaptopropyl)trimethoxysi-
lane (MPTMS) (2). Total fluorescence yield (TFY) maps were included to visualize the wood cell struc-
ture
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Fig.7 XFM maps showing localization of Si ions in chemically degraded pine wood (ChP), untreated
(c), and treated with Methyltrimethoxysilane (MTMS) (1), treated with (3-Mercaptopropyl)trimethoxysi-
lane (MPTMS) (2), treated with 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetramethyld-
isiloxane (DEAPTMDS) (3). Total fluorescence yield (TFY) maps were included to visualize the wood
cell structure
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In the Si maps of control specimens (Figs. Se, 6d, 7e), the Si intensity of the cell
walls was lower than the lumina. This is due to the large Si signal coming from
the SiN windows and the low amount of Si in untreated wood. Because the wood
cell wall absorbs about 15% of the Si Ka photons fluoresced from the SiN window
behind the wood sections, the measured Si intensity will be lower in regions with
cell walls when the cell wall does not have a large amount of Si (Broda et al. 2023).
In treated wood, specimens that had obviously higher Si intensity in the cell walls,
as indicated by cell walls with higher Si intensities than in the lumina, included CP1
(Fig. 5f), BP1 (Fig. 6e), BP2 (Fig. 7f), and ChP2 (Fig. 7g). Some Si hot spots are
visible in samples treated with MTMS and MPTMS (yellow spots with Si intensities
greater than 60 ug cm~2 in Figs. 5f and g, 6e and f, 7f and g, respectively). They can
be seen mainly in the cell lumina and other micrometer-scale cavities in the wood
structure and on the cell wall surface in the lumina, which indicates that organosili-
cons penetrated the open areas and polymerized there.

In all treated samples, there was visual evidence that the Si intensity was higher
than in untreated ones (Figs. 5, 6, and 7). However, visual observation of Si XFM
maps did not allow for accurate quantification of differences in Si content in the
cell walls of different samples. Therefore, to enable quantification, which is neces-
sary to understand better the stabilizing mechanism of organosilicon compounds in
wood, masks that only included well-defined cell wall material were manually cre-
ated using the Fiji image software (Figs. 5i-1, 6g—i, and 7i-1). Exemplary masked
Si maps that served for quantification of Si content in cell walls are presented in
Figs. Sm—p, 6j-1, and 7m—p, and the resulting averages of values obtained from
three sections per wood type and treatment are presented in Table 3. The Si inten-
sity arising from the organosilicon treatment was estimated for each wood type by
subtracting the Si intensity from the cell wall mask in the corresponding control cell
wall from the Si intensity in the treated cell wall. This assumed that the increased Si
intensity in the treated cell walls could be entirely attributed to infiltrated organosili-
cons (Broda et al. 2023). The values of Si intensity due to the treatment in Table 3
show that all organosilicons applied infiltrated cell walls of all wood types used in
the study. However, the average infiltration varied between the types of wood degra-
dation and organosilicon treatment.

To get a better understanding of the organosilicon penetration into the wood,
Table 3 also includes their cell wall weight percent gain (WPGcy,), weight gain
per cell wall volume (OG,,,), and the number of organosilicon molecules per cell
wall volume (Nm), which were calculated as described in Broda et al. (2023).
Briefly, the calculations were made using the Si intensity value due to the treatment
(Table 3), the molecular formulae of the organosilicons (MTMS — CH;Si(OCHj;);,
MPTMS - HS(CH,);Si(OCH;);, and DEAPTMDS — [(C,H;),NCH,CH(OH)
CH,0(CH,);Si(CH;),],0), the molecular masses of the organosilicons (MTMS
— 136.22 g mol~!, MPTMS — 196.34 g mol~!, and DEAPTMDS — 508.88 g mol™!),
known pXFM section thickness, and an assumed cell wall density of 1.45 g cm™.
The calculations also assume that organosilicon molecules are in their monomer
form, and we are ignoring the potential changes in their masses due to reactivity
with wood polymers or other monomers. Because the different organosilicons have
different numbers of Si atoms and different molecular weights, comparing WPGy,
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Table 3 Bulk wood weight percent gain (WPGgy), the Si intensity from the cell wall mask, the Si inten-
sity due to the treatment, calculated cell wall weight percent gain (WPGgy), organosilicon weight gain
per cell wall volume (OG,,), and the number of organosilicon molecules that infiltrated the cell wall
(Nm) of pine wood — sound undegraded (CP), biologically degraded (BP), and chemically degraded
(ChP), untreated (c), and treated with Methyltrimethoxysilane (MTMS) (1), treated with (3-Mercaptopro-
pyDtrimethoxysilane (MPTMS) (2), and treated with 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-
1,1,3,3-tetramethyldisiloxane (DEAPTMDS) (3); +standard deviation; Si intensities were the averages of
the masked map regions from the three sections for each sample

Sample WPGgy (%) Si intensity Si intensity due ' WPGey (%) OG,,, (gcm™) Nm
from the cell to the treatment (mmol cm™3)
wall mask (ug (ug cm™2)
cm™?)

CPc - 51.6 0 - - -

CP1 26.2+5.1 53.8 22 3.54 0.0513 0.4

Cp2 32.7+5.6 534 1.9 4.32 0.0627 0.3

CP3 31.2+5.7 54.5 29 8.76 0.1271 0.2

BPc - 44.6 0 - - -

BP1 53.6+7.6 49.8 52 8.36 0.1212 0.9

BP2 63.3.+42 521 74 17.35 0.2515 1.3

BP3 64.0.+£32 - - - - -

ChPc - 48.5 0 - - -

ChPl 41.5+5.6 49.1 0.7 1.08 0.0156 0.1

ChP2  532+438 54.6 6.1 14.29 0.2072 1.1

ChP3  51.5+4.7 50.8 2.4 7.14 0.1036 0.2

Example masks are shown in Figs. 4m—p, 5j-1, and 6m—p

OGy, and Nm is more physically meaningful than the Si intensities from the XFM
maps.

The results presented in Table 3 show that the values of WPGy, are significantly
lower than WPGgy, in Table 2. For all wood types, WPGy, values were about
3.5-7.5 times lower than WPGgy, except for the outlier of MTMS-treated ChP,
which was about 40 times lower. The lower WPG, is consistent with our recent
archaeological oak results (Broda et al. 2023), which revealed about 5-9 times lower
values for WPG¢y, than WPGgy,. The consistently higher WPGgy, values indicated
that substantial amounts of organosilicon did not infiltrate the cell walls and likely
polymerized in the open spaces of the cellular structure, such as the partially or
fully organosilicon-filled lumina observed in Figs. 5g and 7g. The inhomogeneous
distribution of the Si intensity in the earlywood of the large-field view XFM maps
(Fig. 3) also supports that the organosilicons polymerize in the open spaces of the
cellular structure. For MTMS-treated ChP (Fig. 3f), there are some particularly high
Si intensities in the earlywood, and the latewood Si intensity is relatively low, which
indicates that for ChP, the MTMS impregnated the earlywood better than the late-
wood. Because the WPGy, measurements were made on latewood, this may explain
why the ratio of WPGgy, to WPGy, had the outlier value of 40.

For a given treatment between wood types, WPGy; was higher in BP than CP
or ChP. This trend was similar to the observation that BP had the highest WPGgy,
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values. Physical properties in Table 1 that may explain this trend include the total
pore volume, surface area, and cell wall density. BPc had the highest reported total
pore volume and surface area, but a cell wall density that was higher than CPc and
lower than ChPc (Table 1). The total pore volume was calculated from nitrogen
absorption experiments and represents the total measure volume of pores measured
with diameters between 4 nm and approximately 73 nm (Broda et al. 2022a). The
observation that the total pore volume and cell wall density do not directly correlate
with higher pore volumes causing lower densities indicates the likely presence of
pores not being measured by nitrogen absorption that were influencing cell wall den-
sity measurements. Based on these results, the total pore volume and surface area
correlated better than cell wall density to indicate cell walls with higher accessibility
for the organosilicons to infiltrate them.

For all wood types, higher WPG_,, values were calculated for MPTMS and
DEAPTDMS treatments than for MTMS. In our previous research on archeological
oak treated with the same three organosilicons, however, the WPG_,, results were
different. The highest WPG_,, value was observed for DEAPTDMS-treated samples,
while for wood treated with MTMS and MPTMS, WPG_,, was about 50% lower
(Broda et al. 2023). It remains unclear why MTMS and MPTMS did not infiltrate
the ChP cell walls as much as in the BP. Since it is known that due to NaOH treat-
ment Na ions infiltrate cell walls and interact with cellulose microfibrils (Nishiyama
et al. 2000; Cai et al. 2015), it may be that the ions presence in the ChP cell walls
somehow limited the cell wall infiltration by organosilicons. Future cell wall chemi-
cal analyses should provide additional insights.

The number of organosilicon molecules per cell wall volume (Nm) is reported
because it could provide additional insights into how many potential chemical reac-
tions are forming with wood polymer and the potential formation of an organo-
silicon interpenetrating polymer network (IPN). Likely, an IPN will not form until
some threshold numbers of monomers are able to infiltrate the cell wall. The high-
est Nm values were obtained for MPTMS-treated degraded wood (about 1.3 and
1.1 mmol per cm™ for BP and ChP, respectively) and MTMS-treated degraded BP
and undegraded CP samples (about 0.9 and 0.4 mmol per cm~>, respectively). The
lowest values were obtained for DEAPTMDS-treated CP samples (approximately
0.2 mmol per cm™>) and MTMS-treated ChP specimens (only about 24 mmol per
cm™>). For CP, the results are similar to those reported for well-preserved low-per-
meable archeological oak wood, with the highest amount of MTMS molecules per
cell wall volume, then MPTMS and DEAPTMDS (290, 260, and 180 micromoles
per cm™>, respectively), which reflects the differences in molecular mass and sizes of
chemicals applied (Broda et al. 2023).

Cell wall mechanical property measurements
Nanoindentation measured the elastic modulus (ESNI) and Meyer’s hardness (H) of
the S2 secondary cell wall layer in the longitudinal direction for undegraded and

degraded pine wood untreated and treated with organosilicons (Table 4). Consid-
ering wood type, the highest EN' was recorded for undegraded CPc wood, while
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Table 4 Nanoindentation elastic modulus (ESNI) and hardness (H) results for pine wood — sound unde-
graded (CP), biologically degraded (BP), and chemically degraded (ChP), untreated (c), and treated with
Methyltrimethoxysilane (MTMS) (1), treated with (3-Mercaptopropyl)trimethoxysilane (MPTMS) (2),
treated with 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetramethyldisiloxane (DEAPT-
MDS) (3); N — number of multiload nanoindentations, n — number of unloading segments analyzed, Std.
dev. — standard deviation, Std. er. — standard error

Sample N n Elastic modulus, ESNI Hardness, H
Average Std. dev. Std. er. Average Std. dev. Std. er.
(GPa) (GPa) (GPa) (MPa) (MPa) (MPa)
CPc 56 498 164 1.5 0.1 389 27 1
CP1 70 605 154 2.2 0.1 401 39 2
CP2 68 569 164 1.1 0.0 428 22 1
CP3 48 335 16.1 1.1 0.1 370 22 1
BPc 64 557 153 2.2 0.1 395 31 1
BP1 58 509 138 2.3 0.1 388 43 2
BP2 75 620 157 1.2 0.0 448 25 1
BP3 56 487 115 4.0 0.2 260 86 4
ChPc 75 668 13.8 2.8 0.1 358 44 2
ChP1 75 675 133 1.1 0.0 351 24 1
ChP2 71 639 11.7 0.7 0.0 327 13 1
ChP3 47 423 117 1.9 0.1 267 44 2

biological and chemical degradation processes decreased E;\' by about 7 and 16%,
respectively. CPc and BPc had similar H values, whereas, in ChPc, the H value
decreased by about 8%. Differences in moisture content (MC) likely accounted for
much of the decrease in E;N' and H in ChPc secondary cell walls. Under the 50% RH
conditions inside the nanoindenter enclosure, the MC of CPc and BPc is reported to
be about 7.5% MC, and ChPc is 10% MC (Broda et al. 2022b). For nanoindentation
experiments in the S2 secondary cell wall of Masson pine, this modest 2.5% increase
in MC caused a decrease of about 6% in Es™' and 10% in H (Yu et al. 2011). A simi-
lar plasticization effect would be expected in the ChPc cell walls. Taking into con-
sideration these moisture effects, the measured mechanical properties of the S2 layer
cell walls remained relatively unchanged after degradation despite the large 17 and
38% mass losses for ChPc and BPc, respectively. This small change in mechanical
properties is not surprising, considering the cell wall densities and cellulose crystal-
linity index remained relatively unchanged after degradation (Table 1). Collectively,
these results indicate that as polymers are removed from the wood cell walls during
degradation, substantial pores that could affect mechanical properties are not being
formed in the cell wall, but rather the remaining cell wall polymers recoalesce dur-
ing drying to reform a solid material with similar properties to the CPc cell walls.
The nanoindentation results showing BPc had higher mechanical properties than
ChPc contradicted viscoelastic measurements of bulk wood in which CPc and ChPc
have similar storage moduli, and the storage modulus for BPc decreased by about
45% (Broda et al. 2022b). Based on the observations of the secondary cell walls
often peeling away from the compound middle lamella in the 2-pm-thick cell walls
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(Fig. 6a—c), it appears that the brown rot fungus weakened the interfaces between
neighboring cells. This weakened interface likely caused the bulk wood properties
to decrease substantially. However, the nanoindentation measurements revealed
that the mechanical properties of the secondary cell walls were much less affected.
Given the observations in Fig. 6b and c that the secondary cell walls continued to
peel away even after MTMS and MPTMS treatments and in Fig. 3e and h showing
the 2-mm-thick sections still fractured after treatment, it seems unlikely that these
treatments would effectively restore the mechanical properties of BPc at the bulk
wood level.

Organosilicon treatments affected the cell wall EN and H differently depending
on the wood type and treatment. For all types of wood, DEAPTMDS plasticized
the cell walls, causing decreases in both EN' and H. It is known that organosili-
cons, especially when not fully polymerized, can have a plasticizing effect on vari-
ous materials (Wang and Bonfield 2001; Sae-oui et al. 2006; Bengtsson and Oksman
2006; Hayeemasae et al. 2023). DEAPTMDS is a hydrophilic siloxane that cannot
polymerize, and its interactions with wood polymers are limited to the formation of
hydrogen bonds via amino groups (Popescu and Broda 2021), hence its observed
plasticizing effect on wood. The plasticization was much stronger in the BP and
ChP than in the CP. DEAPTMDS plasticization in BP and ChP cell walls were the
strongest effects observed by nanoindentation, with a 15-25% decrease in ESNI and a
25-34% decrease in H. Although DEAPTMDS WPG_; could not be measured for
BP, the WPGg; for CP and ChP was 9 and 7%, respectively. The similar values of
WPG_y, and decrease in cell wall mechanical properties indicated that degradation
at the molecular level in ChP occurred and resulted in cell walls with a molecular
structure that was more easily plasticized by DEAPTMDS than the native molecular
structure in CP cell walls. We know that fungal decay and alkali treatment caused
degradation of hemicelluloses in BP and ChP (Broda et al. 2022a). Hemicelluloses
are often viewed as a mechanical bridge between cellulose fibrils and lignin (Salmén
and Burgert 2009), so breaking that bridge may have facilitated the increased cell
wall plasticization by DEAPTMDS.

Effects of the MTMS and MPTMS treatments on nanoindentation properties
were not as consistent across wood types nor as strong as for DEAPTMDS treat-
ments. MTMS modestly decreased ESNI and H for all wood types except for CP
H, which increased slightly. After MPTMS treatment, EN! and H stayed constant
or increased for CP and BP but decreased for ChP. These differences in behavior
likely indicated that the treatments interacted with the different wood types differ-
ently. These interactions could include changing the wood cell wall hygroscopicity
or molecular structure. We know that MTMS treatment decreases wood hygrosco-
picity (Tshabalala et al. 2003; Broda et al. 2018a, 2021; Tang et al. 2023), which
should decrease the plasticizing effect of water on wood and increase mechanical
properties. However, a plasticizing effect of MTMS treatment has been observed for
archeological oak and elm wood (Broda et al. 2021), which probably resulted from
the incomplete polymerization of MTMS monomers inside the wood structure as
observed during the measurement of hygroscopic properties of MTMS-treated wood
(Broda et al. 2018a). The decreases in nanoindentation properties for MTMS-treated
wood suggest that the plasticization effect from MTMS monomers was stronger. As
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for MPTMS, it can polymerize readily due to the presence of alkoxy groups, similar
to MTMS (Donath et al. 2004; Xie et al. 2010); it also strongly reacts with wood
via alkoxy and mercapto groups (Tshabalala et al. 2003; Sebe et al. 2004; Xie et al.
2010; Popescu and Broda 2021) and decreases wood hygroscopicity (Broda et al.
2018a), which may explain the increase on the mechanical properties of CP and BP
wood treated with MPTMS.

The obtained results here for model pine degraded pine are different from what
we reported for archeological oak treated with the same organosilicons. For EN,
all treatments resulted in an increase in elastic modulus by 19%, 21%, and 27%
for MTMS, MPTMS, and DEAPTMDS, respectively (Broda et al. 2023). For H,
MTMS and MPTMS caused 5% and 16% increases, whereas DEAPTMDS caused a
4% decrease.

In summary, the effect of organosilicon treatment on the mechanical properties
of wood cell walls evidently depends on the type of wood treated and organosili-
con, the amount of cell wall infiltration, and molecular scale interactions between
the organosilicons and wood polymers.

Discussion

Conservation of highly degraded waterlogged archaeological wood requires consoli-
dants that prevent catastrophic shrinkage that can lead to the complete disintegration
of the wooden artifact as it dries. The consolidants must also maintain or improve
the mechanical integrity of the archaeological wood to conserve it for display and
study under ambient conditions outside of water. Although organosilicon consoli-
dants have shown promise for the conservation of waterlogged archaeological wood,
additional study is needed to improve them further. In this research, we utilized
model degraded wood because of the limited amount of precious archaeological
wood available. The model degraded wood was treated with MTMS, MTPMS, or
DEAPTMDS to understand better the mechanisms by which organosilicons can act
as appropriate consolidants. The cell wall and molecular wood modification mod-
els in Figs. 8a and b are useful to facilitate the discussion of these mechanisms. In
waterlogged wood, water infiltrates both the cell wall and cell lumina (model AS5)
(Grattan 1987). Water also swells wood at the molecular level but does not react
with wood polymers (model B4). For a consolidant to stabilize the dimensions of
the wood as it dries, it must replace whatever water necessary to prevent excessive
wood shrinkage as water evaporates (Grattan 1987), which may include filling the
cell lumina (model A4) or infiltrating the cell walls (models A2, A3, or AS5) and
swelling it at the molecular scale (B2, B3, B4, or B5). XFM and nanoindentation
experiments were performed to help identify the roles in which these cell walls and
molecular modifications contributed to the dimensional stabilization of organosili-
con-treated wood.

Both the pXFM results (Table 3) and nanoindentation results (Table 4) sup-
port that MTMS, MTPMS, and DEAPTMDS infiltrated and modified cell walls
in all three types of wood treated in this study. The pXFM was used to measure
WPGy, of 1-17% after organosilicon treatment. The nanoindentation revealed
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Fig. 8 Norimoto a cell wall and b molecular wood modification models (Norimoto 2001). The unmodi-
fied cell wall model (A1) includes the wood cell wall and empty lumen. Potential modifications at the
cell wall level include (A2) chemicals only infiltrating the cell wall, (A3) chemicals infiltrating the cell
wall and partially filling the lumen, (A4) chemicals only filling the lumen, and (A5) chemicals infiltrating
the cell wall and filling the lumen. The unmodified molecular model includes vertical lines representing
lignocellulosic polymers, empty circles representing hydroxyl groups, dashed lines representing hydro-
gen bonds, and solid lines representing covalent bonds. In the modified molecular models, increasing
distance between lignocellulosic polymers indicates swelling, and small filled circles represent hydroxyl
groups that chemically reacted with the infiltrated chemical to form a covalent bond. Modified molecular
scale models include (B2) bulking with cross-linking with wood polymers, (B3) bulking with covalent
bonding of chemical to lignocellulosic chain, (B4) bulking without covalent bonding, and (B5) bulking
with the creation of an interpenetrating polymer network (IPN)

a) A4 AS b)

changes in ESNI or H caused by treatments. A few lumina in the Si XFM maps of
Figs. 5, 6 and 7 were also observed to be partially or fully filled by organosili-
cons. The inhomogeneity in the Si large-view XFM maps in Fig. 3 also suggested
that some lumina, especially in the earlywood, were being filled by organosili-
cons. The higher WPGgy, values than WPGy, values also supported organosili-
cons deposited in lumina. Collectively, these observations indicate that the cells
in the treated wood can be classified as a mixture of cell wall models A2, A3, and
A5 with infiltrated cell walls and different amounts of lumen filling. These results
are the same as we reported for these organosilicon treatments for archeological
oak wood (Broda et al. 2023).

The amount of infiltration into the cell wall may play a role in the effective-
ness of organosilicon treatments. For instance, Papadopoulos and Hill found
that for a series of different sized linear chain carboxylic acid anhydrides, the
effect on moisture uptake and the resulting wood swelling arises more from the
volume of chemicals embedded in the cell wall than from the reduction in the
number of hydroxyl groups due to chemical modification (Papadopoulos and Hill
2003). Therefore, the effectiveness of a treatment to prevent shrinkage in mod-
erately degraded waterlogged archaeological wood may also be approximately
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proportional to the amount of chemicals infiltrated into the cell wall. The
results of our previous study on the stabilization of waterlogged archeologi-
cal oak wood by organosilicons followed this proportionality approximation in
which the magnitude of WPGy, correlated with the decrease in wood shrinkage
caused by MTMS, MPTMS, or DEAPTMDS treatments (Broda et al. 2023). In
the present study, the WPGy, for MPTMS-treated samples (Table 3) was simi-
lar to the reduction in wood shrinkage, which agrees with previous research.
However, a considerable difference can be observed for BP treated with MTMS
and ChP treated with MTMS and DEAPTMDS. In these treatments, the reduc-
tion in shrinkage values was 9—12 percentage points higher than that expected
on the basis of WPG(y, which could suggest that the treatments were more
effective than anticipated based on the WPG(y measurements. Interestingly,
although MTMS was effective in stabilizing BP (ASE of about 79%), even though
MTMS-treated ChP had a higher than anticipated reduction in shrinkage based
on WPGgy it was still ineffective with an ASEy, of only about 52%. A compari-
son between WPG(y, and reduction in wood shrinkage could not be made for
DEAPTMDS-treated BP because the pXFM experiments were impossible. Nev-
ertheless, for both BP and ChP, the DEAPTMDS treatment is considered effec-
tive in stabilizing the degraded wood with an ASEy, of 74-75%.

Differences in molecular modifications may help to explain why different orga-
nosilicon treatments had different effects on wood. While DEAPTMDS is expected
to be model B4 because it cannot polymerize nor create covalent bonds with wood
polymers (Popescu and Broda 2021), the molecular modification models for MTMS
and MPTMS are uncertain. Both MTMS and MPTMS could be models B2 or B3
if they react with wood polymers (and we know that this is possible (Popescu and
Broda 2021)), model BS5 if they self-polymerize inside the cell wall to create an
interpolymer network (IPN) (which is possible, too), or model B4 if they do not self-
polymerize or react with wood polymers.

One possible reason why MTMS was more effective when applied to BP than
ChP is that it may have created an IPN (model B5) that reinforced and more effec-
tively prevented shrinkage than the unreacted monomers by themselves (model B4)
or the monomers covalently bonded to wood polymers (models B2 or B3). The
potential formation of an IPN would likely depend on the number of monomers in
the cell wall, as can be estimated from Nm in Table 3. The MTMS-treated BP had
an Nm value of 0.9 mmol per cm~>. The 0.9 nmol per cm™ value for MTMS-treated
BP is among the highest measured in this study, and in our previous study using
archaeological oak (Broda et al. 2023). Some additional insights into the potential
formation of an IPN can be gained from the nanoindentation results because an IPN
would be expected to increase the cell wall mechanical properties, as observed in
a previous study about how different isocyanates reacted within wood cell walls
(Jakes et al. 2010). However, our nanoindentation results did not show an increase
in mechanical properties (Table 4). The cell wall mechanical properties of MTMS-
treated BP were observed to decrease compared to BPc, which does not directly sup-
port the formation of an IPN.

The surprisingly low amount of MTMS in ChP wood compared to BP appar-
ently results from the different chemical compositions and structures of ChP and
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BP. As seen from Table 1, besides the degree of degradation, the biggest differ-
ences between ChP and BP are in the number of free hydroxyls available (about 40%
higher for ChP than BP), in bulk density of dry wood (about half-again higher for
ChP), and in the equilibrium moisture content (over one third higher for ChP). Both
BP and ChP have similar measured total pore volume and surface area in their cell
walls. There were also differences in the cell wall chemistry of the studied wood.
In BP, partial degradation of hemicelluloses, celluloses, and also lignin modifica-
tion was observed along with the reduction in cellulose crystallinity, while in ChP,
mainly hemicelluloses and lignin were degraded, with a concurrent decrease in cel-
lulose crystallinity and the formation of cellulose II due to the alkaline treatment
(Broda et al. 2022a). Additionally, as seen in Fig. 7a—d, the cell walls of ChP were
pushed into the lumina creating smaller misshapen lumina, which may indicate
structural damage in the cell walls caused by the NaOH degradation. The lumina
may have been misshapen as the cell walls shrank during drying or by swelling
forces during treatment. The possible swelling forces during treatment may have
at least in part arisen from the increased spacing of the cellulose lattice caused by
NaOH treatment (Nishiyama et al. 2000; Cai et al. 2015; Raia et al. 2021). It seems
that structural and chemical differences between the analyzed wood types may affect
the interactions with organosilicon compounds, as well as the kind of organosilicon
applied. Perhaps the presence of Na ions remaining after the chemical degradation
process inside the ChP cell walls also plays a role in the process, somehow blocking
access to organosilicon molecules.

The differences in the wood chemical composition, structure, and other proper-
ties due to applied degradation techniques affect the effectiveness of the treatment,
showing that the conservation method should be tailored to the needs of an indi-
vidual object. Some aspects of how the different organosilicon treatments translated
into dimensional stability of wood degraded differently remain unclear. The uncer-
tainty of how MTMS and MPTMS modify wood at the molecular scale is one of
the largest contributors to this uncertainty. Differences in cell wall molecular- and
nanostructures in the different wood types also likely contributed to the differ-
ences. Therefore, future studies of how the degradation modifies the wood cell wall
and how organosilicons chemically react or interact with wood polymers within a
wood cell wall are needed. Another difficulty in comparing the cell wall pXFM and
nanoindentation results to the bulk wood dimensional stability results is that the cell
wall measurements were only done in latewood. Differences between earlywood and
latewood may obscure the results, especially if degradation differs between early-
wood and latewood. Future work should also examine the differences between early-
wood and latewood.

Conclusion

The present research aimed at determining the mechanism of wood stabiliza-
tion by organosilicons intended for the conservation of waterlogged archaeo-
logical wood. Experiments were performed on model chemically degraded and
biologically degraded Scots pine, which differed in the degree of degradation,
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structure, and chemical composition. The three organosilicons studied included
the two silanes MTMS and (MPTMS, as well as the siloxane DEAPTMDS. The
large-field view XFM results revealed that all applied organosilicons penetrated
throughout the whole wooden blocks during treatment. The collective bulk wood,
multiscale XFM, and nanoindentation results revealed that the organosilicon
treatments in this study can be classified as a mixture of Norimoto cell wall modi-
fication models A2, A3, and A5 with organosilicons infiltrating the cell walls and
partially or entirely filled the cell lumina. For a given treatment, more organosili-
con infiltrated in BP than ChP, likely because BP wood cell walls had a higher
measured total pore volume and surface area. Based on ASE,, all treated model
degraded wood had acceptable values between 74 and 82%, except for MTMS-
treated ChP, with a substantially lower ASEy, value of about 52%. The MTMS-
treated ChP had the lowest measured latewood WPGy,. It remains unclear why
the MTMS did not infiltrate the ChP latewood cell walls. However, the low
WPGcy, likely caused the low ASEy value, which further supports that cell wall
infiltration is an important mechanism for organosilicons to act as effective con-
solidants for waterlogged archaeological wood.

Degradation processes had a modest effect on the ESNI and H of ChP and BP
cell walls despite their high mass losses. These modest effects support that after
wood polymers are removed from the cell wall during degradation, upon drying the
wood polymers coalesce and fill in the volumes vacated by the removed polymers to
reform a solid material. For all wood types, DEAPTMDS treatments decreased EsNI
and H, which resulted from a plasticization effect. Concerning Norimoto molecular
wood modification models, DEAPTMDS treatment fits model B4 because it pen-
etrates the cell wall, cannot polymerize, and does not react with wood polymers. A
hydrophilic molecule like DEAPTMDS with a model B4 molecular model may have
a plasticizing effect on the cell wall, as observed here. The DEAPTMDS plasticiz-
ing effect was much stronger in ChP and BP than in CP, which clearly indicated that
the wood polymers in the latewood S2 cell wall layer were degraded. The effects of
alkoxysilane (MTMS and MPTMS) treatments on cell wall mechanical properties
were more modest and depended on the wood type and treatment type. The different
effects of alkoxysilanes likely arose because of different potential molecular scale
interactions that could occur when they infiltrated the cell walls. Because MTMS
and MPTMS can react with wood polymers and also self-polymerize inside the cell
wall to create an interpenetrating polymer network, potential Norimoto molecular
models B2, B3, or B5 are possible. Further chemical analyses that can better discern
which molecular interactions are occurring with the wood polymers would be ben-
eficial for identifying the stabilization mechanism and understanding the differences
between MTMS and MPTMS treatments.

Considering the above information, although DEAPTMDS was very effective in
stabilizing waterlogged wood dimensions, the fact that it was in a liquid state inside
the wood structure when applied on biologically degraded pine, making the samples
wet and sticky, excludes it from the conservation practice before recognizing the
reason behind this behavior. MTMS and MPTMS seem more promising conserva-
tion agents, but broader knowledge about their long-term behavior is needed before
recommending them for practical application.
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Based on the results obtained, it can be stated that the final effect of organosilicon
treatment on the dimensional wood stabilization and mechanical properties of wood
cell walls is not universal and depends on the degree and type of wood degrada-
tion (and the resulting differences in their chemical composition, structure and other
properties), the applied organosilicon, the organosilicon’s retention in wood, and the
degree of polymerization and reactivity with wood polymers. Therefore, to tailor the
conservation treatments to the needs of individual wooden objects, more research
is needed to understand better the complex interactions between organosilicons and
wood.
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