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Abstract Wood is an increasingly important mate-

rial in the sustainable transition of societies world-

wide. The performance of wood in structures is

intimately tied to the presence of moisture in the

material, which directly affects important character-

istics such as dimensions and mechanical properties,

and indirectly its susceptibility to fungal decomposi-

tion. By chemical modification, the durability of wood

in outdoor environments can be improved by reducing

the amount of moisture present. In this study, we

refined a well-known chemical modification with

acetic anhydride and showed how the spatial distribu-

tion of the modification of Norway spruce (Picea abies

(L.) Karst.) could be controlled with the aim of altering

the wood-water interactions differently in different

parts of the wood structure. By controlling the reaction

conditions of the acetylation it was possible to

acetylate only the cell wall-lumen interface, or

uniformly modify the whole cell wall to different

degrees. The spatial distribution of the acetylation was

visualised by confocal Raman microspectroscopy.

The results showed that by this targeted acetylation

procedure it was possible to independently alter the

wood-water interactions in and outside of cell walls.

The cell wall-lumen interface modification altered the

interaction between the wood and the water in cell

lumina without affecting the interaction with water in

cell walls while the uniform modification affected

both. This opens up a novel path for studying wood-

water interactions in very moist environments and

how moisture distribution within the wood affects its

susceptibility towards fungal decomposition.
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Introduction

Wood is an increasingly important material in the

sustainable transition of societies worldwide. This is

especially so in the construction sector, where replac-

ing energy-intensive materials like concrete and steel

with wood from sustainably managed forests can

significantly lower the carbon footprint (Amiri et al.

2020; Churkina 2020). The performance of wood is

intimately tied to the presence of moisture in the

material, which affects important characteristics such

as dimensions, mechanical properties, and durability.

Wood consists of cells that were already dead in the

living tree, where one of their main functions was to

transport water. These cells have a central empty void

called the lumen which is surrounded by cell walls that

are intricate micrometer-scale composite structures

made from hygroscopic biopolymers (i.e. cellulose,

hemicelluloses and lignin). Water in wood can thus be

present both within cell walls and as capillary water

outside of cell walls. The water molecules within cell

walls interact with the biopolymers by hydrogen

bonding and water uptake here is accompanied by

swelling (Engelund et al. 2013), creating pores on

nano-meter scale (Hill et al. 2005). Water outside of

cell walls is present in larger voids such as cell lumina

and pit chambers where water uptake occurs by

capillary condensation (Fredriksson 2019) or by

capillary action if placed in contact with liquid water.

Achieving a long service life of wood in the

construction sector is challenging in outdoor environ-

ments. In such environments, the material is exposed

to occasional high levels of air humidity or directly to

liquid water, e.g. rain or soil moisture. This creates

favourable conditions for wood degradation either by

decay fungi that require high levels of moisture

(Rayner and Boddy 1988; Schmidt 2006) or by crack

formation caused by deformations resulting from

fluctuations in moisture content (Angst and Malo

2010; Chen et al. 2019). By chemical modification, the

durability of wood in outdoor environments can be

improved by increasing the resistance to fungal decay

(Alfredsen et al. 2013, 2016; Beck et al. 2018a;

Ringman et al. 2017) and limiting deformations

(Ramsden et al. 1997; Rowell 2006). Key to improv-

ing durability is to reduce the amount of moisture

present (Brischke and Alfredsen 2020; Ringman et al.

2019; Thybring 2013). Chemical modification covers

a range of techniques for altering the wood chemistry.

One of the most well-known chemical modifications

of wood is acetylation by reaction with acetic anhy-

dride (Fuchs 1928). To achieve penetration of the

wood structure, the material is first impregnated with

acetic anhydride and thereafter cured at elevated

temperature. This causes a reaction with hydroxyl

groups of the cell wall biopolymers whereby some of

these are replaced by acetyl groups with acetic acid

being formed as a by-product that needs subsequent

removal (Mantanis 2017). Hereby acetylation reduces

the number of hydroxyl groups (Beck et al. 2017;

Popescu et al. 2014; Thybring et al. 2020b) that are the
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primary functional groups interacting with moisture in

wood. Additionally, acetylation decreases the avail-

able space for moisture within the solid wood cell

walls (Hill et al. 2005; Thybring et al. 2020b). As a

result, acetylation reduces the cell wall moisture

content (Beck et al. 2018b; Forsman et al. 2020; Hill

et al. 2005; Himmel and Mai 2015; Passarini et al.

2017; Popescu et al. 2014; Thybring et al. 2020b;

Thygesen et al. 2010; Yang et al. 2020).

In order to affect material properties, chemical

modification needs to occur predominantly within the

wood cell walls (Keplinger et al. 2015). However, the

degradation of wood by decay fungi requires moisture

conditions where capillary water is present in the

porous wood structure (Ringman et al. 2014; Schmidt

2006; Zabel andMorell 1992). Acetylation of cell wall

surfaces weakens the interaction energy between

capillary water and wood (Beck et al. 2018b; Thyge-

sen and Elder 2008; Thygesen et al. 2010; Yang et al.

2020) and changes the contact angle (Bryne and

Wålinder 2010; Englund et al. 2009; Moghaddam

et al. 2015). These changes will affect how moisture is

taken up by acetylated wood through capillary action

or capillary condensation at high air humidity. Acety-

lation will therefore affect moisture both within wood

cell walls and in the capillary structure of wood, but

how these changes relate to the improved resistance to

fungal decay is still unknown. Understanding the

effect of acetylation of moisture in different parts of

the wood anatomy requires that the spatial distribution

of acetylation is controlled. In the pioneering work of

Keplinger et al. (2015), the spatial distribution of

polystyrene anchored to wood hydroxyl groups was

controlled in a two-step process. In the first step, the

wood was methacrylated by reaction with either

methacrylic anhydride or methacryloyl chloride.

Because of differences in the reaction kinetics of

these chemicals, wood cell walls were either

methacrylated throughout by reaction with

methacrylic anhydride or the methacrylation was

limited to cell wall surfaces by reaction with

methacryloyl chloride. In the second step, styrene

was polymerised in-situ in the wood and reacting with

the double bonds of the methacryl groups that hereby

served as anchoring points.

In this study, we show how the spatial distribution

of acetylation can be controlled in a one-step process

by careful tuning of the reaction conditions. The aim

of the applied modifications was to alter the wood-

water interactions differently in different parts of the

wood structure. The spatial distribution was docu-

mented by confocal Raman microspectroscopy by

analysing a broad range of bond vibrations and wood

water interactions were characterised with low-field

nuclear magnetic resonance (LFNMR) relaxometry

and sorption balance measurements. The study shows

that this targeted acetylation process makes it possible

to alter the wood-water interactions within and outside

of cell walls independently. This opens up a novel path

for tuning wood-water interactions in very moist

environments allowing studies of the role of water in

the resistance of wood to fungal decomposition in

greater detail. Moreover, this study documents how

confocal Raman microspectroscopy can be used to

understand chemical modification processes better.

Materials and methods

Targeted chemical modification

Norway spruce (Picea abies (L.) Karst.) specimens

with dimensions 10 (longitudinal) 9 5 9 5mm3were

vacuum dried at 60 �C for a 24 h period prior to

acetylation. Two acetylation protocols were per-

formed with the aim to modify (1) the interface

between cell walls and cell lumina and (2) the cell wall

uniformly. A schematic overview of the modification

procedure is given in Fig. 1 and the procedures are

described in further detail below.

The uniform acetylation of spruce cell walls was

achieved using a 1:4 (v/v) mixture of acetic anhydride

(99.3%, VWR Chemicals, Radnor, PA, USA) and

pyridine (Sigma Aldrich, Merck KGaA, Darmstadt,

Germany). Pyridine acts as a strong swelling agent on

wood (Mantanis et al. 1994). Specimens dried in a

vacuum oven at 60 �C for 24 h were placed in round-

bottom glass flasks each equipped with a rubber

injection septum. Vacuum (about 10–2 mbar) was

applied and maintained for 20 min before the reagent

mixture was injected through the rubber septum.

Nitrogen gas was used to re-establish atmospheric

pressure in the round bottom flasks which were then

capped with glass stoppers. Using a heated oil-bath,

the reaction was carried out at 80 �C for three different

reaction times, 20 min, 1 and 3 h to achieve three

degrees of modification (Table 1). Both the bath and

the contents in the flasks were stirred. To facilitate an
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even distribution of reagents, the specimens were left

to soak in the reagent mixture prior to heating in the

oil-bath. These soaking times were approximately 2 h

for the specimens reacted for 20 min, approximately

1 h for the specimens reacted for 1 h, and approxi-

mately 30 min for the specimens reacted for 3 h.

Fig. 1 Overview of the modification procedure. Acetic

anhydride, represented by yellow spheres, facilitated acetylation

of lumen interfaces; while pyridine, represented by purple

spheres, induced swelling, and hereby facilitated diffusion of

acetic anhydride and uniform acetylation of wood cell walls

Table 1 Overview of modification protocols and average relative mass change, Rmod, of specimens. For the interface modification,

where individual masses were taken for all specimens, the standard deviations are shown in brackets

Name Modification type Time Temperature (�C) Rmod (g g-1)

Untreated – – – –

Pyridine Pyridine controls 3 h 80 – 0.023

Uniform A 1:4 acetic anhydride:pyridine 20 min 80 0.128

Uniform B 1:4 acetic anhydride:pyridine 1 h 80 0.142

Uniform C 1:4 acetic anhydride:pyridine 3 h 80 0.209

Interface 1 Acetic anhydride 5 h 75 0.034 (0.006)

Interface 2 Acetic anhydride 24 h 75 0.099 (0.007)
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To modify the interface between cell walls and cell

lumina, a solution of pure acetic anhydride was used,

and the reaction was carried out at 75 �C. The same

protocol for impregnation and heating as for the

uniform acetylation was followed. Two reaction

times, 5 and 24 h were used to achieve two degrees

of modification (Table 1). After impregnation the

round bottom flasks were directly transferred to the

oil-bath.

Both types of acetylation reactions were carried out

in batches, each consisting of 60 specimens. Indepen-

dent of the treatment, 10 g of reagent solution was

used for each g of wood. In addition, control speci-

mens were treated with pure pyridine at 80 �C for 3 h

hours.

After the defined reaction period (Table 1), the

flasks were removed from the oil-bath and the reaction

was stopped by decanting the hot reagent and applying

ice-cold acetone (20 g for each g of wood). Residual

chemicals were eventually removed by first washing

wood specimens in pure acetone (two washing cycles

of 20 min), then in 1:1 v/v solution of acetone and

water (two cycles of 20 min) and finally in ultra-pure

water (two cycles of 24 h). In order to accelerate the

washing process, the washing solution with the

specimens was agitated with a magnetic stirrer.

Finally, all specimens were dried at 60 �C for 24 h

under vacuum.

The mass change caused by each modification was

evaluated as the relative mass change, Rmod:

Rmod ¼
mdry � mdry;0

mdry;0
ð1Þ

where mdry (g) is the dry mass after modification and

mdry,0 (g) is the dry mass before the modification. For

the interface acetylations, the individual dry mass of

each specimen was recorded after vacuum drying at

60 �C for 24 h before and after the modification. The

average mass change as well as the standard deviation

is given in Table 1. For the uniform acetylations and

the pyridine controls, the change in dry mass of the

whole batch was determined before and after modi-

fication and the Rmod for these modification are

therefore givenwithout standard deviations in Table 1.

However, to get a sense of the spread in mass change

also for these batches, the individual mass changes of

ten specimens from each modification intensity (A, B

and C) were recorded. The standard deviation between

these ten specimens ranged between 0.12 and 0.17%

for the different modifications.

The pyridine treatment gave a small mass loss

(Table 1) in the same range as found by Hill et al.

(1998) which possibly is due to extraction of the

extractives within the wood.

Spatial distribution of chemical changes using

Raman microspectroscopy

Wood cross-sections with a thickness of 20–25 lm
were cut from untreated and modified specimens using

a rotary microtome (RM2255, LEICA, Germany). The

cross-sections were placed on a glass slide with a small

water droplet, covered with a coverslip, which was

sealed with nail polish. A confocal Raman microscope

(alpha300R, WITec, Ulm, Germany) equipped with a

532 nm laser and an oil immersion objective (100x)

was used to identify the extent and location of the

acetylation in wood. The laser power used for sample

excitation was 20 mW and the integration time was

0.1 s. Since the Raman intensity of the cellulose bands

depends on the angle between the orientation of the

cellulose microfibrils in the cell walls and the laser

polarization direction (Gierlinger et al. 2013), all

cross-sections were aligned in the same way prior to

the acquisition of Raman spectra. A single cross-

section from each modification was selected for

Raman microscopy and 4 to 6 area scans were

acquired from each cross-section. Area scans were

obtained with a spatial resolution of approximately

0.3 lm.

Raman microscopy data processing was performed

using the software Project Five Plus (WITec, Ulm,

Germany). A cosmic ray removal filter was applied

and spectra were baseline corrected and smoothened

using the Savitzky-Golay algorithm (windows size: 8,

order of polynomial: 4). The average Raman spectrum

from each image was then obtained to analyse spectral

changes introduced by the modifications. The Raman

spectra of native and modified wood cell walls are

complex and comprise many different as well as

overlapping peaks, which are signatures of the

molecular groups and bonds within the polymeric cell

wall constituents. Especially cellulose and hemicellu-

loses have overlapping signals. To facilitate compar-

ison between the different treatments the average

spectra were normalized to the aromatic lignin
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stretching vibration at 1600 cm-1 according to Gier-

linger et al. (2013). From the average Raman spectra,

it was found that intensities of the peaks at approx-

imately 2941, 1735, 910 and 645 cm-1 increased

substantially. The assignment of these peaks together

with the most prominent Raman peaks detected in

native and modified wood is provided in Table S1.

To visualize the spatial distribution of the intro-

duced chemical components in wood, images were

generated by evaluating Raman signal intensities of

the aforementioned Raman bands using integrated

intensity (sum) filters. The precise peak boundaries

used for calculations were 2916–2966, 1700–1760,

885–935 and 619–689 cm-1. The intensity of the OH

stretching at approximately 3387 cm-1 was also

significantly affected by the modifications and the

region between 3098–3676 cm-1 was used to calcu-

late its spatial distribution in wood. In addition, spatial

distribution of lignin was determined in order to better

indicate boundaries between neighbouring cells (inte-

gration range: 1570–1685 cm-1). The intensity scale

is the same for all images pertaining to the same bond.

The acetylation profiles across specific cell wall

areas were analysed in greater detail by evaluating the

average intensity of the Raman signals associated with

acetylation over 3 lm wide cross sections. The

positions of middle lamellas (ML) and lumina along

the specific cell wall sections were estimated visually

based on the Raman images of lignin signal (integra-

tion range: 1570–1685 cm-1) at the centre of the 3 lm
wide band shown in the 3D Raman images.

Data analysis by use of MCR-ALS (Multivariate

Curve Resolution, Alternating Least Squares) was

initially attempted, but in the end abandoned, as

signals from acetylation and from lignin could not be

sufficiently unmixed.

Wood-water interactions

Location and state of water

The influence of acetylation on the interaction

between wood and water was studied using LFNMR

relaxometry. Five specimens of each sample type were

initially vacuum saturated with water. For this,

specimens were placed in round-bottom glass flasks

equipped with rubber injection septum, vacuum (about

10–2 mbar) was maintained for 20 min prior to

injection of MilliQ water through the rubber septum.

Finally, atmospheric pressure was re-established.

Before LFNMR measurement, each specimen was

wiped off using a moist cloth (Wettex, Freudenberg

Household Products, Norrköping, Sweden) to remove

free water from its surface, but without drying the

specimen. The specimen was then placed in a pre-

weighed NMR tube with a Teflon rod, which both

sealed the tube and filled the air space above the

specimen and thus limited evaporation. The tube with

the specimen and the rod was then weighed again to

obtain the vacuum saturated mass of the specimen.

The sealed tube was then placed in a LFNMR

instrument (Bruker mq20-Minispec, Bruker, Billerica,

MA, USA) with a 0.47 Tesla permanent magnet in

such a way that the specimen orientation was the same

for all measurements. The probe temperature of the

LFNMR instrument was maintained at 21 ± 0.5 �C
by a water-cooling system, and each sample was

allowed to equilibrate to the instrument temperature

for 5 min before measurement. The spin–spin relax-

ation time (T2) was determined using the Carr-Purcell-

Meiboom-Gill (CPMG) pulse sequence with a pulse

separation (s) of 0.1 ms, 16 000 echoes, 32 scans and a

recycle delay of 5 s. The gain was set individually for

each specimen and ranged between 80 and 82 dB.

The T2 decay curves were analysed by multi-

exponential decay analysis, which fits a large number

of exponential decay functions to the experimentally

obtained curve (Istratov and Vyvenko 1999). Each

decay function is described by a characteristic time

constant (relaxation time) and a pre-exponential

coefficient. In this study, 200 decay functions were

fitted with pre-defined, logarithmically spaced time

constants that covered the time period from the first to

last data point, i.e. 0.2 ms to 3.3 s. Fitting is performed

with the non-negative least squares algorithm of

Lawson and Hanson (1974) to minimize the statistic

v2 ¼
Xm

i¼1

Ei �
XN

n¼1

Anexp
�ti
sn

� � !2

þ 1

a

XN�2

n¼1

2Anþ1 � An � Anþ2ð Þ2 ð2Þ

where m is the number of data points (16 000 echoes),

Ei and ti are the experimental signal and time,

respectively, of the ith data point, N is the number of

fitted exponential decay functions (200), An and sn are
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the pre-exponential coefficient and time constant,

respectively, of the nth decay function, and a is a

regularisation parameter that controls the difference

between adjacent An. The result of the analysis can be

plotted as a spectrum of pre-exponential coefficients

on a logarithmic scale of time constants. Typically,

decay curves from LFNMRmeasurements on water in

wood can be described by a limited number of decay

functions (Araujo et al. 1992; Beck et al. 2018b;

Fredriksson and Thygesen 2017). These will appear in

the spectrum as peaks with a characteristic time

constant at their apex. The width of the peaks and the

general smoothness of the spectrum depend on the

value of the regularisation parameter a. If it is too low
the spectrum is smooth and individual peaks cannot be

resolved, whereas a too high value of a will result in a
spiky spectrum with multiple small peaks arising from

noise in the signal. Finding an appropriate value of a is
therefore important, but it is not a trivial task (Istratov

and Vyvenko 1999). A common strategy is to select a

value around the threshold between the smooth and

spiky domains, which can be found from a plot of v2

versus a. In this study, a value of 109 was selected for

all samples.

The amount of information that can be extracted

from decay curves by multi-exponential decay anal-

ysis is limited by the inherent noise in the data. Thus,

the analysis can only resolve peaks with characteristic

time constants that are spaced farther apart than the

resolution limit. This in turn is defined as a ratio of the

time constants and depends on the signal-to-noise as

(Bertero et al. 1982):

d ¼ si
siþ1

¼ exp
p2

arcosh p E
e

� �2� �

2

4

3

5 ð3Þ

where d is the resolution limit, i.e. the minimum

spacing between two adjacent time constants, si and
si?1 with si[ si?1, and E/e is the signal-to-noise ratio.
In this study, E/e was determined by the ratio of the

initial signal E1 in the time series to the standard

deviation of the signal in the last 500 ms for each

decay curve. The signal-to-noise varied in the range

357–533, which corresponds with a resolution limit d
of 1.99–2.07. The spectra for all samples in this study

had peaks with characteristic time constants spaced

farther apart than the resolution limit.

Based on these continuous T2 distributions, the

influence of the modifications on water in different

locations within the wood structure was evaluated.

Since the T2 is related to the physical environment

(surface-to-volume ratio of pores) (Menon et al. 1987)

water within cell walls can be separated from water

outside of cell walls and capillary water in differently

sized voids within the wood structure can be distin-

guished (Almeida et al. 2007; Araujo et al. 1992;

Fredriksson and Thygesen 2017; Labbé et al. 2006;

Thygesen and Elder 2008). The T2 at the maximum

intensity of each peak was evaluated, and in those

cases where a certain water population was repre-

sented by more than one peak (e.g. water in small

macro voids), the T2 was calculated as the exponen-

tially weighted average of the T2 of the individual

peaks. The moisture content represented by each peak,

xi, was evaluated as (Telkki et al. 2013):

xi ¼ xtot

Si
Stot

ð4Þ

where Si (–) is the sum of pre-exponential coefficients

related to peak i, Stot (–) is the sum of all pre-

exponential coefficients in the spectrum, and xtot

(g g-1) is the total moisture content of the wood

specimen determined as:

xtot ¼
mvac � mdry

mdry;0
ð5Þ

where mvac (g) is the vacuum saturated mass after

modification, mdry (g) is the dry mass after modifica-

tion and mdry,0 (g) is the dry mass before modification

which can be calculated from:

mdry;0 ¼
mdry

1þ Rmod

ð6Þ

For the uniform modifications, the average mass

increase given in Table 1 was used. However, for the

interface modifications, Rmod values for the individual

specimens were available and used instead (see

Table S2). The moisture content was thus always

based on the dry mass before modification, mdry,0,

which enabled comparison between specimens. Note

that no correction was made for the pyridine controls

where a mass loss was seen. The assignment of peaks

to cell wall water was consistently made including

only the peak with the shortest T2, except for uniform

modification Cwhere this peak was split in two for two

specimens (see Figure S9). The peak with the longest

123

Cellulose (2021) 28:8009–8025 8015



T2 was assigned to water in cell lumina and all small

peaks between the cell wall water peak and the peak

representing water in cell lumina were assigned to

water in small macro voids.

Moisture exclusion efficiency in the hygroscopic

moisture range

The efficiency of acetylation in reducing the cell wall

moisture content was evaluated in the hygroscopic

moisture range using two sorption balances (DVS

Advantage, Surface Measurement Systems Ltd., Lon-

don, UK) which monitor the mass of a sample with a

resolution of 0.1 lg and where different relative

humidity (RH) levels are generated by mixing dry

and water saturated nitrogen gas (see e.g. Williams

(1995)). One specimen (5 9 5 9 10 mm3) of each

specimen type (Table 1) was vacuum saturated with

deionised water. Before each measurement, a sample

was prepared by cutting thin pieces with a razor blade

from one on these specimens. Excess water was

removed on a moist cloth before placing the pieces in

the sample pan. For each measurement, the vacuum

saturated sample was exposed to the following RH

levels: 95, 80, 65, 50, 35, 0, 35, 50, 65, 80, and 95%,

i.e. both desorption and absorption isotherms were

measured. The change between RH levels was auto-

mated using the following predefined hold times: at

35, 50 and 65% RH was 12 h, the duration at 80% was

24 h while the duration at 95% RH was 60 h in

desorption and 24 h in absorption. The total duration

of one measurement was thus 10 days. At the end of

each measurement, the sample was dried at 60 �C and

0% RH for 8 h using the built-in preheater with

succeeding temperature stabilisation at 20 �C and 0%

RH for 2 h before the dry mass was taken. The dry

masses of each sample ranged between 7 and 11 mg.

Predefined hold times were selected instead of a mass

stability criterion, which is commonly used, because

of uncertainties with the latter (Glass et al.

2018, 2017). However, if the sorption kinetics is

different for different sample types this could give

apparent differences between sample types since they

have equilibrated to different extents. Therefore, the

degree of equilibrium at each RH step was evaluated

as the change in moisture content over time (dx/dt) for
the last two hours at each step (Table 2). According to

Glass et al. (2018), dx/dt\ 3 lg g-1 min-1 calcu-

lated over two hours gives an average error in moisture

content of less than 0.003 g g-1. As seen in Table 2,

the errors in equilibrium moisture content caused by

lack of equilibrium should thus be small in this study.

Also, the difference in degree of equilibrium was

rather between absorption and desorption than

between sample types.

The equilibrium moisture content at each RH level

was evaluated using Eq. 5, but with the equilibrium

mass at each RH level instead of the vacuum saturated

mass. Note that the masses were corrected for the mass

gain obtained by the modification (Table 1) so that all

moisture contents were based on dry mass before

modification, mdry,0, in order to enable comparison of

moisture contents between specimen types. Other-

wise, the increased dry mass obtained by the modifi-

cation would give a seemingly higher reduction in

moisture content than what was actually the case. The

mass increase of the individual specimen was used for

the interface modification (Table S2) while the

average of the whole batch was used for the uniformly

modified specimens (Table 1). Note that no correction

was made for the pyridine controls where a mass loss

was seen. From these moisture contents, the moisture

exclusion efficiency was determined as:

nx ¼ xuntr � xmod

xuntr

ð7Þ

where nx (-) is the moisture exclusion efficiency,xmod

(g g-1) is the equilibrium moisture content of the

modified wood material (or pyridine controls) at a

certain relative humidity level, and xuntr (g g
-1) is the

equilibrium moisture content of the untreated material

at the same relative humidity level. These moisture

contents were, as previously described, also based on

the dry mass before modification, mdry,0.

Hydroxyl accessibility

The hydroxyl accessibility was determined by deu-

terium exchange in a sorption balance (DVS Advan-

tage, Surface Measurement Systems Ltd., London,

UK). These measurements were made both for early-

wood and latewood separately and for samples

consisting of both earlywood and latewood. A sample

corresponding to a dry mass in the range of 8–11 mg

was prepared by cutting thin pieces from a

5 9 5 9 10 mm3 specimen using a razor blade. For

the measurements where both earlywood and late-

wood were included, five replicates were used and for
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the measurements which were made on earlywood and

latewood separately, 4 replicates were used. In total,

measurements were thus made on 91 samples. Each

measurement was performed as follows: the sample

was placed in the sorption balance and was dried at

60 �C and 0% RH for 6 h using the preheater in the

instrument. Ramps of 10 min were used to increase/

decrease the temperature to/from 60 �C. After drying,
an additional 2 h period of temperature stabilisation at

20 �C and 0% RH followed. The sample was then

exposed to deuterium oxide vapour (95%RH) for 10 h

after which the sample was again dried using the same

procedure as for the initial drying. Since the exposure

to deuterium oxide vapour causes an exchange from

hydrogen to deuterium for the accessible hydroxyl

groups, the mass obtained after the second drying is

higher than the initially determined dry mass. From

this change in dry mass the hydroxyl accessibility was

determined by (Thybring et al. 2020b):

cacc ¼
Dmdry

DMhydrogenmdryð1þ RmodÞ
ð8Þ

where cacc (mol g-1) is the hydroxyl accessibility,

Dmdry (g) is the difference in dry mass before and after

deuteration, DMhydrogen (g mol-1) is molar mass

difference (1.006 g mol-1) between deuterium (2H

or D) and protium (1H), and mdry (g) is the dry mass

and Rmod (g g-1) is the mass increase caused by the

modification (Table 1). The correction of the dry mass

by (1 ? Rmod) was used to enable comparison

between specimen types. In this way, the hydroxyl

accessibility is related to the dry mass before modi-

fication, m0,dry, for all specimen types. Here, the

average mass increase after modification was taken for

all modifications. No correction was, however, made

for mass loss of the pyridine controls.

Results

Chemical changes

In Fig. 2, the average Raman spectra normalised to the

aromatic lignin stretching vibration at 1600 cm-1 are

shown. Acetylation resulted in Raman spectral

changes, where in particular the intensity of the peaks

at approximately 1735 cm-1, 2941 cm-1, 645 cm-1

and 910 cm-1 increased substantially (Fig. 2). These

peaks were assigned to 1735 cm-1: C=O carbonyl

stretching vibration (Adebajo et al. 2006), 2941 cm-1:

C-H stretching vibrations (Bock and Gierlinger 2019),

645 cm-1: O-C=O in-plane deformation (tentative,

655 cm-1 (Adebajo et al. 2006), and 910 cm-1: HCC

and HCO bending (Wiley and Atalla 1987), see

Table S1. The Raman signal at 2941 cm-1 had a

pronounced intensity in wood also prior to the

modification since the methoxy group is abundant in

lignin (Fig. 2). Also, since Raman imaging was

carried out on wood entirely submerged in water, the

broad spectral band at approximately 3387 cm-1

(corresponding to OH stretching (Wiley and Atalla

1987)) mostly originates from water rather than from

wood polymers.

By lowering the acetylation reaction temperature

and avoiding the use of a swelling agent it was possible

to preferentially acetylate the cell wall-lumen

Table 2 Degree of equilibrium at the different RH levels

expressed as dx/dt in lg g-1 min-1. Note that the values at 0%

RH is for the 0% RH step between desorption and absorption

while the dry mass used to calculate the moisture content was

determined by drying at elevated temperature (see method

description in the text for details)

RH Desorption Absorption

95% 80% 65% 50% 35% 0% 35% 50% 65% 80% 95%

Pyridine controls 5.4 2.4 3.8 3.6 3.5 0.4 0.9 2.8 0.0 0.6 2.3

Untreated 3.4 2.4 3.9 3.7 2.8 0.2 0.4 1.1 1.8 0.6 2.1

Interface mod. 1 1.2 2.6 4.2 3.3 2.6 0.2 0.4 0.9 1.5 0.7 1.5

Interface mod. 2 2.0 2.5 4.0 3.2 2.3 0.2 0.2 1.1 1.6 0.9 1.2

Uniform mod. A 0.7 2.9 4.8 3.2 2.5 0.1 0.2 1.4 1.3 1.5 1.7

Uniform mod. B 0.8 3.5 3.9 2.5 1.9 0.1 0.2 0.8 1.3 1.8 2.1

Uniform mod. C 1.1 2.8 4.2 2.7 1.7 0.1 0.1 0.7 1.4 1.7 1.2
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interfaces and the penetration depth could be con-

trolled by adjusting the reaction time. This is illus-

trated in Fig. 3, which shows how lignin, acetylation

and hydroxyl groups are distributed across the late-

wood and earlywood cell walls of untreated as well as

the differently modified wood. Since sample prepara-

tion and spectral acquisition were strictly standard-

ised, these signals can be used semi-quantitatively for

comparison also between images, i.e. with caution

comparison can be done between images in the same

column, but not between images in the same row. In

addition, Fig. 4 and Figure S8 show how acetylation,

lignin and OH groups are distributed across different

cell wall regions for the interface modification of the

highest intensity (interface modification 2). Further-

more, the uniformmodification procedure (including a

swelling agent) was successful and an increased

reaction time generally gave increasing degree of

uniform modification of cell walls (Fig. 3).

Wood-water interactions

The uniform and interface modifications affected the

interaction with water in cell walls differently. For the

interface modifications, no change in T2 for cell wall

water was seen (Fig. 6c and left peak(s) in Fig. 5).

However, clear changes in T2 for peaks representing

capillary water were observed for all modifications

(Fig. 6d and right peak in Fig. 5); the higher intensity

of the modification, the longer T2 for capillary water in

small macro voids as well as in cell lumina. In terms of

T2, the interface modification did thus not affect the

interaction between the water and cell walls, but

affected the interaction between the wood and capil-

lary water. The uniform modification on the other

hand, affected the interaction with both water in cell

walls and capillary water (Fig. 5, Fig. 6c,d). Also,

increasing intensity of the modification gave increas-

ing T2 (Fig. 5, Fig. 6c, d).

Regarding the cell wall moisture content, the results

indicate that the interface modification of the lowest

degree did not change the cell wall moisture content in

the water-saturated state, but it was reduced for the

interface modification of the highest degree (Fig. 6a).

However, in the hygroscopic range, a small reduction

in moisture content (increase in moisture exclusion

efficiency) was seen also for the interface modification

of the lowest degree (Fig. 7b). For the uniform

modifications, the cell wall moisture content

decreased with increasing modification intensity

(Fig. 6a).

The hydroxyl accessibility decreased with increas-

ing modification intensity for all modifications

(Fig. 7a). However, for untreated as well as modified

specimens, the hydroxyl accessibility was higher in

latewood than in earlywood (Fig. 7a).

Discussion

Selective imaging of the Raman peaks at 1735, 2941,

645 and 910 cm-1 showed that acetylation with pure

acetic anhydride allowed targeted acetylation of cell

wall-lumen interfaces. The lowest degree of interface

modification, seen as an oval band at the cell wall-

lumen interface had a width of approximately 2 lm

Fig. 2 Average Raman spectra of untreated, pyridine treated and acetylated spruce normalised to the aromatic lignin stretching

vibration at 1600 cm-1
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Fig. 3 Raman images of untreated and modified wood cross

sections obtained by integrating over defined wavenumber

areas. Column 1: aromatic lignin band at 1570–1685 cm-1,

column 2: C=O stretching at 1700–1760 cm-1, column 3: C–H

stretching at 2916–2966 cm-1, column 4: O–C=O deformation

at 619–689 cm-1, column 5: HCC and HCO bending at

885–935 cm-1 and column 6: OH stretching at

3098–3676 cm-1. The intensity scale is the same for all images

pertaining to the same bond
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(Figure S4), while the longer reaction time gave

chemical changes traceable up to approximately 5 lm
both into the earlywood and latewood cell walls

(Fig. 4, Figure S8). This indicates that the rate of

acetic anhydride diffusion into the cell walls of

earlywood and latewood was similar, but since

earlywood has thinner cell walls than latewood, a

higher proportion of earlywood cell walls was acety-

lated compared to latewood cell walls when subjected

to the same treatment time. This has also been

observed in recent studies (Awais et al. 2020; Mäkelä

et al. 2021). Consequently, for interface modification

of the highest degree, the diffusion fronts from

adjacent earlywood cells often reached all the way to

their common middle lamella, leading to its acetyla-

tion (Fig. 3–4), in line with previous observations

(Rowell et al. 1994; Thybring et al. 2020b). The

acetylation profile (depth of the interface

modification) along lumen surfaces was, however,

not uniform; the diffusion of acetic anhydride towards

cell corners seemed to be more limited (Fig. 3–4),

probably due to geometric dilution effects.

The protocol for uniform modification, where

pyridine was used as a swelling agent, resulted in

uniform acetylation of both earlywood (Figure S1) and

latewood cell walls (Fig. 3, Figure S5-S7). An excep-

tion was, however, modification A, where heavily

acetylated strands were seen in the latewood cell

walls, expanding radially from the lumina across cell

walls layers (Fig. 3, Figure S5). We interpret these as

cracks formed by pyridine swelling, which have

provided easy access for acetic anhydride during the

modification process.

Since water saturated specimens were imaged, the

highest intensity from OH stretching vibrations was

observed in the water-filled lumina (Fig. 3). The OH

Fig. 4 3D visualisation of the 1700–1760 cm-1 band as well as

profiles of this and the other evaluated bands through latewood

cells, exposed to interface modification of the highest degree

(interface modification 2). The approximate positions of middle

lamellas (ML), lumina and cell wall (cw) along the specific cell

wall section (x) were estimated visually from the Raman image

of lignin signal (integration range, 1570–1685 cm-1) at the

center of the 3 lm wide band shown in the 3D Raman image.

The yellow areas show approximate penetration depth for the

acetylation. Corresponding data for earlywood cells are shown

in Figure S8
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signal was also strong from wood cell walls, where it

originated from both water and wood cell wall

biopolymers. Notably, the OH signal intensity was

lower in the acetylated cell wall regions. In particular,

this could be seen for the interface acetylation of the

highest intensity for both latewood and earlywood cell

walls (Fig. 3). The OH signal intensity decreased

concurrently with increasing degree of modification

also for the uniformly modified wood, i.e. the cell

walls acetylated to a higher degree appear progres-

sively darker in Fig. 3. This agreed with the hydroxyl

accessibility measurements (Fig. 7), and the reduced

OH signal could be caused by fewer OH groups within

the wood cell wall material itself, or that these regions

are less hydrated since the modification also reduced

the moisture content (Fig. 6–7). Correspondingly, the

cell walls of the pyridine controls appeared brighter

and therefore more hydrated (Fig. 3), which also

agrees with a higher cell wall moisture content for

these samples in water saturated state (Fig. 6a).

For untreated as well as modified specimens, the

hydroxyl accessibility was higher in latewood than in

earlywood (Fig. 7a), which agrees with previous

studies (Chow 1972; Thybring et al. 2020b). However,

for the modified specimens, a larger difference

between earlywood and latewood was seen especially

for the interface modified samples. For the interface

modification this is reasonable since the Raman

imaging showed that the earlywood was modified to

a higher degree than the latewood because of the

thinner cell walls (Fig. 3). However, this seemingly

larger difference between earlywood and latewood for

the modified specimens may also, at least partly, be

caused by the correction of the dry mass when

calculating the OH-accessibility. This correction was

made using the mass increase obtained for both

earlywood and latewood since the mass increase for

earlywood and latewood separately was not known.

Since earlywood cell walls were modified to a higher

degree due to their thinner cell walls (Fig. 3), the OH-

accessibility of earlywood is presumably underesti-

mated while the OH-accessibility of the latewood is

presumably overestimated.

For the uniformmodification, the cell wall moisture

content decreased with increasing modification inten-

sity (Fig. 6a) in accordance with previous studies

(Beck et al. 2018b). However, apart from a reduction

in cell wall moisture content, Fig. 6b shows a reduc-

tion in capillary water, i.e. water outside of cell walls.

Fig. 5 Mean continuous T2 distributions for the different

specimen types. The vertical dashed lines indicate the T2 for the
maximum of the peaks representing water in cell walls and water

in cell lumina, respectively, for the untreated wood
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Fig. 6 Relaxation times (T2) and moisture contents in different

parts of the wood structure evaluated from the LFNMR data.

The two left panels (a and c) show moisture content and T2 for
water in cell walls while the two right panels (b and d) show
moisture content and T2 for capillary water outside cell walls.

For the T2, the capillary water has been further divided into

water in cell lumina and water in small voids such as pit

chambers. Note that in those cases where a certain water

population is represented bymore than one peak, the T2 shown is
the exponentially weighted average of the T2 of the individual

peaks. The error bars show the standard deviation

Fig. 7 a The average hydroxyl accessibility of the differently

modified wood shown for samples consisting of only earlywood

(open o) or latewood (filled o), as well as samples composed of

both earlywood and latewood (x). b The moisture exclusion

efficiency obtained from sorption balance measurements as well

as from LFNMR measurements in saturated state. Error bars

show the standard deviation
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This is most likely caused by a reduced lumen volume,

primarily in latewood, because of the acetylation

induced swelling of cell walls as observed by Sander

et al. (2003). Note that evaluation of cell wall moisture

contents from LFNMR measurements above 0 �C
underestimates the absolute value of the cell wall

moisture content (Beck et al. 2018b; Thybring et al.

2020a). Therefore, the absolute value of the cell wall

moisture content in Fig. 6 should be interpreted with

care, but differences between samples groups can still

be evaluated.

The moisture exclusion efficiency in the hygro-

scopic moisture range generally increased with

increasing modification intensity (Fig. 7b) and was

similar in both desorption and absorption and at the

different RH levels (Table S4). When evaluating the

moisture exclusion efficiency based on the maximum

cell wall moisture content from the LFNMR-data the

same trend was seen (Fig. 7b). This supports that even

though the cell wall moisture content is underesti-

mated in LFNMR-measurements at room temperature

(Beck et al. 2018b; Thybring et al. 2020a), it is still

possible to compare different groups of specimens.

One difference between the results in the hygroscopic

range and in water saturated state was, however, that a

slight reduction in moisture content and thus moisture

exclusion efficiency was seen also for interface

modification 1 in the hygroscopic range (Fig. 7b).

This difference was, however, not seen in water

saturated state (Fig. 7b).

Conclusions

By varying the conditions of the acetylation process it

was possible to acetylate the cell wall-lumen interface

only as well as control the depth of acetylation. For

interface acetylation, the LFNMR measurements

showed that the interaction between the wood and

water in cell walls remained unchanged while the

interaction with capillary water was altered. In addi-

tion, also the cell wall moisture content in saturated

state remained unchanged for the interface modifica-

tion of the lowest degree (interface modification 1).

However, in the hygroscopic moisture range, a slight

decrease in moisture content was seen. Likewise, a

slight reduction in hydroxyl accessibility was

observed for the earlywood for the same modification,

but the total hydroxyl accessibility remained fairly

unchanged. For the uniform modifications, the mois-

ture content (in water saturated state and hygroscopic

range) as well as the hydroxyl accessibility decreased

with increasing modification intensity as expected.
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Moghaddam MS, Wålinder M, Claesson P, Swerin A (2015)

Wettability and swelling of acetylated and furfurylated

wood analyzed by multicycle Wilhelmy plate method.

Holzforschung 70:69–77. https://doi.org/10.1515/hf-2014-

0196
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