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Abstract
Ancient archeological wooden artifacts hold important stories from our history that 
can only be retold through wood conservation. Understanding the detailed mecha-
nisms of how to stabilize these fragile artifacts dimensionally is necessary to ef-
fectively preserve them for the next generations. In this study, highly effective or-
ganosilicons are used to treat and infiltrate model degraded wood. We used wood 
dissolution techniques, in conjunction with two-dimensional nuclear magnetic reso-
nance spectroscopy, to characterize the changes occurring to native wood cell wall 
polymers before and after organosilicon treatments. Methyltrimethoxysilane was 
shown to be the mildest organosilicon towards wood polymer depolymerization in 
the model woods, while the alkoxysilane with a mercaptopropyl group resulted in 
more dramatic cell wall depolymerization, removing lignin linkages and polysac-
charides. The siloxane treatment did depolymerize the model woods as well, giv-
ing more intermediate cell wall depolymerization and leading to reduction of the 
α-carbonyl in G-2ʹ guaiacyl units in lignin. We hypothesize that the organosilicon 
treatments can effectively infiltrate cell wall matrices, partially depolymerize wood 
cell wall polymers, and meld the truncated wood polymers together to stabilize cell 
wall dimensions.
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Abbreviations
A1	� Methyltrimethoxysilane
A2	� (3-Mercaptopropyl)trimethoxysilane
ASEv	� Volumetric anti-shrink efficiency coefficient
CP	� Contemporary pine wood (non-degraded)
ChP	� Chemically degraded pine wood
BP	� Biologically degraded pine wood
S1	� 1,3-Bis-[(diethylamino)-3-(propoxy)

propan-2-ol]-1,1,3,3-tetramethyldisiloxane
Sv	� Volumetric shrinkage

Introduction

Wood is a natural material, and as such, it is susceptible to decomposition by vari-
ous biotic and abiotic factors, including fungi, bacteria, insects, mechanical forces 
of wind, precipitation, temperature fluctuations, air pollutants, and UV radiation 
(Blanchette et al. 1989; Reinprecht 2016; Marais et al. 2022). Degradation processes 
shorten the service life of commercial wood and limit its broader application for 
industrial purposes; they also affect historical wooden artifacts, irreversibly depriv-
ing them of aesthetics and historical value. Therefore, several treatments and meth-
ods have been developed for industrial and historical wood to slow deterioration and 
prolong its lifespan (Hill 2007; Gérardin 2016; Sandberg et al. 2017; Broda and Hill 
2021; Spear et al. 2021; Zelinka et al. 2022).

Conservation of historical wood is even more challenging than the preservation 
of commercial wood since the object of interest is usually already degraded to some 
extent and requires not only protection against further degradation but also proper 
consolidation to retain structural integrity. A special case is the conservation of water-
logged archaeological wood, where adding an appropriate dimensional stabiliza-
tion treatment during drying is necessary to counteract the capillary forces of water 
evaporating from water-saturated wood that may otherwise cause irreversible distor-
tions, shrinkage, cracking, or even disintegration of a wooden artifact (Grattan 1987; 
Unger et al. 2001; Grattan et al. 2006). Since the existing methods for waterlogged 
wood conservation are not free of drawbacks (Glastrup et al. 2006; Hoffmann 2010; 
Mortensen et al. 2012; Morgós et al. 2015; Vorobyev et al. 2019; Afshar et al. 2020; 
Broda and Hill 2021), there is a need to search for new, more effective treatments. 
Therefore, we investigated the usefulness of various organosilicon compounds as 
consolidants for waterlogged wood (Smith 2002; Kavvouras et al. 2009; Broda et al. 
2020, 2023; Zhou et al. 2024).

Extensive research on new conservation agents requires large amounts of wood 
material, preferably similar and homogeneously degraded, to ensure reliable and 
comparable results of experiments and analyses. Unfortunately, waterlogged archae-
ological objects are usually heterogeneously decayed, with outer layers typically 
more degraded than core zones, so it is hard to obtain a great number of similar 
wood samples from them (Hoffmann and Jones 1989; Björdal et al. 2000; Wu et al. 
2022; Han et al. 2022, 2023). Moreover, such artifacts often have historical value 
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and cannot be used as research material. In such cases, the solution may be the use of 
a model wood material obtained in an artificial, controlled degradation process that 
mimics naturally decayed wood (Franceschi et al. 2008; Kennedy and Pennington 
2014; Tahira et al. 2017; Liu et al. 2019; Albelda Berenguer et al. 2019; Wakefield 
et al. 2020).

In our previous studies, we prepared a model wood material applying two dif-
ferent degradation methods: biological decomposition using the brown rot fungus 
Coniophora puteana (Shum.: Fr.) P. Karst and chemical (alkaline) degradation with 
50% NaOH solution (Broda et al. 2022a, b). Wood decay by brown rot fungi causes 
selective decomposition of polysaccharides with some changes in lignin structure 
(Pandey and Pitman 2003; Zhu et al. 2022; Belt et al. 2024). In turn, alkaline hydro-
lysis using NaOH solution effectively degrades lignin but additionally decomposes 
hemicelluloses. Higher NaOH concentrations can affect cellulose, leading to its 
decrystallization and recrystallization from native cellulose I to cellulose II (Nishi-
yama et al. 2000; Miura and Nakano 2015; Bakri et al. 2016; Xu et al. 2020).

We measured selected properties of model degraded wood (Broda et al. 2022a, b) 
and then used this wood for treatment with selected organosilicon compounds. We 
found that the stabilizing effectiveness of the applied chemicals varies depending 
on the type of wood conserved (Broda and Plaza 2023; Broda et al. 2024). To bet-
ter understand the observed differences, we investigated the stabilizing mechanisms 
using synchrotron-based X-ray fluorescence microscopy (XFM) and nanoindentation 
(Broda et al. 2024) and analyzed alterations in the wood nanostructure (Broda et al. 
2025) and the macromolecular structure of main wood polymers in biologically and 
chemically degraded model pine wood (Yelle and Broda 2025). To obtain a more 
comprehensive picture of the effect of organosilicon on wood differing in chemical 
composition and structure, though, more detailed knowledge about the reactivity of 
these chemicals with wood cell wall polymers is necessary.

This research investigated how changes in the chemical composition of artificially 
degraded wood affect wood reactivity with organosilicon compounds used for its 
impregnation regarding the dimensional wood stabilization obtained. Such knowl-
edge can help explain the stabilizing mechanism of organosilicons on wood, which 
is necessary to develop new and effective treatments tailored to the needs of indi-
vidual wooden artifacts. To achieve this, wood treated with three organosilicon com-
pounds was used for the study. The organosilicons selected were two alkoxysilanes 
(Methyltrimethoxysilane and (3-Mercaptopropyl)trimethoxysilane) and 1,3-Bis-
[(diethylamino)−3-(propoxy)propan-2-ol]−1,1,3,3-tetramethyldisiloxane, which 
have already proven effective in stabilizing waterlogged wood dimensions in our 
earlier studies (Broda et al. 2020; Broda and Yelle 2022). The stabilizing effect was 
measured through changes in wood dimensions before and after treatment concern-
ing the dimensional changes of untreated wood. Wood chemistry was analyzed using 
two-dimensional (2D) 1H–13C heteronuclear single quantum coherence (HSQC) 
solution-state nuclear magnetic resonance (NMR) spectroscopy that allows the iden-
tification of structural changes in the main wood polymers – lignin, cellulose, and 
hemicelluloses, both qualitatively and semi-quantitatively (Maunu 2002; Holtman et 
al. 2004; Hedenström et al. 2009; Yelle et al. 2013, 2014; Lourenço et al. 2020; Koso 
et al. 2020; Fliri et al. 2023). This NMR method is also useful for investigating the 
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reactivity of wood polymers with various modification agents (Lu and Ralph 2003; 
Yelle et al. 2011a; Yelle and Ralph 2016; King et al. 2018; Namyslo et al. 2021) and 
has already been successfully employed in our previous research on waterlogged 
wood conservation using organosilicon compounds (Broda and Yelle 2022).

Materials and methods

Contemporary Scots pine (Pinus sylvestris L.) wood purchased from a commercial 
timber merchant (Poland) was used in this research. Wood was cut into small cuboid 
specimens (20  mm × 20  mm × 10  mm in the radial, tangential, and longitudinal 
directions, respectively) free from visible defects. A separate set of specimens were 
subjected to artificial degradation under laboratory conditions: biological decay 
using the brown rot fungus Coniophora puteana (Shum.: Fr.) P. Karst (specimens 
were placed on glass supports in Kole flasks on 5% malt agar pre-inoculated with 
the fungus and incubated at 24 ± 1 °C and 70 ± 5% relative humidity in a growing 
chamber for 8 weeks, then taken out and cleaned of the mycelium), and alkaline 
degradation using 50% NaOH (specimens were submerged in alkaline solution for 3 
weeks at 24 ± 1 °C, then washed with distilled water until pH of 7 was obtained), as 
described previously (Broda et al. 2022a). Biologically (BP) and chemically (ChP) 
degraded specimens were kept in distilled water to mimic waterlogged wood. Before 
impregnation, water was exchanged into 96% ethanol to ensure proper penetration 
of organosilicons into the wood tissue and avoid their polymerization in the outer 
parts of specimens, while sound undegraded (CP) wood specimens were used in an 
air-dry state. Structural and physical properties of these wood types were measured 
using: an analytical balance with 0.01 mg readability (mass loss, %), the ratio of the 
sample weight to its volume after air-drying and conditioning (bulk density, g cm−3), 
a nitrogen absorption method (total pore volume, cm3 g−1), and a method that utilizes 
deuterium exchange in a Dynamic Vapor Sorption (DVS) apparatus (free hydroxyls, 
mmol g−1), and are thoroughly discussed in previous studies (Broda et al. 2022a, b).

All wood types were then treated with 50% ethanol solutions of selected organo-
silicon compounds (Fig. 1) using the oscillating vacuum-pressure method (− 0.9 bar 
for 0.5 h and 10 bars for 6 h, repeated 6 times every 24 h to increase diffusion of 
organosilicon molecules into wood tissue; between the cycles wood specimens were 
left in the organosilicon solution) (Broda et al. 2020):

	● Methyltrimethoxysilane, CH3Si(OCH3)3 (A1),
	● (3-Mercaptopropyl)trimethoxysilane, HS(CH2)3Si(OCH3)3 (A2),
	● 1 , 3 - B i s - [ ( d i e t h y l a m i n o ) − 3 - ( p r o p o x y ) p r o p a n - 2 - o l ] − 1 , 1 , 3 , 3 -

tetramethyldisiloxane, [(C2H5)2NCH2CH(OH)CH2O(CH2)3Si(CH3)2]2O (S1).

After impregnation, wood specimens were removed from organosilicon solutions 
and air-dried slowly at room temperature (21 ± 1 °C) and relative humidity of 45 
± 5% for four weeks. Additionally, untreated pine specimens of each type were used 
as a reference. Their dimensions were measured in all three anatomical directions 
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with a digital caliper (± 0.01 mm) to calculate wood shrinkage and anti-shrink effi-
ciency. Figure 2 shows the post-impregnated air-dried specimens used in this study.

Impregnation effectiveness and the stabilizing effect of individual organosilicon 
compounds were assessed based on the weight-percent gain (WPG), volumetric 
shrinkage (Sv), and anti-shrink efficiency coefficient (ASEv) values calculated accord-
ing to standard equations (below) from wood dimensions before and after treatment 
(Broda et al. 2020, 2024):

	
WPG = W1 − W0

W0
× 100

Fig. 2  A photo of the air-dried Scots pine specimens (post-impregnation) used in this study. The three 
model wood types are shown here as sound control pine (CP), biologically degraded pine (BP), and 
chemically degraded pine (ChP) wood, along with the four treatment types: untreated control c, A1, 
A2, and S1

 

Fig. 1  Chemical structures of organosilicon compounds used for contemporary pine wood impregnation
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where W0 is the estimated dry mass of the specimen before treatment, and W1 is the 
dry mass of the specimen treated with selected organosilicon compound,

	
Sv = V0 − V1

V0
× 100

where V0 is the initial volume of the specimen and V1 is the final volume of the speci-
men after air-drying,

	
ASEv = Svu − Svt

Svu
× 100

where Svu and Svt are the volumetric shrinkage of the untreated and treated specimen, 
respectively.

To prepare wood samples for NMR analysis, three air-dried specimens were 
pooled from each of the three wood types (sound control, biologically degraded, 
chemically degraded) within the four treatment types (untreated, A1, A2, S1), thus 
making twelve total specimens. Each of the three specimens within a pooled sample 
was sliced with a knife in the radial direction into 1-mm-thick sections. The sliced 
and pooled samples were placed in separate 50 ml ZrO2 jars. Then, three 20 mm ZrO2 
balls were added to each jar. Wood was milled using a Retsch PM-400 planetary 
ball mill (Newtown, PA) for 24 h in the following cycles: 300 rpm, 20 min milling, 
10 min pause. Such conditions are necessary to keep the wood temperature below 
50  °C, preventing its thermal degradation and altering the chemical composition. 
After this initial milling, the balls were removed and shaken in the copper sieve to 
recover all wooden particles covering their surfaces. Then, ten 10 mm ZrO2 balls 
were added to each jar with a pre-milled sample, and the milling was continued under 
the same conditions as previously described. The milled wood recovery procedure 
was repeated, and the remaining milled wood was scraped from the jar and weighed 
(Broda and Yelle 2022). The principal caveat of the wood dissolution technique is that 
the samples must first be ball-milled, but research to date indicates that this procedure 
causes only minor increases in detectable cleaved lignin structures (Ikeda et al. 2002; 
Kim and Ralph 2010; Yang et al. 2021). Furthermore, we have drastically decreased 
the rpm of the planetary ball-mill from the typical 600 rpm for wood samples down 
to 300 rpm to lessen any structural effects seen from ball-milling alone.

Approximately 30 mg of each milled sample was dissolved with 500 µl DMSO-d6 
in an NMR tube with dimensions 17.8 cm in length and 5 mm in diameter. A sepa-
rate set of CP samples (untreated CP, CP-A1, CP-A2, and CP-S1) were dissolved 
in 500 µl dimethylacetamide-d9 in an NMR tube to assess if the NMR solvent (i.e., 
DMSO-d6) could cause the demethylation of a silicon atom in siloxanes and foster 
the reduction of α-carbonyls on guaiacyl units. The tubes were sonicated at 35 °C for 
1 h to accelerate wood dissolution (Hossain et al. 2021). Clear, homogenous wood 
solutions were used for NMR analysis. NMR spectra were acquired using a Bruker-
Biospin (Rheinstetten, Germany) AVANCE III HDTM 500 MHz spectrometer fitted 
with a nitrogen-cooled 5 mm Prodigy™ TCI gradient cryoprobe with inverse geom-
etry. The one-bond 1H–13C HSQC spectra were obtained using the adiabatic Bruker 
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pulse program hsqcetgpsisp2.2 and processed as previously described (Yelle et al. 
2008a).

The advantages of adiabatic pulses are their compensation for all pulse imper-
fections. For example, off-resonance effects are eliminated. This is accomplished 
through several steps: (1) By replacing most crucial rectangular inversion pulses 
with adiabatic pulses, the offset dependence of 13C-1H HSQC spectra is removed and 
the active bandwidth is essentially unlimited. (2) Chemical shift refocusing is also 
achieved by applying the adiabatic pulse twice to correct phase errors introduced by 
the first pulse, which refocuses magnetization exactly. J-refocusing allows for mak-
ing 13C-1H spin-spin couplings more uniformly distributed by matching the sweep 
rate of the adiabatic pulse with the natural distribution of the J-couplings. It is this 
point that makes adiabatic HSQC’s able to be deemed quantitative. (3) Adiabatic 
heteronuclear decoupling covers an unlimited bandwidth. For example, the entire 
13C spectral range is decoupled with efficient side-band suppression. (4) Adiabatic 
pulses have a high tolerance to inhomogeneity of the RF field, thus eliminating the 
time-consuming calibrations of RF power required for conventional pulses (Kupče 
and Freeman 2007; de Graaf and Nicolay 1997).

To semi-quantitatively analyze the wood polymer structures present in the 
obtained spectra, specific chemical shifts of native structural units (such as the acety-
lated galactoglucomannan units and α- & β-reducing endgroups in hemicelluloses, 
as well as the guaiacyl units, β-aryl ether, and phenylcoumaran subunit linkages in 
lignin) were integrated using Bruker TopSpin 3.6.2 software and referenced to the 
lignin methoxyl group since it is known as the most stable functional group in wood 
polymers (Lundquist and Lundgren 1972). Performing such integrations on 2D NMR 
data from polymeric materials is sensitive to cross-peak overlap. Thus, all integra-
tions were measured only on intense well-resolved cross-peaks; three separate inte-
gration calculations were obtained on each contour within the same sample (at 60, 80, 
and 120 contour levels) with the averages reported. Semi-quantification data can be 
found in the supplementary information along with the lignin subunit linkages (β-O-4 
and β−5) on the basis of 100 guaiacyl units (Table S.I. 1).

Results

To better understand how the undegraded (CP) and model degraded (BP and ChP) 
pine wood interacted with the organosilicon compounds, the HSQC NMR spectra 
were analyzed. A key to the macromolecular structures found in each spectrum is 
shown in Fig. 3. The wood cell wall polymers we focused on in this study included: 
the major lignin substructures β-aryl ethers, phenylcoumarans, pinoresinols, cin-
namyl alcohol endgroups, and the lignin methoxyls; G-2, G-2′, G-5/6, and G-6′. The 
G-2′ and G-6′ represent the α-carbonyl version of guaiacyl units; the C-2 and C-3 
O-acetylated mannan (2-O-Ac-β-d-Manp, and 3-O-Ac-β-d-Manp) as well as the di-
acetylated mannan (2,3-O-Ac-β-d-Manp); polysaccharide anomerics which include 
d-glucan, d-xylan, d-mannan, d-galactan, and l-arabinan as the major sugars; and 
other anomerics such as 4-O-methyl-α-d-glucuronic acid units and the reducing end-
groups of the main polysaccharides.
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To realize the structural changes that occurred during model wood degradation 
and subsequent impregnation treatments with the three organosilicons, we qualita-
tively and semi-quantitatively compared the spectra in four groups. The first group 
was the untreated undegraded wood and model degraded wood; the second group 
was the undegraded wood and model degraded wood treated with A1; the third group 
was the undegraded wood and model degraded wood treated with A2; and the fourth 

-aryl ether
( -O-4)

A
Phenylcoumaran

( -5)

B
Pinoresinol

( - )

C

G
Guaiacyl

6 2

G’
Guaiacyl

(α-ketone)

6 2

X1
Cinnamyl

alcohol

55

methoxyl acetylated
mannans

unassignedpolysaccharide
anomerics

reacted 
cellulose

xylan & 
cellulose

Fig. 3  Key to the macromolecular structures found in the spectra in Figs. 4, 5, 6 and 7. The structures 
are: (A) β-aryl ether (β-O-4) in cyan, (B) phenylcoumaran (β−5) in green, (C) pinoresinol (β-β) in lav-
ender, (X1) cinnamyl alcohol endgroups in pink, (G) guaiacyl in dark blue, and (G′) α-ketone version 
of guaiacyl in dark blue. The lignin methoxyl group is represented by–OMe in brown. The polysac-
charide structures include: H-2/C-2 & H-3/C-3 correlations for the acetylated structure of β-d-Manp 
(2-O-Ac-β-d-Manp, 3-O-Ac-β-d-Manp, & 2,3-O-Ac-β-d-Manp) in dark red, and the anomeric H-1/C-
1 correlations for the major polysaccharides—β-d-GlcpI, internal β-d-glucopyranosyl units (cellulose); 
β-d-ManpI, internal β-d-mannopyranosyl units (mannan); β-d-XylpI, internal β-d-xylopyranosyl units 
(xylan); β-d-GalpT, terminal β-d-galactopyranosyl units (galactan); α-L-Araf, α-L-arabinofuranosyl 
units (arabinan); 4-O-methyl-α-d-glucuronic acid units, (MeGlcA); and the reducing endgroups α- & 
β-d-GlcpR, α-d-ManpR, β-d-XylpR, β-d-GalpR (αred & βred) in orange. Other structures include xylan 
and cellulose internal structures in black, reacted cellulose in yellow, and structures currently not as-
signed or unresolved in gray
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group was the undegraded wood and model degraded wood treated with S1. These 
four groups are shown in Figs. 4, 5, 6 and 7, respectively.

We then used contour peak integration to semi-quantify selected cell wall polymer 
structures and referenced these peaks to the lignin methoxyl peak. Figure 8 shows the 
results of these volume integral analyses.

From the spectra of the untreated model wood (Fig. 4) along with the integration 
data (Fig. 8), the lignin subunits β-O-4, β−5, β-β, and guaiacyl (G-2), showed that 
the CP and BP samples gave similar subunit frequencies. Only minor amounts of β-
O-4 subunits were removed, and native acetyl groups on mannan were more heavily 
removed after biological degradation. In comparing the untreated CP to BP (Fig. 4), 
it is evident from the spectra in the anomeric region that arabinan, galactan, and much 
of the mannan were effectively removed. The ChP samples, compared to the CP sam-
ples, showed depletion of β−5 subunits, which led to minor losses in guaiacyl units. 
Depletion of mannan led to complete removal of the acetyl groups. Partial removal of 
galactan and glucan (cellulose) was also evident during chemical degradation (Yelle 
and Broda 2025).

When the model wood was treated with methyltrimethoxysilane (A1), the spectra 
(Fig. 5) showed quite similar spectral characteristics to all model woods (Fig. 4). For 
example, the β-O-4, β−5, guaiacyl (G-2), acetyl groups, as well as α- and β-reducing 
endgroups of polysaccharides were not altered dramatically. However, with all of the 
model woods (i.e., CP-A1, BP-A1, and ChP-A1), we observed that the β−5 subunits 
and guaiacyl lignin (G-2) were increased after A1 treatment, a circumstance demon-
strating that demethoxylation must be occurring to a minor degree as was observed in 
other studies on wood treated with alkoxysilanes (Hill et al. 2007; van Opdenbosch et 
al. 2013). The oxidized guaiacyl units were evidenced by the elevated presence of the 
α-carbonyl (G-2′), which was slightly higher in biologically degraded wood.

When the model wood was treated with (3-mercaptopropyl)trimethoxysilane (A2), 
the spectra (Fig. 6) showed more dramatic differences as compared to both of the 
untreated model woods (Fig. 4). For example, the α-carbonyl (G-2′) was much higher 
than in all other treatment types, showing depolymerization of lignin. Furthermore, 
the polysaccharides were heavily cleaved, as evidenced by the tremendous increase 
in α- and β-reducing endgroups. With the chemically degraded pine (ChP-A2), we 
observed that the β-O-4 and guaiacyl lignin were more steadfast as compared to the 
untreated pine (CP-A2), suggesting that the alkali degraded pine is more resistant to 
further lignin depolymerization by A2 treatment as compared to the untreated con-
temporary pine. Overall, the A2 treatment seems to further depolymerize cell wall 
polymers beyond the already partial degradation that occurred via the model wood 
preparation

When the model wood was treated with the 1,3-Bis-[(diethylamino)−3-(propoxy)
propan-2-ol]−1,1,3,3-tetramethyldisiloxane (S1), much different chemistry was 
observed (Fig. 7). In this case, we observed reduction of α-carbonyls (G-2′); the G-2′ 
contour peaks were almost absent in the CP-S1 spectrum and completely absent in 
the BP-S1 and ChP-S1 spectra. Moreover, like that of alkoxysilanes, we observed 
demethoxylation of the guaiacyl units; guaiacyl lignin (G-2) was slightly higher 
in the chemically treated model wood as compared to the untreated model wood. 
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in Fig. 3
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1 3

Page 13 of 25     78 



Wood Science and Technology           (2025) 59:78 

Fig. 8  Integration of se-
lected cell wall polymer 
subunit peaks showing 
their frequency relative 
to the lignin methoxyl 
group. Sound contempo-
rary pine (CP) is shown 
with reddish shaded bars, 
biologically degraded 
pine (BP) is shown with 
green shaded bars, and 
chemically degraded pine 
(ChP) is shown with blue 
shaded bars. Each bar 
graph displays a legend 
that is color-coded to the 
corresponding impregna-
tion treatment (Untreated, 
A1, A2, or S1) 
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Another intriguing observation in the case of S1 was the complete removal of the 
α- and β-reducing endgroups.

Discussion

One of the main objectives of this study is to understand how each organosilicon 
treatment affects wood cell wall stabilization at the polymer structure level and if the 
new information obtained can explain the differences between the selected properties 
of analyzed wood types observed in our previous research. To assist in this, several 
structural and physical properties of the CP, BP, and ChP wood were measured previ-
ously and are presented in Tables 1 and 2. The following is a discussion of how the 
NMR data may explain some of these observations.

Sound contemporary pine (CP)

Methyltrimethoxysilane (A1)

When comparing the relative integrals of the lignin subunits in untreated CP to those 
in the A1-treated CP (Fig.  8), we observed minor changes to lignin and polysac-
charides. However, from the spectra (Fig. 5), the A1 treatment did indeed lead to 
a depletion in cell wall polymers as all contours are at lower intensity compared to 

Wood ID WPG (%) Sv (%) ASEv (%)
CP
Untreated - - -
A1 26.2 ± 5.1 −0.2 ± 0.2 -
A2 32.7 ± 5.6 −2.1 ± 0.7 -
S1 31.2 ± 5.7 −0.7 ± 0.3 -
BP
Untreated - 22.3 ± 0.9 -
A1 53.6 ± 7.6 4.6 ± 0.2 79.4
A2 63.3 ± 4.2 4.0 ± 1.3 82.1
S1 64.0 ± 3.2 5.5 ± 0.3 75.3
ChP
Untreated - 25.5 ± 3.8 -
A1 41.5 ± 5.6 12.3 ± 1.7 51.7
A2 53.2 ± 4.8 6.5 ± 1.6 74.5
S1 51.5 ± 4.7 6.6 ± 2.4 74.1

Table 2  Effectiveness of or-
ganosilicon treatment of sound 
control pine (CP), biologically 
degraded pine (BP), and chemi-
cally degraded pine (ChP) wood 
expressed as WPG – weight% 
gain, Sv – volumetric shrink-
age, and ASEv – volumetric 
anti-shrink efficiency (Broda et 
al. 2024)

 

Wood property CP BP ChP
Mass loss (%) - 38.5 ± 4.7 16.8 ± 1.4
Bulk density (g cm−3) 0.44 ± 0.02 0.44 ± 0.03 0.65 ± 0.02
Total pore volume (cm3 g−1) 0.0007 0.0015 0.0012
Free hydroxyls (mmol g−1) 7.9 ± 0.1 8.0 ± 1 1.3 ± 0.3

Table 1  Selected properties of 
sound control pine (CP), bio-
logically degraded pine (BP), 
and chemically degraded pine 
(ChP) wood; EMC – maximum 
measured equilibrium moisture 
content (Broda et al. 2022a, b)
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the untreated CP. The depletion did not seem to show a preference for one cell wall 
polymer over the other. Instead, the A1 treatment depolymerized cell wall polymers 
rather equally throughout the sample.

The G-2 frequency in A1-treated CP (Fig.  8) showed a slight increase (~ 5%). 
Since all volume integrals are referenced to the lignin methoxyl group, the only way 
to have an increase in aromatics is by methoxyls decreasing. Therefore, demethoxyl-
ation must occur to some extent with the A1 treatment.

The effectiveness of the A1 treatment on CP (Table 2) showed a weight-percent 
gain (WPG) of 26.2% and a volumetric shrinkage (Sv) of −0.2%, indicating that with 
the comparatively low WPG, the treatment infiltrated and modified the polymers uni-
formly, allowing for effective dimensional stability. Part of A1’s effectiveness may 
be attributed to its lower molecular weight and less bulkiness of the chemical com-
pounds compared to the A2 and S1 treatments, making A1 more effectively infiltrate 
wood tissue with the relatively smaller total pore volume (0.0007 cm3 g−1) in unde-
graded CP cell walls (Broda et al. 2024), and to position itself for reactions with cell 
wall polymers.

(3-Mercaptopropyl)trimethoxysilane (A2)

Some major differences between the untreated CP and the A2-treated CP were 
observed, especially within the lignin polymer. For example, the β-O-4 and β−5 
subunit linkages decreased by greater than 60% (Fig. 8), while β-β subunits were 
completely removed (Fig. 6). The removal of these linkages suggests that the lignin 
polymer has been truncated by the A2 treatment; the native lignin polymer remains 
intact, but much of the lignin has been cleaved. It is not clear from these data if the 
silane reacted with lignin; typically, when a lignin hydroxyl group is reacted, a new 
chemical shift will appear downfield from the original hydroxyl group chemical shift, 
but this was not observed in the spectra (Fig. 6). Evidence of guaiacyl unit alteration 
was also confirmed via the aromatic region with approximately 60% depletion in 
native guaiacyl units (G-2), with a 50% increase in α-carbonyls (G-2′).

The treatment was equally harsh on the polysaccharides with α- and β-reducing 
endgroups highly elevated and removal of arabinan and galactan. The acetyl groups 
on mannan in A2-treated CP showed a decrease compared to the untreated CP, evi-
dence of acetic acid releasing during treatment.

The effectiveness of the A2 treatment on CP (Table 2) showed a WPG of 32.7% 
and a Sv of −2.1%, suggesting that the treatment led to a slight swelling of the cell 
walls. Overall, the A2 treatment on CP was effective at maintaining dimensional sta-
bility. Compared to treatment A1, the A2 treatment gave slightly higher WPG, which 
may be attributed to its higher molecular weight. Even so, A2 was still effective at 
infiltrating the cell wall pores and able to react with available cell wall hydroxyls 
(Broda et al. 2024).
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1,3-Bis-[(diethylamino)−3-(propoxy)propan-2-ol]−1,1,3,3-tetramethyldisiloxane 
(S1)

The siloxane, S1, treatment behaved somewhat differently than the alkoxylsilanes, 
A1 and A2. The β-O-4 subunits decreased by 37% while the β−5 subunits decreased 
by 15%; β-β subunits were completely removed (Fig. 7). The lignin guaiacyl units 
also decreased by 24%, with the complete removal of the G-2′ and G-6′, suggest-
ing that reduction may be occurring. Polysaccharides were also heavily degraded, 
but α- and β-reducing ends were missing along with the 4-O-methyl-α-d-glucuronic 
acid units, indicating that carboxylic acid reduction chemistry must be at play here 
(Fig. 7).

Reduction chemistry by siloxanes, including tetramethyldisiloxane in the reduc-
tion of α,β-unsaturated carbonyl derivatives, has been reported in the literature (Lar-
son and Fry 2008; Pesti and Larson 2016; Broda and Yelle 2022). To test whether 
the NMR solvent (DMSO-d6) could be involved in facilitating the reduction of the 
α-carbonyls on guaiacyl units, we dissolved the same contemporary pine samples—
treated with A1, A2, and S1—in dimethylacetamide-d9. Dimethylacetamide-d9 is 
an alternative wood cell wall dissolution solvent that swells the cell wall polymers 
and effectively dissolves lignin. The HSQC NMR spectra, focusing on the aromatic 
region, are shown in supplementary information, Figure S.I. 1. From these support-
ing spectra, we were able to confirm that the reduction was not brought about from 
the dissolution solvent since the α-carbonyls, depicted by the G-2′ and G-6′ peaks, 
were absent just as was observed in the CP sample treated with S1. More research is 
needed to further investigate the mechanisms involved in the reductive properties of 
siloxanes in wood cell walls.

We also observed a major depletion of the native cellulose, as indicated by the 
low-intensity anomeric peak at 4.25/103.7 ppm (Fig. 7). Cellulose was still strong in 
all of the alkoxysilane-treated wood samples, so this indicates that the siloxane treat-
ments are able to heavily modify cellulose in CP, an observation also found before 
(Broda and Yelle 2022). The acetylated mannan signals, were, in this case, com-
pletely removed (Fig. 7).

The WPG for the S1 treatment of CP was 31.2%, which was similar to the A2 
treatment. Sv was − 0.7%, showing that even though the S1 molecule is large and 
bulky, it was effective at keeping the wood dimensions stable. In previous research, 
we determined that S1 can infiltrate the cell wall and also fill cell lumina, thus con-
tributing to wood dimensional stabilization (Broda et al. 2024). It is likely that the 
cellulose degradation and effective reactivity with hydroxyls from cellulolytic deg-
radation products, in particular, keep water from infiltrating the cell walls, further 
enhancing wood dimensional stability.

Biologically degraded pine (BP)

As the mass loss of the BP samples was 39%, this mass loss was attributed to the 
removal of arabinan, galactan, and much of the mannan since the lignin was not 
removed. As the organism utilized in this study was Coniophora puteana (a brown 
rot fungus), it has a preference for depolymerizing and metabolizing polysaccha-
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rides—including hemicelluloses and cellulose—as well as deacetylating mannan 
(Schmidt 2006; Beck et al. 2018); however, part of lignin is also degraded or modi-
fied to some extent (Yelle et al. 2008b, 2011b; Martínez et al. 2011; Rese et al. 2025). 
Having a two-fold increase in total pore volume (0.0015 cm3 g−1) over that of CP 
(0.0007 cm3 g−1) should allow for higher WPGs, improved treatment infiltration, and 
potentially higher reactivity with cell wall polymers.

Methyltrimethoxysilane (A1)

As was found with the A1 treatment in CP, the BP did not experience dramatic changes 
to cell wall polymers; lignin subunit linkages and polysaccharides remained mostly 
unaltered (Fig. 5). The α-carbonyls (G-2′) did increase, indicating that oxidation of 
the aromatic units occurred, along with increased α- and β-reducing ends (Fig. 8).

The β−5 and G-2 frequencies in A1-treated BP (Fig.  8) also showed slight 
increases. Therefore, demethoxylation must be occurring to some extent with the A1 
treatment in BP as well.

Overall, the A1 treatment of BP was effective at infiltrating the cell wall, with a 
WPG of 53.6% and lowering the Sv from 22.3 to 4.6% (Broda et al. 2024). With the 
slightly higher free hydroxyl content, 8.0 mmol g−1, over the CP wood (7.9 mmol g−1) 
and the removal of arabinan, galactan, much of the mannan, and demethylation by 
brown rot fungi, it is possible that the A1 treatment is more reactive towards the now 
more exposed lignin hydroxyls in the BP wood.

(3-Mercaptopropyl)trimethoxysilane (A2)

Depolymerization of the lignin and polysaccharides by the A2 treatment was evident 
in the BP, similar to that of the CP. However, the depolymerization of β-O-4 and β−5 
subunit linkages was even more dramatic in the BP, with losses of 78% and 93%, 
respectively (Fig. 8), with complete removal of β-β subunits (Fig. 6). Like the A2 
treatment in CP, the removal of these linkages suggests that the lignin polymer has 
similarly been truncated by the A2 treatment. It is not clear from these data if the 
silane reacted with the truncated lignin, as new downfield shifts were not observed. 
Heavy oxidation to lignin aromatics (G-2) was evident with an elevated G-2′.

Polysaccharide depolymerization was evident with a dramatic increase in α- and 
β-reducing endgroups in polysaccharides. Reactivity with cellulose C6-hydroxyls 
was evidenced by new peaks at 3.73/63.05 ppm and 3.93/63.05 ppm (Fig. 6). This 
cellulose reactivity at C6 was also observed when archeological elm wood was 
treated with (3-mercaptopropyl)trimethoxysilane (Broda and Yelle 2022). Almost all 
of the acetyl groups on the mannan were removed; the 2,3-O-Ac-β-d-Manp remained 
steadfast.

The A2 treatment of BP was effective at cell wall infiltration, with a WPG of 63.3% 
and lowering the Sv from 22.3 to 4.0% (Broda et al. 2024). The higher WPG with A2 
compared to the A1 treatment in BP wood (a difference of almost 10%), along with 
the removal of arabinan, galactan, much of the mannan, and demethylation by brown 
rot fungi, likely led to a higher reactivity between A2 and the more exposed lignin 
and cellulose in the BP wood.
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1,3-Bis-[(diethylamino)−3-(propoxy)propan-2-ol]−1,1,3,3-tetramethyldisiloxane 
(S1)

With the siloxane S1 treatment on BP, we observed less alteration of lignin subunits 
and polysaccharides as compared to CP. For example, the β-O-4 subunits decreased 
by 13% while the β−5 subunits remained the same (Fig. 8); β-β subunits were removed 
entirely (Fig. 7). Reduction of guaiacyl α-carbonyls was observed once again in BP 
by the absence of G-2′ and G-6′ peaks.

We did not observe a major depletion of native cellulose, as indicated by the stead-
fast anomeric peak at 4.25/103.7 ppm (Fig. 7). Therefore, cellulose depolymerization 
was not a factor here, as was seen in other cases of siloxane treatments on wood. We 
did see complete removal of the acetyl groups on mannan, as well as a disappearance 
of reducing endgroups and 4-O-methyl-α-d-glucuronic acid units as was similarly 
observed in the CP sample treated with S1.

The lessened depolymerization in cell wall polymers, lignin, and cellulose with 
the S1 treatment on BP suggests that the remaining lignin subunits and polysaccha-
rides after brown rot decay were either less accessible or less reactive with the S1 
treatment.

Even though S1 can both infiltrate the cell walls and fill cell lumina, leading to a 
WPG of 64.0%, the S1 treatment was not as effective as the A1 and A2 treatments on 
BP as shown by the higher Sv of 5.5% and lower ASEv of 75%.

Chemically degraded pine (ChP)

From Table 1, the mass loss of the ChP was 17%, much lower than that of the BP. 
Most of the mass loss was attributed to some lignin subunit removal along with major 
depletions in polysaccharides (e.g., mannan, galactan, and glucan), as well as deacet-
ylation of mannan when compared to CP. The overall bulk density increased from 
0.44 g cm−1 to 0.65 g cm−1 after ChP preparation and air-drying, suggesting infiltra-
tion of organosilicons may be more challenging. However, the total pore volume of 
0.0012 cm3 g−1 may compensate for the higher density and facilitate accessibility. 
The free hydroxyl content decreased from 7.9 mmol g−1 in CP to 1.3 mmol g−1 in 
ChP, which may lead to lower reactivity of organosilicons with wood polymers.

Methyltrimethoxysilane (A1)

The A1 treatment of ChP resulted in only minor alterations of the existing cell wall 
polymers. The changes observed were increased β−5 subunits and guaiacyl unit (G-2) 
frequencies. Similar to what we observed in the A1-treated CP and BP, demethoxyl-
ation must be occurring to some extent with the A1 treatment in ChP as well (Fig. 8).

Other notable changes were the loss of acetyl groups on mannan, the 4-O-methyl-
α-d-glucuronic acid and the α- and β-reducing endgroups (Figs. 5 and 8).

The WPG of the A1 treatment of ChP was 41.5% with a Sv of 12.3% and an ASEv 
of 52%, compared to a Sv of 25.5% for untreated ChP. Therefore, the effectiveness of 
ChP wood treated with A1 was not as high as what we have seen with the CP and BP. 
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As free hydroxyls were shown to be low, this may be a major hindrance in A1 treat-
ment reactivity with wood polymers.

(3-Mercaptopropyl)trimethoxysilane (A2)

As we observed in the A2 treatment of BP, depolymerization of lignin and polysac-
charides was evident, with a 25% depletion in β-O-4 subunits and removal of β−5 
and β-β subunit linkages along with cinnamyl alcohol endgroups (X1) (Figs. 6 and 
8). Furthermore, the guaiacyl units (G-2) were depleted while the α-carbonyls (G-2′) 
were elevated, indicating a highly oxidized lignin.

These ligninolytic transformations by the A2 treatment suggest that a similar lig-
nin depolymerization mechanism must be at work here for all model wood sample 
types. For example, thiols are known to mediate nucleophilic substitution reactions 
leading to ether cleavage (Klinger et al. 2020). Acidolysis cleaves the arylglycerol-
β-aryl ether (β-O-4) bond, leading to Hibbert’s ketones, one such structure being 
the α-ketone (Sarkanen and Ludwig 1971; Adler 1977; Imai et al. 2011). The pro-
posed mechanism involves acid-catalyzed dehydration to an enol ether, followed by 
hydrolysis to cleave the β-O-4. Allylic rearrangement leads to ketone formation. With 
the significant release of acetyls from galactoglucomannans with the A2 treatment, 
acidolysis is hypothesized to occur.

The polysaccharides also showed evidence of depolymerization with α- and β-
reducing endgroups elevated, along with a depletion of arabinan (Figs. 6 and 8).

The WPG of A2-treated ChP was 53.2% with a Sv of 6.5% and an ASEv of 75%, 
which is a dramatic improvement over that of A1-treated ChP. It is likely that the 
further wood depolymerization afforded by the A2 treatment on ChP led to increased 
reactivity and effectively stabilizing its dimensions.

1,3-Bis-[(diethylamino)−3-(propoxy)propan-2-ol]−1,1,3,3-tetramethyldisiloxane 
(S1)

The S1 treatment on ChP, as was observed with the BP, did not dramatically alter cell 
wall polymers. The β-O-4 subunit linkages did decrease slightly, with the removal of 
the β-β subunit linkages, but β−5 subunit linkages remained unaltered. Similar to the 
A2 treatment, the cinnamyl alcohol endgroups (X1) were removed (Figs. 7 and 8).

Reduction of the α-carbonyl of guaiacyl units (G-2′) was observed in the S1-treated 
CP, BP, and ChP spectra (Fig. 7), confirming that reduction of α-carbonyls is a com-
mon phenomenon with these siloxanes. Demethoxylation of the guaiacyl units, 
as determined by the slight elevation in frequency of guaiacyl lignin (G-2) in the 
chemically treated model wood as compared to the untreated model wood (Fig. 8), 
suggests that regardless of organosilicon used for impregnation, demethoxylation is 
likely to occur. These two reactions (α-ketone reduction and demethoxylation) were 
also observed in our previous study with archaeological elm wood (Broda and Yelle 
2022). Literature also suggests that reduction of α,β-unsaturated carbonyl derivatives 
by siloxanes is a likely scenario here (Larson and Fry 2008; Pesti and Larson 2016).
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Polysaccharide depolymerization was also evident from the spectra, with much 
of the α- and β-reducing endgroups removed, along with acetyl groups on mannan, 
4-O-methyl-α-d-glucuronic acid units and arabinan (Figs. 7 and 8).

With a WPG of 51.5%, a Sv of 6.6%, and an ASEv of 74%, the S1 treatment of ChP 
shared similar effectiveness to that of the A2 treatment, although with a much milder 
cell wall depolymerization, which suggests different stabilizing mechanisms of these 
two compounds. The low free hydroxyl content of ChP may be less of a factor here 
for effective stabilization. Further research is underway to better understand these 
unique siloxane reaction mechanisms occurring with wood cell wall polymers.

Conclusion

Conserving ancient wooden artifacts is critical in preserving history and retelling sto-
ries that would otherwise be lost. This research allows for understanding the mecha-
nisms of treatments used to stabilize these fragile and historical wooden objects. 
Organosilicons are highly effective as wood stabilizers. Here, we have character-
ized model degraded wood and how various organosilicon impregnations affect the 
chemistry of the wood cell wall polymers. By using wood dissolution techniques 
and HSQC NMR we found that the alkoxysilane A1 was the mildest towards native 
wood polymer depolymerization, while the alkoxysilane with the mercaptopropyl 
group (A2) showed the most dramatic depolymerization of both the lignin and poly-
saccharides for all model woods, especially in the case of biologically treated wood. 
The siloxane (S1) impregnation led to some cell wall depolymerization in the model 
woods, but was not as much as seen with the A2 treatment; complete removal of 
α-carbonyls (G-2′ and G-6′) and α- and β-reducing endgroups in polysaccharides was 
evident in all the S1 samples.

This study revealed that the biologically degraded and chemically degraded model 
woods were effective in allowing the organosilicons to access the cell wall free vol-
ume, react with cell wall polymers, and stabilize cell wall dimensions. We hypoth-
esize that, during organosilicon treatment, some wood cell wall depolymerization is 
necessary so that the silane or siloxane is able to infiltrate deeply into the cell wall 
matrices and, once reacted, is similar to a healing process where the truncated wood 
polymers are able to meld together.
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