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Abstract This study aimed at a better understanding
of the wood-water interaction, in particular the role of
the hydroxyl accessibility during the humidity-depen-
dent change in moisture content. Thin sections
(80 um) of never-dried Norway spruce sapwood that
contained early- and latewood were used for the
experiments. Sorption isotherm measurements con-
firmed the humidity-dependent moisture content
changes and the effect of the first drying of the wood
sections. Changes in hydroxyl accessibility were then
determined by deuteration of the sections using
deuterium oxide, followed by their re-protonation in
water (H,O) vapor at different relative humidity: 15,
55 or 95%. The deuteration and re-protonation of the
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wood sections were quantified by dry mass changes as
well as by changes in the OH and OD stretching
vibrations in the Fourier transform infrared spectra.
The results showed that the deuterated sections could
be almost completely re-protonated in H,O vapor,
nearly irrespective of the applied relative humidity.
Therefore, changes in hydroxyl accessibility were not
the driving force for the humidity-dependent changes
in moisture content. However, a slow re-protonation
rate at low relative humidity had to be considered.
Nonetheless, a small quantity of OD groups persisted
the re-protonation in H,O vapor and liquid H,O,
which was not related to the drying of the wood.
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Introduction

Lignocelluloses, such as wood, interact with water
vapor from the surroundings because they contain a
large number of polar groups that attract water
molecules, in particular hydroxyl (OH) groups (Bert-
hold et al. 1996). Water accessible OH groups in
lignocelluloses can be studied using hydrogen—deu-
terium exchange that occurs when deuterium oxide
(D,0) forms hydrogen bonds with OH groups in wood
or other cellulosic materials. The exchanged hydrogen
can be quantified either gravimetrically by a dry mass
increase of 1 g per mol exchanged hydrogen (Ponni
et al. 2014; Uimonen et al. 2020), or spectroscopically
by the shift of the OH stretching band to lower
wavenumbers (Mann and Marrinan 1956; Hofstetter
et al. 2006; Salmén and Stevanic 2018). This provides
an estimate for the number of accessible OH groups in
lignocelluloses, which has been applied to study the
relationship between sorption sites and absorbed water
(Gibbons 1953; Rouselle and Nelson 1971; Guthrie
and Heinzelman 1974; Popescu et al. 2014; Altgen
et al. 2018; Salmén and Stevanic 2018; Thybring et al.
2020). Correlations between the concentration of
accessible OH groups and the amount of absorbed
water have been found for cellulosic fibers (Gibbons
1953; Jeffries 1964; Rouselle and Nelson 1971;
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Guthrie and Heinzelman 1974) and for solid wood
(Popescu et al. 2014; Altgen et al. 2018). Nonetheless,
there is still uncertainty about the exact relationship
between accessible OH groups and absorbed water.
Several studies have shown that the amount of
absorbed water can change independently from the
OH accessibility (Stevens and Smith 1970; Rautkari
et al. 2013; Salmén and Stevanic 2018). There is
evidence that additional factors have a strong impact
on the amount of absorbed water without affecting the
sorption site density, such as the degree of cross-
linking in heat-treated wood (Altgen et al. 2018;
Willems et al. 2020) or the spatial availability of wood
cell walls in modified wood (Thybring et al. 2020;
Altgen et al. 2020). Furthermore, Lindh et al. (2016)
showed that OH(3) groups in cellulose that are
associated with the C(3) atom of the glucose units
are unreactive to H-D exchange, but these OH groups
may still form hydrogen bonds with water molecules.

It also remains unclear how changes in the amount
of absorbed water across the hygroscopic range are
related to changes in OH accessibility. At nearly
saturated water vapor pressure (> 92% RH), it is
estimated that 1-2 water molecules are attached to
each sorption site on average (Berthold et al. 1996).
However, this number decreases at lower relative
humidity (RH) and water molecules may bind to two
nearby OH groups simultaneously when the moisture
content is low (Joly et al. 1996; Willems 2018).
However, while moisture content changes within the
hygroscopic range have been studied extensively, only
Taniguchi et al. (1978) measured the OH accessibility
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of wood in dependence on the relative D,O vapor
pressure applied during the H-D exchange. They
suggested that new water sorption sites are formed in
wood until reaching a RH of 60%, above which their
number remains constant. This RH threshold is
particularly interesting in view of the steep upward
bend in the sorption isotherm of wood above ca. 60%
RH that has been associated with the plasticizing
effect of water on the glassy wood polymer matrix
(Engelund et al. 2013; Hill and Beck 2017). Unfortu-
nately, only few experimental details are given by
Taniguchi et al. (1978) and one concern is the duration
of the H-D exchange experiments. Different deu-
terium exchange rates of OH groups in cellulosic
materials have been found depending on the structure
(Frilette et al. 1948; Mann and Marrinan 1956; Jeffries
1964; Hishikawa et al. 1999). A fast deuteration
occurs in regions where the B-glucan molecules are
gathered relatively loose, but a tighter packing slows
down the deuterium exchange reaction (Frilette et al.
1948; Hishikawa et al. 1999). OH groups in cellulose
crystallites are accessible for H-D exchange only at
their surface or at irregularities, but not at their core, as
shown in a number of studies (Mann and Marrinan
1956; Hofstetter et al. 2006; Salmén and Bergstrom
2009; Lindh et al. 2016). Uimonen et al. (2020)
showed that the complete deuteration of all accessible
OH groups in a wood piece of ca. 20 mg requires about
ten hours in D,O vapor at 95% target RH. However,
when the RH is reduced, the amount of D,O that is
provided to the wood is lower. Thereby, fewer D,O
molecules are simultaneously adsorbed to the acces-
sible OH groups to initiate H-D exchange. Further-
more, since the deuterium atoms are randomly
exchanged between OH groups and bound water
molecules, not all of the absorbed D,O molecules
cause an H-D exchange and the wood needs to be
supplied with a certain amount of D,O molecules until
(nearly) full deuteration is reached. Lastly, the
exchanged protium ('H) needs to be removed from
the wood, which occurs faster if the concentration of
D,0 in the wood and the air flow is high. All of these
factors should prolong the time required for the
complete deuteration of accessible OH groups at low
RH. For cellulose materials, a humidity-dependent
reaction time has indeed been observed during tritium
exchange of accessible OH groups in tritiated water
(HTO) vapor by Sepall and Mason (1961). They
showed that the reaction is slower at a RH of 20%

compared to 50 and 75%, but that very similar
hydroxyl accessibilities are reached when given
sufficient time. The importance of sufficient reaction
times has also been observed in re-protonation exper-
iments on deuterated wood. Suchy et al. (2010)
interpreted the presence of residual OD groups in
deuterated and then dried wood after re-protonation in
liquid H,O for 60 min as evidence for a loss in
hydroxyl accessibility. However, Thybring et al.
(2017) showed that a nearly complete re-protonation
of deuterated and then dried wood can be achieved by
prolonged soaking in H,O for 29-30 h, which dis-
confirmed an effect of drying on the accessibility of
sorption sites.

In this study, the approach of Suchy et al. (2010)
and Thybring et al. (2017) was adapted to study the re-
protonation of deuterated and then dried Norway
spruce wood in water vapor at 95, 55 or 15% RH.
Thereby, a lower OH accessibility would be observed
by the incomplete re-protonation of the deuterated
wood, which was determined gravimetrically and by
the OD stretching vibrations in the Fourier-transform
infrared (FT-IR) spectrum. The aim of the study was to
determine how changes in moisture content within the
hygroscopic range are linked to the OH accessibility.
In particular, it was evaluated if a decrease in RH
causes a reduction in the OH accessibility of wood.

Materials and methods
Wood samples

Stem disks of never-dried Norway spruce (Picea abies
(L.) Karst.) sapwood were collected from a tree in
southern Finland. Within one hour after felling, the
stem disks were sealed into plastic bags and stored at
7 °C the same day. Two blocks of ca. 6 x 10 x 20
mm® (R x L x T) were cut from the sapwood and
stored in H,O at 7 °C. Sapwood was differentiated
from the heartwood by the large difference in moisture
content. From the blocks, radial sections with a
thickness of 80 um were cut on a sledge microtome
(Fig. 1). All sections contained equal proportions of
early- and latewood and were separated into three
groups: One group of sections was keptin HO at 7 °C
(“never-dried and soaked in H>O”). Another group
was dried in an automated sorption apparatus (DVS
intrinsic, Surface Measurement Systems, UK) at 0%
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Fig. 1 Sample preparation from never-dried Norway spruce (Picea abies (L.) Karst.) sapwood

target RH, 25 °C and a nitrogen flow (grade 5.0; <
3 ppm H,O) of 200 sccm for five days, which was
followed by re-soaking in D,O at room temperature
with two exchanges of the D,O (“dried and re-soaked
in D,O”). The last group of sections was transferred
into D,O without any prior drying step and the D,O
was exchanged three times prior to any measurements
to remove all residual H,O before the samples were
stored at room temperature (“never-dried and soaked
in D,0”). The deuteration and re-protonation

Wood sections prepared from
never-dried Norway spruce
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Fig. 2 Flow chart illustrating the drying and soaking proce-
dures for the different analytical methods
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procedures for the different analytical methods are
displayed in Fig. 2.

Sorption isotherms

Four sections of never-dried Norway spruce (stored in
H,0) were combined, shortly wiped with a wet cloth
to remove excess water and placed on the sample pan
of the automated sorption apparatus (DVS intrinsic,
Surface Measurement Systems, UK). Temperature
and nitrogen flow (grade 5.0, < 3 ppm H,O) were kept
constant at ca. 25 °C and 200 sccm, respectively. The
desorption isotherm from the water-saturated state was
determined by conditioning the sample to the follow-
ing RH steps: 95% for 60 h, 80% for 24 h, 65% for
12 h, 50% for 12 h, 35% for 12 h; 20% for 12 h and
0% for 24 h. The durations at the different RH steps
were adapted from Fredriksson and Thybring (2018).
The absorption isotherm from the dry state and the
scanning isotherm from the conditioned (95% RH)
state were then determined using the same RH steps
(Fig. 3a). After the measurements, the dry samples
were removed from the automated sorption apparatus
and soaked in H,O for ca. 72 h. The re-soaked samples
were then wiped with a wet cloth and placed again in
the automated sorption apparatus to measure the initial
desorption isotherm from water-saturated state, the
absorption isotherm and the scanning isotherm from
conditioned state using the same RH sequence as
before. The conditioned mass of each RH step was
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Fig.3 Exemplary relative humidity sequences during a sorption
isotherm measurements and b deuteration in D,O vapor (step 2)
followed by re-protonation in H,O vapor (step 4)

determined as the average mass over the final 10 min.
The moisture content (in g g~ ') was determined by
relating the water mass to the dry sample mass that was
determined in the first 0% RH step. The mass change
per minute (dm/dt, in pg g~ ' min~ ') was determined
as the slope of a linear regression line over the final 60
min of each RH step.

Re-protonation after deuteration in D,O vapor

The measurements were performed on never-dried
wood sections (stored in H,O). Four sections were
combined, shortly pressed on a dry cloth to remove
excess water and placed on the sample pan of the DVS
apparatus (DVS ET, Surface Measurement Systems,
UK). During all DVS runs, temperature and nitrogen
flow (grade 6.0, < 0.5 ppm H,O) were kept constant at
ca. 25 °C and 200 sccm, respectively. Samples stored
in H,O were exposed to the following RH sequence:
(1) 0% RH for 24 h; (2) 95% target RH using D,O
vapor for 12 h; (3) 0% RH for 24 h; (4) 15,55 or 95%
RH using H,O vapor for 24 h; and finally (5) 0% RH
for 24 h (see example in Fig. 3b). The measured RH
during step (4) was ca. 16.0, 59, or 95.8%, thus there

were small deviations from the target RH. Additional
measurements were performed by prolonging the
exposure of the samples to 15% RH (H,O) during
step (4) to 120 h (5 days). Exchanged OH groups after
H-D exchange, remaining OD groups after re-proto-
nation, absorbed D,O in step (2) and absorbed H,O in
step (4) were calculated according to Egs. 1-4:

Exchanged OH groups (mmol g™')
= 1000 x (m3—m])/(1.006><m]), (1)

Remaining OD groups (mmol g’l)
= 1000 x (ms — m;)/(1.006 x my), (2)

Absorbed D,0 (mmol g’l)
= 1000 x (m; — mj3)/(20.028 x m;), (3)

Absorbed H,O (mmol g™')
= 1000 x (1114—11'15)/(18.015><1’I’11>7 (4)

where m;, m,, m3, my and ms are the samples masses
in steps (1), (2), (3), (4) and (5), respectively. The
concentration of re-protonated OD groups (in mmol
g~ ') was calculated by subtracting the amount of
remaining OD groups from the amount of exchanged
OH groups.

All measurements were taken in duplicate. After
each measurement, three FT-IR spectra were collected
from random positions of the sections as described
below.

An additional sequence in the automated sorption
apparatus, during which H,O vapor was used in step
(2) instead of D,O vapor, resulted in very small
changes in dry sample mass that were equivalent to a
loss of 0.04 mmol g~ ' OD groups when applying
Eq. 2 (Supplementary Fig. S.1). Furthermore, an
additional deuteration and re-protonation sequence
was applied during which the intermediate drying step
(3) was omitted (Supplementary Fig. S.2).

Re-protonation after deuteration in liquid D,O

The measurements were taken on never-dried as well
as on dried and re-soaked sections that were stored in
D,O0. Four sections were combined, shortly pressed on
a dry cloth to remove excess water and placed on the
sample pan of the automated sorption apparatus (DVS
intrinsic, Surface Measurement Systems, UK). During
the sequence, temperature and nitrogen flow (grade
5.0, <3 ppm H,0) were kept constant at ca. 25 °C and
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200 sccm, respectively. The sections were first dried at
0% RH for 24 h and then exposed to a target RH (H,0)
of either 15, 55 or 95% for one week. During the RH
exposure, FT-IR spectra of the sections were taken at
different time intervals. This required to remove the
sections from the automated sorption apparatus for
several minutes (< 10 min. in total) during which the
sections were exposed to ambient laboratory condi-
tions. Finally, the sections were soaked in liquid H,O
for ca. 48 h with one water change after ca. 24 h and
then dried in the automated sorption apparatus under
dry nitrogen flow for ca. 24 h, before their FT-IR
spectra were recorded again. In order to confirm the
effect of the intermediate drying of the deuterated
sections before the re-protonation, four deuterated
sections per sample group were immediately washed
in liquid H,O without prior drying and soaked for 48 h
with five water changes. Their FT-IR spectra were
recorded after drying under nitrogen flow as described
above.

Infrared spectroscopy

FT-IR spectra were measured on a FT-IR spectrometer
(SpectrumTwo, PerkinElmer, USA) equipped with an
ATR unit and a diamond crystal. The time between
removing the sections from the automated sorption
apparatus and measuring the FT-IR spectra was limited
as much as possible. The FT-IR spectra were collected
within the wavenumber region 4000-600 cm™ ' using
a resolution of 4 cm™ ' and 10 accumulation. The
spectra were ATR and baseline corrected using the
Spectrum 10 software (PerkinElmer, USA). They were
normalized to the maximum absorbance of the CH/
CHj, stretching band at ca. 2890 cm™ ! (4 cm™ 1),
which is not affected by absorbed water or deuteration
(Hofstetter et al. 2006). The intensities of the OH and
OD stretching bands were quantified by integration of
the normalized spectra in the wavenumber regions
3020-3680 cm™ ' and 2330-2700 cm™ ', respec-
tively, with the absorbance being set to zero at these
thresholds. The amount of OD groups in a sample was
estimated by the OD band area and by the relative OH
accessibility (in %), which was calculated as the ratio
of the OD band area to the sum of the OH and OD band
areas.

@ Springer

Results and discussion
Sorption isotherms and hysteresis

The sorption isotherms measured in desorption from
the water-saturated state, in absorption from the dry
state and in desorption from the conditioned (95% RH)
state (scanning desorption) are shown in Fig. 4a. The
measurements were taken on never-dried Norway
spruce sections and then repeated using the same
sections after re-soaking in liquid H,O. The mass
change per minute at the end of each RH step did not
exceed 5 pug min~ ! hence, the sections were close to
reaching equilibrium moisture content at every RH
step (see Supplementary Table S.1).

(@
0.30 97 -=- (1) Desorption isotherm
- (2) Absorption isotherm
. 0.25 1 -m(3) Scanning isotherm
& 0201
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Fig. 4 Sorption isotherms (a) and hysteresis (b) measured by
DVS. Closed symbols and solid lines show the sequence that
started with never-dried spruce; Open symbols and dashed lines
show the sequence that started after soaking the dried spruce
samples in water
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Although the measurements were limited to seven
RH steps, all isotherms showed the typical sigmoidal
shape with an upwards bend for relative humidities
above 65% RH (Fig. 4a). In line with previous studies
(Hoffmeyer et al. 2011; Fredriksson and Thybring
2018), the moisture content at 95% RH, obtained by
desorption from the water-saturated state, exceeded
the moisture content reached by absorption from the
dry state. The desorption isotherm initiated from
water-saturated state and the scanning isotherm that
started from the conditioned state began to merge
below 50% RH. The sorption behavior measured after
re-soaking in H,O was very similar to the sorption
behavior measured in never-dried state. Nonetheless,
re-soaking the sections did not restore the equilibrium
moisture content at 95% RH completely; the moisture
content at 95% RH measured from the never-dried
state was ca. 2%-points higher compared to the
measurement after re-soaking. The absorption and
scanning isotherms were almost identical for never-
dried and re-soaked sections, except that the measure-
ment after re-soaking resulted in a slightly lower
moisture content at 95% RH in absorption.

From the sorption isotherms, absolute hysteresis
was calculated from the desorption and the scanning
isotherms (Fig. 4b). In line with Fredriksson and
Thybring (2018), desorption isotherms resulted in a
nearly linear hysteresis, while scanning isotherms
gave non-linear hysteresis curves with a maximum at
80% RH. Desorption after re-soaking the sections also
resulted in a nearly linear hysteresis curve, but the
slope was lower when compared to the desorption
from the never-dried state. A slightly lower hysteresis
of the re-soaked sections was also noticed for the
hysteresis based on the scanning isotherm. Therefore,
soaking the sections in H,O for ca. 72 h could not
restore the initial hygroscopicity in the never-dried
state completely. This was in line with the observa-
tions by Penttila et al. (2020), who found that drying
and re-soaking wood samples in liquid water resulted
in lower moisture contents at ca. §9% RH compared to
never-dried samples for different soft- and hardwood
species. Using small-angle neutron scattering, they
showed that the initial drying of the wood samples
caused changes of the cell wall structure on the
microfibril level that were not fully recovered when
the samples were re-soaked in water.

Re-protonation after deuteration in D,O vapor

Initiating the deuteration and re-protonation in a single
measurement sequence using the automated sorption
apparatus enabled the quantification of the number of
OH groups that were deuterated in D,O vapor and the
number of deuterated OH groups that remained after
exposure to H,O vapor. This was based on the changes
in dry mass compared to the initial dry mass. An
additional measurement using an identical sequence,
except that D,O vapor was replaced by H,O vapor,
showed very little changes in dry mass between the
different steps (equivalent to 10.04] mmol g~ ' OD
groups or less, see Supplementary Fig. S.1). There-
fore, it is reasonable to assume that dry mass changes
during the actual measurements were only caused by
deuteration and re-protonation of accessible OH
groups.

The mass changes caused by deuteration and re-
protonation are shown in Fig. 5a for an exemplary
sequence with a re-protonation step at 15% RH for
24 h. The sample mass first decreased during the
initial drying step and the mass at the end of this step
was used as a reference mass (= 0 mmol g~ ' OD
groups) for the calculation of the concentration of OD
groups within the sample. The sample was then
exposed to nearly saturated D,O vapor, which caused
a steep mass increase due to the absorption of D,O and
the hydrogen—deuterium exchange in accessible OH
groups. The latter also resulted in an increased dry
mass at the end of the subsequent drying step and this
mass increase was used to quantify the concentration
of accessible OH groups (= 9.8 mmol g~ ' in the
example). In the next step, the dry and fully deuterated
sample was exposed to H,O vapor, which caused
another mass increase due to the absorption of H,O.
This absorption also caused the re-protonation of OD
groups that were accessible to HO. At 15% RH, this
re-protonation during the H,O vapor exposure could
be observed by the slow decrease in mass after it had
increased initially. The final dry mass of the sample
was then used to determine the remaining OD groups
after the re-protonation (= 1.7 mmol g~ ' in the
example in Fig. 5a).

As to be expected, the RH had a large effect on the
concentration absorbed water molecules during the
exposure to water vapor. At the end of the H,O vapor
exposure, the concentration of absorbed water

@ Springer
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Fig. 5 Gravimetric changes caused by deuteration in D,O
vapor and re-protonation in H,O vapor: a example of mass
changes (% of initial dry mass) caused by deuteration in D,O
vapor and re-protonation in H,O vapor at 15% RH, b absorbed
water at the end of the deuteration and the re-protonation steps,

molecules ranged between 2.3 (15% RH) and 13.4
(95% RH) mmol g~ ! (Fig. 5b). Furthermore, it was
also noticed that the concentration of adsorbed D,0O
molecules in D,0 vapor at a target RH of 95% was ca.
0.7 mmol g~ ' lower than the concentration of H,O
molecules that were absorbed in H,O vapor at the
same target RH. However, it should be noted that the
exposure to D,O vapor was shorter than the exposure
to H,O vapor, and that the RH control and measure-
ment of the sorption apparatus was calibrated for H,O
and not for D,0. This gave false readings for the RH of
D,0 vapor and potentially increased the deviation
from the target RH.

The total concentration of accessible OH groups
was quantified by the dry mass increase after the
exposure of the sections to D,O vapor, which is shown
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with each bar representing the average of two replicates and
error bars show the data range, ¢ concentration of remaining OD
groups after re-protonation at different RH, d ratio of absorbed
H,O per re-exchanged OD group in dependence on the target
RH during the re-protonation

in Fig. 5¢ as the remaining OD groups at a re-
protonation RH of 0%. On average, an OH accessi-
bility of ca. 9.6 mmol g~ ' was determined gravimet-
rically before the deuterated sections were re-
protonated in H,O vapor (Fig. 5c). This value is
slightly higher than the OH accessibilities of 8.4 and
9.3 mmol g~ ! reported by Thybring et al. (2017) for
air-dried Norway spruce early- and latewood, respec-
tively. However, it is slightly lower than the OH
accessibility of 10.0 mmol g~ ' measured on kiln-
dried Norway spruce by Lillqvist et al. (2019).

The exposure of the deuterated sections to H,O
vapor resulted in the nearly complete re-protonation of
the OD groups, because the final dry mass after
exposure to H,O vapor was very close to the initial dry
mass before the deuterium exchange. The
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concentration of remaining OD groups after the re-
protonation was estimated by the mass difference
between the initial and final drying step and the results
are shown in Fig. 5c. When the re-protonation step
was performed for 24 h, a higher concentration of
remaining OD groups was recorded for a RH of 15%.
However, when the re-protonation at 15% RH was
prolonged to 120 h (five days), the effect of the RH
during re-protonation on the remaining OD groups
was very small and average concentrations of 0.51,
0.43 and 0.25 mmol OD groups per gram dry wood
were recorded after re-protonation at 15, 55 and 95%
RH, respectively. This showed that the exposure time
had a larger effect on the re-protonation of OD groups
than the RH level. It also showed that, when given
enough time, the difference in OH accessibility
between 15 and 95% is almost negligible and,
therefore, not the cause for the difference in the
amount of absorbed water molecules. Instead, the
main difference between the RH levels was the
average quantity of absorbed water molecules per
accessible OH groups. When relating the amount of
water molecules at the end of the re-protonation step to
the amount of re-protonated OD groups, ratios
between ca. 0.3 at 15% and ca. 1.5 at 95% RH were
calculated (Fig. 5d).

The presence of remaining OD groups after re-
protonation was verified by FT-IR spectroscopy using
the areas of the OH and OD stretching bands (Fig. 6a).
As expected, deuteration gave rise to an OD stretching
band, while the OH stretching band decreased. Re-
protonation in H,O vapor canceled the effect of
deuteration nearly completely. Especially after the re-
protonation at 95%, the OD stretching band could
barely be detected in the FT-IR spectra. However, it
needs be noted that the FT-IR spectroscopic measure-
ments were taken ex-situ, since they required the
removal of the sections from the automated sorption
apparatus. The short exposure of deuterated wood to
laboratory conditions caused uncertainties in the OH
accessibility determination due to the rapid re-proto-
nation, as described in detail by Tarmian et al. (2017).
The relative OH accessibility of deuterated sections
without re-protonation was ca. 31% (Fig. 6b), which
was lower than the ratio of ca. 40% that was measured
on fully deuterated wood (Thybring et al. 2017) and
pulp (Salmén and Stevanic 2018), but similar to the
ratio measured by Tarmian et al. (2017) on a freshly
cut surface. Presumably, the short exposure of the
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fully deuterated sections to ambient laboratory condi-
tions caused the re-protonation of some easily acces-
sible OD groups. However, the re-protonation during
the FT-IR measurements was less likely when the
samples were already exposed to H,O vapor, since one
would assume that most accessible OD groups were
already re-protonated. Indeed, the results of the
relative OH accessibility and of the OD band area
for re-protonated sections were well in line with the
gravimetrically determined concentrations of remain-
ing OD groups. Even at 15% RH, the relative OH
accessibility decreased to less than 3% when the
exposure was prolonged to 120 h and only very small
differences between the different RH levels were
observed.
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The nearly complete re-protonation of the deuter-
ated wood sections disconfirmed a significant humid-
ity dependence of the OH accessibility of wood that
was suggested by Taniguchi et al. (1978). Instead, the
present results were in line with the findings of Sepall
and Mason (1961), who showed that the RH had only a
small effect on the OH accessibility of cellophane and
wood cellulose. When given sufficient time, even a
low concentration of absorbed water molecules can re-
protonate the majority of OD groups in fully deuter-
ated wood. Since water sorption is a dynamic process
that involves simultaneous ad- and desorption of water
molecules, water molecules may “migrate” between
different OH groups. Thereby, OH (or OD) groups
may become accessible by hydrogen bond breaking at
one position, while other OH groups become momen-
tarily inaccessible by water desorption and hydrogen
bond formation with adjacent OH groups. Presumably,
the total concentration of accessible OH groups
remains constant, while the number OH groups that
simultaneously interact with water molecules
decreases when reducing the RH. However, the re-
protonation rate may not only depend on the number of
simultaneously water-interacting OH groups. Re-pro-
tonation may not be initiated by the first H,O molecule
that bonds to an OD group, because deuterium atoms
are exchanged randomly between hydroxyls and water
molecules. Furthermore, exchanged deuterium atoms
need to be removed from the system to prevent re-
deuteration. These two factors are not only affected by
the number of OH groups that are simultaneously
interacting with water molecules, but also by the
amount of water molecules provided to the system
over time.

Nonetheless, the gravimetric and spectroscopic
results indicated a small number of remaining OD
groups that persisted the re-protonation. One may
assume that the intermediate drying step between
deuteration and re-protonation resulted in the entrap-
ment of some D,0 or OD groups within the cell wall.
Drying has been shown to trap solvents within the
wood structure (Uimonen et al. 2020). However, an
additional measurement sequence during which the
intermediate drying step was omitted, so that the re-
protonation in H,O vapor for 24 h at 95% RH directly
followed after the deuteration in D,O vapor, resulted
in nearly the same number of remaining OD groups
(see Supplementary Fig. S.2). OD groups that resisted
the re-protonation in H,O vapor were also observed by
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Hofstetter et al. (2006) as a small OD band in the FT-
IR spectra of cellulose samples. The reason for the
small but measureable amount of remaining OD
groups is still unclear. Similar to the different deuter-
ation rates of cellulosic materials (Frilette et al. 1948;
Mann and Marrinan 1956; Jeffries 1964; Hishikawa
et al. 1999), some of the OD groups within the tightly
packed cell wall structures may be re-protonated at a
very slow rate and require even longer exposure to
H,O vapor. Furthermore, there is a possible isotope
effect on the hydrogen- and deuterium-bonding due to
the mass difference between hydrogen ('H) and
deuterium (ZH) atoms (Buckingham and Fan-Chen
1981). If deuterium bonds in wood were stronger than
hydrogen bonds, absorption of water may preferen-
tially result in the breaking of hydrogen bonds, which
could delay or even prevent the complete re-protona-
tion of OD groups.

Re-protonation after deuteration in liquid D,O

In another set of re-protonation experiments, never-
dried sections were deuterated by soaking in liquid
D,0 and this was compared to sections that were first
dried and then soaked in liquid D,O. Both set of
samples were dried in the automated sorption appa-
ratus followed by the re-protonation in H,O vapor for
one week and finally in liquid H,O for 48 h.

As exemplarily shown in Fig. 7a and b for deuter-
ated sections that were exposed to H,O vapor at 15%
RH, a rapid decrease in the OD stretching band
occurred already after the first day and this decrease
continued at a lower rate during the following
exposure. We also noticed a shift in the maximum of
the OD stretching band towards lower wavenumbers.
The time-dependent decrease in the OD stretching
band during the H,O vapor exposure was quantified by
the OD band area, because the increase in the OH
stretching band by absorbed H,O during re-protona-
tion did not allow the calculation of the relative OH
accessibility (Fig. 7c). A time-dependent decrease
was especially notable during the first four days of
exposure to 15% RH, which further emphasized the
need for adequate durations of re-protonation exper-
iments. As explained above, the lower amount of
water molecules that were supplied to the wood and
the lower amount of simultaneously water-interacting
sorption sites at 15% RH reduced the rate at which the
re-protonation of the OD groups occurred compared to
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the exposure to 55 or 95% RH. By tendency, a very
small decrease in the OD band area in the course of
one week was also observed during the re-protonation
at higher RH. However, a small but noticeable OD
stretching band was still observed at the end of the
one-week H,O vapor exposure. Similar findings were
reported by Hofstetter et al. (2006) who found that re-
protonation of deuterated cellulose in H,O vapor
continued even when the diffusion of water into the
structure reached an equilibrium. They also observed
that some OD groups persisted in the cellulose
structure even after long exchange times.

In agreement with our previous re-protonation
results, the differences in the OD band area between
the different RH levels were very small after 1 week
(Fig. 7d). Furthermore, larger OD band areas were
recorded for sections that were deuterated in never-
dried state compared to sections that were first dried
and then deuterated. Soaking the sections in liquid
H,O for 48 h after the re-protonation in H,O dimin-
ished the small RH-dependent differences in the OD
band area. However, a small OD stretching band was
still detected after soaking and the difference between
never-dried and dried sections remained. One might
initially assume that this was the result of the drying of
the deuterated wood. The closed the cell wall pores in
the dried wood may have not fully re-opened during
re-soaking, particularly after the first drying of never-
dried wood. This could have resulted in the inacces-
sibility of some OD groups (Suchy et al. 2010) or an
entrapment of D,O within the cell wall structure
(Uimonen et al. 2020). However, when the deuterated
sections were not dried, but immediately washed in
liquid H,O for ca. 48 h with five water changes and
then dried under nitrogen flow, the same OD band
areas were observed. Therefore, the remaining OD
stretching vibrations after soaking in H,O were not an
indication of a loss in OH accessibility or entrapped
D,O in the cell wall structure caused by drying.
Instead, there may have been a small quantity of OD
groups in the deuterated wood that re-protonated at an
extremely slow rate, as discussed above. Further
studies are required to understand the persistence of
these OD groups and its possible link to the cell wall
structure.
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Conclusions

Deuterated wood sections were nearly completely re-
protonated in H,O vapor at 15-95% RH, which
showed that RH-dependent changes in moisture
content were not caused by changes in the number of
accessible OH groups in wood. The RH only affected
the rate of the re-protonation reactions. These results
support the assumption that individual sorption sites in
wood become momentarily inaccessible and re-acces-
sible due to the dynamic ab- and desorption of water
molecules in interaction with the surrounding water
vapor. However, a very small amount of OD groups
persisted the re-protonation in H,O vapor and liquid
H,0 within the period monitored in our experiments.
Although the origin of these persistent OH groups
remains unknown, it is clear that they are not caused
by the drying of deuterated wood.
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