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ABSTRACT

Selected organosilicon compounds proved effective in stabilizing waterlogged wood dimensions upon dry-
ing. However, detailed knowledge about their effect on wood is necessary before introducing them as safe
waterlogged wood consolidants in conservation practice. Our previous research showed that organosili-
cons can chemically react with wood polymers, infiltrate cell walls and/or fill cell lumina. These interac-
tions can mechanically reinforce the cell wall or have a plasticizing effect on wood, depending on the
compound applied. To better understand their stabilizing effect on waterlogged wood, we used neu-
tron and X-ray scattering methods, which enabled us to study the nanostructure of archeological oak
wood and recognize if and how treatment with selected organosilicon compounds modified it. The re-
sults showed that archeological wood had a reduced amount of crystalline cellulose and a less ordered
nanostructure with larger elementary fibrils that are more loosely packed compared to sound wood. X-ray
and neutron scattering also revealed that applied alkoxysilanes restored the long-range cellulose arrange-
ment in archaeological oak samples to different extents, whereas siloxane did not. This restoration was
visible in increased anisotropy in the SAXS/SANS patterns and increased intensity in the WAXS data. The
most effective silane treatment restored both SAXS/SANS and WAXS features. Combining the macroscale
characterization of treated and untreated archaeological oak with the X-ray and neutron scattering work
suggests that the nanoscale changes in the cell wall imparted by the infiltration of selected organosilicons

contribute to the increased dimensional stability of archeological wood treated with these compounds.
© 2024 Elsevier Masson SAS. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.

1. Introduction

in combination with wax, esterified colophony, and pluronic block
copolymer [21-24], proteins [25-28], reversibly cross-linked poly-

Stabilizing agents used for waterlogged wood conservation
should primarily ensure its integrity and dimensional stabilization
upon drying because degraded wood tissue saturated with wa-
ter is particularly prone to shrinking, cracking, and disintegrating
when excavated and exposed to air-drying unprotected [1-3]. In
addition to historical alum treatment that proved detrimental to
historical wood in the long term [4-7], polyethylene glycols and
multiple sugars have been commonly used in conservation practice
but are not free from flaws [8-14]. Thus, the search for a perfect
consolidant for waterlogged wood continues. Several agents have
been explored, including cellulose and lignin derivatives [15-19],
various natural polysaccharides [1,17,19,20], Halloysite nanotubes
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mers [29], and other chemicals [30-37], some of which can also be
applied for direct in situ underwater wood consolidation.

In our previous research, we observed that a wide range
of organosilicon compounds had promising results with regard
to stabilizing efficacy and potential use in the conservation of
waterlogged wooden artifacts [38-40]. However, since their stabi-
lizing effectiveness differed depending not only on the individual
chemical structure and properties of the compound but also on
the chemical composition, species, and degradation degree of the
treated wood [38-43], we performed a thorough study to explain
the mechanism of wood stabilization by organosilicon compounds.
We analyzed the reactivity of individual organosilicons with wood,
their deposition within the wood structure, as well as their effects
on the wood mechanical properties at the nanoscale (cell walls)
and macroscale (whole wooden blocks) [40,41,43-45]. We learned
that organosilicons could interact with the hydroxyl groups on the
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wood polymers, infiltrate cell walls and/or locate in cell lumina,
mechanically reinforce the cell wall, or have a plasticizing effect
on the wood, depending on the agent applied. However, it remains
unclear whether these chemicals alter the wood nanostructure
and whether these changes contribute to wood’s dimensional
stabilization.

Among the best techniques to study the inner structure of
the wood cell wall at the nanometer scale are neutron and X-
ray scattering methods. With minimum sample preparation, they
enable the observation of nanoscale structures in a macroscopic
sample under both dry and wet conditions [46-48]. Small-angle
neutron scattering (SANS), along with small- and wide-angle X-
ray scattering (SAXS and WAXS), have proven particularly useful
in measuring the average size and spacing of cellulose elemen-
tary fibrils in sound and untreated wood [48-53], investigating
moisture-induced structural changes in the wood nanostructure
[48,54-58], as well as studying nanoscale changes in the wood
cell wall caused by various treatments and modifications, including
propylene oxide, butylene oxide, and acetic anhydride [59], phenol-
formaldehyde [55], polymethylmethacrylate [60] and polyethylene-
glycol [9,49]. These techniques have also been used to investi-
gate alterations in the wood nanostructure caused by fungal de-
cay [44,46,47], as well as analyze the degradation of archeological
wood on the nanometer scale [9,61-63].

2. Research aim

Here, we used SANS, SAXS, and WAXS to recognize the changes
in the archeological oak wood nanostructure caused by hundreds
of years of natural degradation under waterlogged conditions com-
pared with sound contemporary wood. Moreover, we aimed to de-
termine if and how treatment with selected organosilicon com-
pounds modify the nanostructure of waterlogged archeological
wood to evaluate if the nanoscale changes contribute to the ob-
served wood dimensional stabilization. The knowledge gained from
the study will help better understand the mechanism of wood di-
mensional stabilization by these chemicals and contribute to de-
veloping new effective agents for waterlogged wood conservation.

3. Materials and methods
3.1. Research material

This study was conducted using an archeological oak wood
(Quercus robur L.) log excavated from the basement of the Psalte-
ria building at Ostrow Tumski (Cathedral Island) in Poznan (the
Wielkopolska Region, Poland). Buried in wet soil for over 1000
years, it was once one of the construction elements of wooden city
walls surrounding the medieval early Piast settlement [64]. The
wooden tissue was relatively well preserved, with a loss of wood
substance estimated at about 10% [65], and filled with water, so it
was a suitable material for research on new agents for waterlogged
wood conservation. Contemporary oak of the same species was
purchased from commercial timber merchants in the Wielkopolska
Region, Poland.

The middle part of the log was cut into small blocks with di-
mensions of 20 x 20 x 10 mm (radial x tangential x longitudinal
direction). The specimens used for the study were sampled one
after the other to ensure as much homogeneity as possible. They
all had similar density, which translates to a similar degree of
degradation, which is vital for obtaining reliable results when test-
ing different conservation agents. Such samples were then treated
with 50% solutions of three different organosilicon compounds in
96% ethanol. The selected organosilicons were Methyltrimethoxysi-
lane (MTMOS), (3-Mercaptopropyl)trimethoxysilane (MPTMOS),
and 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetra-
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Table 1

Bulk density (p), bulk wood weight percent gain (WPGgy), volumetric
shrinkage (Sy), and volumetric anti-shrink efficiency (ASE,) for archeologi-
cal oak wood - untreated (Oc), treated with Methyltrimethoxysilane (01),
treated with (3-Mercaptopropyl)trimethoxysilane (02), and treated with 1,3
-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetramethyldisiloxane
(03) [41]; £ standard deviations.

Sample ID p (g cm3) WPGgw (%) Sy (%) ASE, (%)
Oc 0.46+0.03 - 6.5 + 0.4 -

o1 0.60+0.03 224 4+ 3.1 25+ 1.2 61.2

02 0.63+0.02 30.7 +£ 4.2 42+ 14 35.9

03 0.59:0.06 30.8 £ 2.2 29+13 55.4

methyldisiloxane (DEAPTMDS), which have already proven effec-
tive in stabilizing wood dimensions [38,39]. Oak wood samples
treated with the organosilicons were named O1, 02, and O3,
respectively. Wood impregnation was conducted using the oscil-
lating vacuum-pressure method, as previously described [41]. Part
of the wood samples remained untreated and served as a control.
To assess the stabilizing effect of organosilicons on waterlogged
wood, bulk density, bulk wood weight percent gain, volumetric
shrinkage, and volumetric anti-shrink efficiency coefficient were
calculated for all samples after air-drying, as described in our
previous work [41]. The results obtained are presented in Table 1.

3.2. Sample preparation

Radial-longitudinal sections (0.7 mm thick) were cut from air-
dried untreated and treated oak wood blocks with a razor blade.
Some sections were then soaked overnight in D,0 and used for
SANS measurements, while others were used for WAXS/SAXS mea-
surements at dry conditions.

3.3. Small-angle neutron scattering (SANS)

Thin radial-longitudinal sections were immersed in D,O using
titanium cells with a 1 mm spacer, as described before [66]. Air
bubbles were removed, and the cells were refilled with D,0 if
needed. SANS measurements were performed at the BioSANS in-
strument at the High Flux Isotope Reactor facility at the Oak Ridge
National Laboratory [67], using the dual-detector configuration to
achieve a g-range of 0.003 - 0.85 A, An incident wavelength of
6 A and a sample aperture of 14 mm were used.

Data were corrected for background, pixel sensitivity, and dark
current, normalized by monitor counts, then anisotropically re-
duced using the drt-sans reduction package [68]. The equatorial
SANS data were modeled in the IRENA package [69] to track the
changes in the small angle diffraction peak position (qg) and, con-
sequently, the elementary fibril spacing (EFsy = 27/qg) using the
following equation:

~(a-99)*

)
1@ =Biqg " +B,q " +Ae > +B; (1)

where P; and P, are the low-q and mid-q power law exponents,
respectively, and B; and B, are the power law prefactors. The
diffraction peak is described by a Gaussian peak with amplitude
A, centered at qg and width w. B3 is a constant background. A
second small angle diffraction peak was observed for treated sam-
ples; thus, another Gaussian peak with peak position qm, as well
as variable width and amplitude, were added. The corresponding
real-space dimension (dy) was calculated as 27 /qm.

3.4. Wide- and small-angle X-ray scattering (WAXS/SAXS)

Radial-longitudinal thin sections were taped onto a flat plate
holder and measured in both WAXS and SAXS configurations using
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a Xeuss 3.0 by Xenocs (Grenoble, France) X-ray scattering system
equipped with a Ga metal jet source and an Eiger Dectris 2D de-
tector array [66]. A broad range of scattering vectors (q) was ac-
quired, ranging from 0.0035 to 3.4 Al. Each sample was measured
for 300 s under vacuum to reduce air scattering contributions. A
spot size of 0.5 mm was used for all measurements.

Data were integrated into equatorial and meridional sectors us-
ing the NIKA package [70] based on IgorPro 9 macros (WaveMet-
rics, Lake Oswego, OR, USA), and the meridional data were sub-
tracted from the equatorial ones. Typically, a total width of 24° was
used for each sector. To enhance the small-angle diffraction peak
position gy, scattering intensity I(q) was plotted using a Kratky plot
q21(q) vs. q, fitted with a Gaussian, and the elementary fibril spac-
ing was determined (EFsy = 27 /qx). The elementary fibril diameter
(EFgi,) was determined from the minimum in the SAXS curve [71]
by fitting the SAXS curve (0.09 A! < q < 0.7 A1) to Eq. (2), which
includes a constant background B, a prefactor Iy, and a Bessel func-
tion of the first kind (J;):

4]1 ($EFyiq)

2
(EF @)

I(q)~ 1o

WAXS data were also modeled using a polynomial background
and four pseudo-Voigt peaks (one for each cellulose 18 diffraction
peak, (i.e., the 200, the 004, and the doublets (110 and 1-10)). The
peak positions (qy) were then used to calculate the distance be-
tween planes (dyy) using dpq = 27/qp To determine a degree
of restoration (Ajgg/A200 co), we tracked the area under the 200-
peak for each sample and normalized it with respect to the one
obtained for contemporary wood. All fits to the X-ray scattering
data were done in Python using the Imfit library [72].

4. Results

The differences between degraded archeological and sound con-
temporary oak wood and the effects of organosilicon treatment on
archeological oak in the SANS patterns are shown in Fig. 1a. For
contemporary oak (CO) soaked in D,O, there is a diamond-shaped
scattering pattern at the low-q and a diffraction peak in the high-
q regime. These characteristic features are still present in all the
archeological oak samples, but the anisotropy is less pronounced
compared to the contemporary wood. This indicates that the long-
range spatial architecture of cellulose in the cell wall of archeolog-
ical wood has been degraded, which suggests some extent of wood
degradation.

The equatorial scattering profiles for all samples are shown in
Fig. 1b. For contemporary wood, there are two power laws and a
distinct diffraction peak (q~0.17 A1), from which we can calculate
the center-to-center distance between elementary fibrils (EFsy).
Whereas the untreated archeological wood sample (Oc) has a less
pronounced peak that is shifted to lower q (from 0.17 A! to 0.12
A-1). The high-q diffraction peak is also present in organosilicon-
infiltrated samples but is shifted towards higher q (~0.13 A-!) than
the untreated Oc. The treated samples also have a weak mid-
q diffraction peak (q~0.05A"1), which is most noticeable for 02
(Fig. 1c). Here, we use the term elementary fibril to name a uni-
versal structural unit of cellulose, whose cross-section is about 2-
3 nm [71,73-75]. Elementary fibrils aggregate into bundles called
microfibrils [76].

Parameters obtained from fitting the SANS data to the
Eq. (1) are listed in Table 2. The scattering power law observed
in the low-q (¢ < 0.01 A') is similar for all samples. In the
mid-q (0.01 AT < q < 0.08 A1), there is an increase in the ex-
ponent for archeological samples compared to the contemporary
wood sample. Scattering from rods yields a power law exponent
of —1, whereas scattering from discs, lamellae, or Gaussian poly-
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Table 2

SANS fitted parameters for sound contemporary oak (CO) and archeological oak
untreated (Oc) and infiltrated with selected organosilicons: Methyltrimethoxysi-
lane (01), (3-Mercaptopropyl)trimethoxysilane (02), and 1,3-Bis-[(diethylamino)-3-
(propoxy)propan-2-ol]-1,1,3,3-tetramethyldisiloxane (03) included the power law
exponents (P; and P;) and the characteristic dimensions obtained from the mid-
q and high-q peaks, d, and EFsy. Uncertainties due to data variations (shown in
parenthesis) were estimated by adding Gaussian noise and evaluating its effect. The
values for untreated archeological wood marked with asterisks have higher uncer-
tainties compared to other samples.

Sample ID Low q Mid q High q
q<001A" 001A" <q<008A" q > 0.08 A
P, P, dm (nm) EFsy (nm)
co 3.75 (0.001) 1.4 (0.010) - 3.75 (0.01)
Oc 4.16 (0.01)* 1.8 (0.044) - 5.28 (0.8)
01 3.95(0.001) 1.7 (0.004)  11.8 (0.05) 4.68 (0.02)
02 3.96 (0.001) 1.9 (0.003)  12.5 (0.15) 5.06 (0.05)
03 3.83 (0.001) 1.8 (0.004)  12.8 (0.07) 5.45 (0.02)

mer chains could result in exponents of —2 [77]. An increase
in the mid-q power law would suggest that the wood polymers
(such as the elementary fibrils) are more flexible and have more
random conformations in degraded samples. Similar mid-q power
laws have been reported for pine modified with alkylene oxides,
and some also exhibited a mid-q shoulder feature [78]. The mid-q
peak observed in treated samples is similar for all and corresponds
to a characteristic dimension of 12 nm. It is unclear what structural
organization could be giving rise to this feature in the scattering
profile. Microfibrils (their size and arrangement in the cell wall)
could contribute to the scattering in this g-range, but the contrast
in unmodified wood is typically not favorable for resolving these
characteristic features. It is possible that the treated samples have
enhanced contrast and/or the scattering contribution from the mi-
crofibrils has increased due to the treatment - if some of the poly-
mer particles infiltrated this region (and we have already shown
that the applied organosilicons can infiltrate the cell wall [41]), it is
possible that their contrast with respect to the microfibrils is bet-
ter than the contrast between the wood polymers. In the high-q,
the archeological sample has increased EFsy (Oc is 40% higher than
CO). It indicates a loosened structure of cellulose microfibrils in the
Oc sample that is more susceptible to moisture-induced swelling
compared to sound CO, confirming some extent of degradation of
archeological wood. Treated archeological samples have lower EFsy
compared to the untreated Oc, but the spacings are still larger than
those of the contemporary oak. This confirms some degradation of
archeological wood but also indicates that the treatment affected
its nanostructure - possibly organosilicon particles infiltrated the
degraded microfibril structure, somewhat templating the cellulose
arrangement and thus pre-swelled the microfibrils when compared
to contemporary wood structure, but made their structure more
compact than in the untreated degraded Oc sample.

Small-angle and wide-angle X-ray scattering (SAXS and WAXS)
from archeological untreated and treated oak samples are shown in
Fig. 2. Data for contemporary oak (CO) is also included as a refer-
ence. Scattering from the archeological untreated sample is much
more isotropic than contemporary oak (Fig. 2a). Treated samples
(01 and 02) also display anisotropic scattering, with 02 being the
most anisotropic. Considering that all samples had similar thick-
nesses and were carefully prepared with the same primary ori-
entation with respect to the X-ray beam, this indicates that these
treatments are helping restore some of the anisotropy lost due to
the wood degradation and that MPTMOS is the most effective in
this regard.

Azimuthally integrated scattering profiles are shown in Fig. 2b.
The packing of the elementary fibrils contributes to the shoulder
seen in the SAXS data (q~0.15 A1), which decreases in intensity
for the archeological samples, confirming some degree of wood
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Fig. 1. SANS anisotropic scattering patterns from archeological oak untreated (Oc) and infiltrated with selected organosilicons: Methyltrimethoxysilane (O1),

(3-

Mercaptopropyl)trimethoxysilane (02), and 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetramethyldisiloxane (03) obtained with the (a) main and (b) wing de-
tectors. Equatorial scattering profiles are shown in (b). Diffraction peaks in the high-q and mid-q are identified with stars (c), and a shift towards lower q in the high-q peak
indicates an increase in the elementary fibril spacing. Data for contemporary oak (CO) is also included for reference.

degradation. The minimum in the SAXS curves (q ~0.3 A1), from
which the diameter of the elementary fibrils can be estimated [71],
is visually similar for all samples except for the most severely de-
graded ones.The decrease in the structure factor contribution is en-
hanced in the Kratky plot (Fig. 2c). For the untreated Oc sample,
the small-angle peak is barely noticeable compared to the con-
temporary sample, whereas for the treated samples, the peak is
partially restored and has been shifted towards lower q. In the
WAXS region (Fig. 2d), all samples have the signature diffraction
peaks of cellulose 18 (200, 1-10/110, and the 004), but the inten-
sity of these peaks is reduced in the archeological samples com-
pared to the contemporary one. The data presented above indicate
that archeological wood was degraded to some extent compared to
contemporary wood and that the applied organosilicon treatments
restored the intensity of the characteristic diffraction peaks to dif-
ferent degrees, where MPTMOS was the most effective one.

All structural parameters obtained from fitting the SAXS and
WAXS data in this study are listed in Table 3. Most archeological
samples have slightly increased elementary fibril diameters (EFg;,)
and spacings (EFsy) compared to the contemporary oak (CO),
which agrees with the trends observed via SANS. The distances be-
tween diffraction planes increased for 200 and 004, whereas there
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is no trend in the doublet region. Overall, the intensity of the
WAXS diffraction peaks decreased in all archeological samples to
different degrees compared to CO. Interestingly, 02 is the only one
that has restored both the overall WAXS signal and the nanoscale
structure as evidenced by the similarities in the parameters from
SAXS and WAXS. It should be noted that organosilicons in the cell
wall could contribute to the WAXS scattering, and we expect these
contributions to be isotropic, but it is possible that they are also
contributing to the increase in intensity observed in the treated
samples. To compare the effects of treatment in the WAXS signal,
we tracked the ratio of the area under the 200 peak for the arche-
ological samples with respect to the contemporary oak to define a

degree of restoration (,{:g—ggo). This parameter would vary between

0 and 1, with 1 corresponding to a perfectly restored structure that
is similar to contemporary undegraded wood. Most archeological
samples had similar degrees of restoration despite the treatment,
and only 02 showed a substantial degree of restoration (0.87 vs
0.44). It should be noted that variations in thickness, primary ori-
entation, or acquisition time could impact the WAXS signal used to
define the restoration parameter. So, in this study, all these vari-
ables were kept constant to minimize variabilities that could hin-
der relative comparisons.
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Fig. 2. X-ray scattering of contemporary oak (CO) and archeological oak untreated (Oc) and infiltrated with selected organosilicons: Methyltrimethoxysilane (01), (3-

3-(propoxy )propan-2-ol]-1,1,3,3-tetramethyldisiloxane (03). Loss of anisotropic features is observed in both

(a) small and wide-angle X-ray 2D scattering patterns. (b) Equatorial scattering profiles (corrected for isotropic contributions by subtracting the meridional data) showing
the SAXS shoulder (q~0.15 A1) and the SAXS minimum (q~0.3 A-1). The small angle diffraction peak contribution is enhanced in (c). The WAXS region (d) exhibits all
characteristic peaks for cellulose I8 (i.e., 200, 004, and 110/1-10), but the intensities are greatly reduced for the untreated archeological oak (Oc). Organosilicon treatments
restore long-range order as evidenced by the increase in the small angle due to the elementary fibrils (c) and the WAXS 200 diffraction peak (d).

Table 3

Parameters obtained for contemporary oak (CO) and archeological oak untreated (Oc) and infiltrated with selected organosilicons: Methyltrimethoxysilane (01), (3-
Mercaptopropyl)trimethoxysilane (02), and 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-ol]-1,1,3,3-tetramethyldisiloxane (03) from fitting the X-ray scattering data. SAXS
was used to measure elementary fibril diameter (EFg;,), and spacings (EFsx) and distances between diffraction planes (d200 and d004) were determined from WAXS.

Uncertainties from least square fits are shown in parenthesis.

Sample SAXS WAXS
ID - - - -

EFsx (nm) EFg;, (nm) daoo (A) doos (A) diio (A) di-10 (A) o
o 42 (0.1) 2.5 (0.3) 3.98 (0.01) 2.50 (0.08) 522 (0.04) 5.85 (0.03) 1.00
oc 49 (0.1) 2.9 (0.1) 4.00 (0.06) 2.55 (0.01) 5.15 (0.01) 5.79 (0.01) 0.44
01 4.7 (0.2) 2.8 (0.2) 4.02 (0.03) 2.57 (0.01) 5.39 (0.20) 5.90 (0.66) 0.44
02 42 (02) 2.5 (0.1) 4.04 (0.01) 2.58 (0.01) 5.23 (0.10) 5.80 (0.05) 0.87
03 49 (0.1) 2.9 (0.2) 4.04 (0.08) 2.57 (0.02) 5.15 (0.01) 5.84 (0.15) 035

5. Discussion

Characterization of archeological oak samples with neutron and
X-ray scattering methods helped understand the changes in the
wood nanostructure caused by natural decay during its burial un-
der waterlogged conditions for hundreds of years. Despite a rela-
tively low degree of wood degradation (wood mass loss estimated
at about 10% [65]), the obtained results showed that compared
to sound oak, the archeological untreated one has a less ordered
nanostructure with larger elementary fibrils (EFg;,) that are more
loosely packed (17% EFsyx and 41% EFsy larger values than Oc). At
the molecular level, WAXS revealed larger spacings between the
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cellulose 200 diffraction planes and a 56% loss of the peak inten-
sity, indicating a reduction in the amount of crystalline cellulose in
the sample. WAXS intensities and eventual loss of reflections have
also been observed by other researchers for various kinds of arche-
ological wood [62,79,80]. Previous investigations on severely dete-
riorated wood (both archaeological and model-degraded) have also
exhibited more isotropic SAXS signals, which have been attributed
to an overall increase in nanoscale porosity and more disordered
microfibrils [61,62,66].

Combining the results of the X-ray and neutron scattering work
with macroscale characterization of treated archaeological wood
performed in our previous research [38,40,41,44] helped to bet-
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ter understand how organosilicons affect wood treated with these
compounds and how the imparted changes can contribute to its
increased dimensional stability.

Our previous synchrotron-based X-ray fluorescence microscopy
(XFM) studies have shown that all three organosilicons used in the
study can infiltrate wood cell walls, and while MTMOS and MPT-
MOS had comparable levels of infiltration (3-4%), that of BDEAPPT-
MDS was larger (~ 7%), and this chemical also filled cell lu-
mina [41]. X-ray and neutron scattering revealed that among used
organosilicons, alkoxysilanes (MTMOS and MPTMOS) were able to
restore the long-range cellulose arrangement in the archaeologi-
cal oak samples to different extents, whereas siloxane (DEAPTMDS)
was not. This restoration was visible in three ways: (1) increased
anisotropy in the SAXS/SANS patterns, (2) increased intensity in
the SAXS shoulder or SANS peak, and (3) increased intensity in
the cellulose 200 peak. The most effective treatment (MPTMOS)
was able to restore all three. Although it did not directly trans-
late to the highest dimensional stabilization of slightly degraded
oak wood treated with this silane (Table 1), it is worth mentioning
here, that MPTMOS was the most effective in stabilizing dimen-
sions of highly degraded waterlogged elm wood (reaching ASE of
about 98%) [38,40].

Scattering studies showed that organosilicon infiltration mod-
ified the packing of the elementary fibrils (EFsx) and their
moisture-induced swelling (EFsy). Alkoxysilanes (MTMOS and
MPTMOS) decreased the disorder imparted by wood degrada-
tion and decreased the nanoscale swelling observed for untreated
archeological wood, with MPTMOS being the most effective in
both measures. Conversely, the siloxane did not change the pack-
ing of the elementary fibrils in O3 samples but allowed a 3% in-
crease in nanoscale swelling. These differences between alkoxysi-
lanes and siloxane likely arise from how these compounds inter-
act with the wood polymers. FT-IR and NMR studies on treated
highly degraded archeological elm have shown that both MTMOS
and MPTMOS can interact with wood polysaccharides and lignin,
with MPTMOS forming apparent new chemical bonds with cellu-
lose, while DEAPTMDS just modifies polysaccharides and lignin,
including «-decarboxylation and demethoxylation of its aromatic
units, and forming mainly hydrogen bonds with wood polymers
[40,44]. Thus, the combination of strong chemical interaction with
both cellulose and lignin is the most beneficial with regards to
restoring the long-range order in the nanostructure as well as im-
parting dimensional stability. The improved long-range order of the
cellulose is also likely to reinforce the structural integrity of the
degraded cell wall and its mechanical properties, which is consis-
tent with previous nanoindentation studies [41].

The combined results of our studies on organosilicon com-
pounds used for waterlogged wood conservation clearly show that
the mechanism of wood dimensional stabilization by these chemi-
cals is complex and depends on many variables, including the type
of wood species, wood anatomical structure, chemical composition
and degree of its degradation, as well as molecular weight, chem-
ical structure, and resulting properties and reactivity of applied
organosilicon compounds [38,40,41,43,44]. It seems that in the
case of slightly degraded archaeological oak, the infiltration of the
wood structure, including both infiltration of cell walls and filling
cell lumina, provided by DEAPTMDS, worked better in stabilizing
wood dimensions than the reinforcement of the structure and me-
chanical properties of degraded cell wall provided by alkoxysilanes
MTMOS and MPTMOS [41]. However, we should remember that the
archeological oak used for the study was only slightly degraded.
Therefore, the WPG of all organosilicons was low, so the plasti-
cizing effect of DEAPTMDS was not as apparent as we observed
in the case of more degraded wood [43]. The calculated shrink-
age values were also low and had relatively high standard devia-
tions compared to the shrinkage values themselves. Hence, the dif-
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ferences between individual organosilicons’ effectiveness were not
statistically important. In the case of more degraded archeologi-
cal elm wood and model degraded pine wood, the most effective
was the treatment with MPTMOS, followed by DEAPTMDS and MT-
MOS in the case of elm wood and chemically degraded pine or by
MTMOS and DEAPTMDS for biologically degraded pine [38,40,43].
As our extensive studies show, the factors that contribute to the
exceptional ability of MPTMOS to stabilize wood dimensions in-
clude (1) relatively small molecular mass and size of its particles,
allowing it to penetrate the wood cell wall nanostructure, (2) the
presence of alkoxy groups that react chemically with wood poly-
mers and other silane monomers through covalent bonds form-
ing a 3D polymer network inside the wood structure, and (3) the
presence of additional reactive mercapto groups capable of form-
ing even stronger covalent bonds with wood polymers [38,44]. As
a result, MPTMOS infiltrates the degraded wooden cell walls, rein-
forcing their nanostructure and mechanical properties, thus provid-
ing dimensional stabilization crucial to keeping the size and shape
of a waterlogged wooden artifact during drying. MTMOS treatment
seems to work similarly, except for the absence of strong chem-
ical bonds with wood polymers through additional reactive func-
tional groups, which apparently are essential to provide the cell
walls with enough strength to keep wood dimensions almost intact
[39,44]. In the case of siloxane DEAPTMDS, the stabilizing mecha-
nism seems different. The molecules of the organosilicon are big-
ger and devoid of chemical groups that could form chemical bonds
with wood, creating a stable polymer network inside the wood
structure [40,44]. Although siloxane can infiltrate the cell walls,
it does not restore its degraded nanostructure. Moreover, it has
a plasticizing effect on wood on the nano- and macroscale since
it remains not fully polymerized due to the absence of reactive
groups forming covalent bonds [43,81,82]. However, infiltrating cell
walls and filling cell lumina, plus the formation of hydrogen bonds
with wood polymers, seems to be sufficient to effectively stabilize
the dimensions of waterlogged wood during drying.

6. Conclusions

X-ray and neutron scattering measurements of untreated and
treated archeological wood demonstrated changes in the wood
nanostructure caused by natural degradation during centuries of
its burial under waterlogged conditions. They also revealed how
the applied organosilicon compounds used for wood impregna-
tion affected its degraded nanostructure. Alkoxysilanes Methyl-
trimethoxysilane and (3-Mercaptopropyl)trimethoxysilane restored
the long-range cellulose arrangement in the archaeological oak
samples to different extents, with the latter being more effective,
whereas a siloxane 1,3-Bis-[(diethylamino)-3-(propoxy)propan-2-
ol]-1,1,3,3-tetramethyldisiloxane did not do that.

Combining the results of our previous macroscale characteriza-
tion of treated and untreated archaeological wood with the X-ray
and neutron scattering work has shown that the nanoscale changes
imparted by the infiltration of organosilicons in the cell wall can
help explain the mechanisms behind their improved dimensional
stabilization effectiveness. They helped recognize two different sta-
bilizing mechanisms depending on the type and chemical structure
of applied organosilicons:

- alkoxysilanes infiltrate the cell walls and react strongly with
wood polymers, restoring the cell wall nanostructure and re-
inforcing its mechanical properties, thus stabilizing the dimen-
sions of waterlogged wood during drying,

- siloxane interacts with wood polymers only through weak hy-
drogen bonds, infiltrates cell walls, and fills cell lumina; its sta-
bilizing effectiveness apparently comes mainly from filling cav-
ities in degraded wood, thus helping withstand capillary forces
of evaporating water during drying.
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A general conclusion from our research is that organosilicon
treatment, although effective in stabilizing waterlogged wood di-
mensions, cannot be considered universal since its effectiveness
depends on the type and properties of both an applied chemical
and treated wood. Therefore, as usual in the conservation practice,
a specific conservation approach should be developed depending
on the needs of a particular wooden artifact.

Revealing the complexity and individual components of the sta-
bilizing mechanism of organosilicon compounds on wood consti-
tutes an important step on the road to designing conservation
agents tailored to the needs of individual wooden artifacts of cul-
tural heritage.
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