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ABSTRACT

The structure of hardwoods representing eight tropical and five temperate species
was characterized from the atomistic level up to the cellular level using X-ray scat-
tering, X-ray microtomography and light microscopy. The species were chosen for
this study based on their popularity as tonewoods. The ultrastructure of wood
cell walls, including crystallite size, orientation and close-range order of cellu-
losemicrofibrils were determined by small- andwide-angle X-ray scattering (SAXS,
WAXS). The SAXS patterns were interpreted by using an analytical model of cylin-
ders packed in a hexagonal close-range order with paracrystalline distortion. The
values for the cylinder diameters given by this model were compared to the aver-
age crystallite widths obtained byWAXS using the Scherrer equation. In six out of
26 samples, all of these representing tropical species used especially in fretboard
parts of electric guitars, large differences between these two sizes were obtained.
TheWAXS andmicroscopy results of these samples corresponded to tension wood
structures. These comparisons and interpretations of SAXS results have not been
previously presented for any tropical hardwoods, especially related to those con-
taining tensionwood tissue.The importance of the ultrastructural characterization
was highlighted in this study in the case of tropical hardwood samples.

Keywords: Tension wood; wood nanostructure; small-angle X-ray scattering; wide-
angle X-ray scattering; cellulose crystallites.
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INTRODUCTION

The demand for forest biomass is growing annually, increasing the demand for both tem-
perate and tropical forest resources and resulting in more aggressive logging in all forestry
regions. Especially in theAsianmarket, the need for tropical hardwood timber is increasing
(Shearman et al. 2012), which has caused some commonly used tree species (e.g.mahogany,
ebony, rosewoods) to become vulnerable and even critically endangered (IUCN Red List
(IUCN 2018)). The deforestation in tropical regions does not only concern the biodiversity
but also has a negative impact on global climate and carbon sinks, thus strengthening the
effect of climate change (Canadell & Raupach 2008; Chow et al. 2013). Therefore, finding
wood species with the same or similar properties matching the currently overharvested
tropical species is essential. However, the structural properties of tropical hardwoods are
far less characterized than the temperate zone species. Thus, structural studies on them are
needed.

One of the use cases of tropical hardwoods is tonewood, i.e., the wood used in the parts
of musical instruments. In this study, 8 tropical hardwood species and 5 temperate hard-
wood species were chosen as these species are among the most common wood species
used especially as parts in electrical guitars (Ahvenainen 2019). The wood used in elec-
tric guitars can be classified into three classes based on how they are used in the guitar
(Ahvenainen 2019).While the lowest-density class used in the guitar body only (marked as
class 1 in this study) is quite often from a sustainable source, the medium density (class 2)
and high-density class (class 3) woods used also in the neck and fretboard typically consist
largely of endangered or threatened species. Many acoustical properties of wood depend
on the specific gravity and the specific elasticmodulus, though the two parameters are also
correlated (Ahvenainen, 2019). Non-threatened but less studied and less used woods have
the potential to be used as more environmentally friendly alternatives to the traditional
tonewoods.

On the ultrastructural scale of wood, cellulose is accumulated into microfibrils due to
hydrogen bonding and Van derWaals forces between the single cellulose chains. These mi-
crofibrils are embedded in a lignin-hemicellulosematrix in the cell walls of wood cells. The
properties of microfibrils, such as crystallinity, crystallite width and orientation (expressed
asmicrofibril angle, MFA), have a significant impact on themechanical properties of wood
(de Borst et al. 2012; de Borst & Bader 2014).

Reaction wood is a special type of tissue generated as a response tomechanical stresses
caused by external stimuli, such as windy weather or tilted stem growth. Reaction wood in
hardwood species is called tensionwood (TW) andoften consists of strictly oriented, highly
crystalline cellulose compared to normalwood (NW) (Gardiner et al. 2014). The presence of
reaction wood is commercially significant as its fibers can influence the chemical pulping
parameters as well as the workability and stability of hard timber wood (Gardiner et al.
2014).

A typical anatomical sign of TW in temperate hardwoods is the presence of thick-walled
fibers having a gelatinous (G-) layer, which consists of nearly pure cellulose (Clair et al.
2018). However, this property is different in the case of many tropical species. Clair et al.
(2006) studied TW anatomy in 21 different tropical rain forest species, and according to
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their results, in over 1/3 of these species, the presence of TW could not be detected by the
presence of thick-layered gelatinous fibers. Recently, Roussel and Clair (2015), showed that
in one of these species (Simarouba amara), actually a thin G-layer is produced, but it is
masked by a late lignification. Ruelle et al. (2006) characterized also further the anatomical
details of all these 21 tropical species and showed that the anatomical differences of fibres
and vessels between highly stressed wood (TW) and NW were highly variable and weak.
They suggested that the proper structural definition of TW should be determined by the
ultrastructural scale details.

X-ray scattering methods are excellent for the structural characterization of biological
samples because they are noninvasive, i.e. the samples do not have to be chemically treated
or sectioned. Wide-angle X-ray scattering (WAXS) reveals the structural information from
the atomistic level up to the nm-level. Using WAXS, the amount of crystalline cellulose
among the total weight of the sample, the width of cellulose crystallites and their orien-
tation can be determined for the wood samples. Small-angle X-ray scattering (SAXS) gives
information on the nanoscale (2–100 nm) structure of the sample: using SAXS, the size, and
shape of the scattering particles and their close-range order can be analyzed. In this study,
the SAXS patterns, measured from the wet wood samples, were analyzed using an analyt-
ical model (WoodSAS), recently developed for the analysis of small-angle scattering data
fromwood samples, in which cellulosemicrofibrils weremodeled as infinite long cylinders
with a paracrystalline hexagonal close-range order (Penttilä et al. 2019).

In this study, the crystallite size, orientation and close-range order of cellulosemicrofib-
rils in hardwood samples representing 8 chosen tropical species were studied usingWAXS
and SAXSmethods and compared with corresponding results from samples representing 5
temperate hardwood species. The aim was to gain information on the nanoscale structure
of tropical hardwood samples using the complementary results of WAXS and SAXS on crys-
talline parts of the elementary cellulose microfibrils. Additionally, for the samples which
showed possible traces of reactionwood, the aimwas to see if the SAXS results obtained by
the used model differed systematically between normal and reaction wood samples. This
study aims also to see if the wood ultrastructure and the tonewood classification would be
connected in some novel ways. There are few previous X-ray scattering results for the trop-
ical hardwoods, and no systematic SAXS-WAXS results comparison has previously been
made for any tropical wood.

MATERIALS ANDMETHODS

A total of 13 different temperate and tropical hardwood species were chosen to be studied
with wide-angle (WAXS) and small-angle (SAXS) X-ray scattering techniques. The samples
were acquired as a part of the Tonewood project (Ahvenainen et al. 2017a) from wood sup-
pliers in Finland and other European countries. The temperate hardwood samples were
obtained as donations from Finnish guitar luthiers (Kauko Liikanen, Kari Nieminen) and
bought from Finnish wood distributing companies (OP-Puu Oy, Virkkalan Jalopuu). The
tropical hardwood samples were bought from companies specialized in distributing raw
wood materials for luthiers (Maderas Barber S.L (Spain), Mad Inter (Spain) and Exotic
Hardwoods UK (UK), Timberline (UK)).
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Table 1.
A list of studied species with scientific names, an average of the measured specific gravity values (SG
exp.), literature-based botanical specific gravity (SG lit.) (Meier 2015) and tonewood class based on
how they are or could be used in electric guitars (Ahvenainen 2019).

Species Scientific name SG exp. SG lit. Tonewood class
based on SG exp.

Gaboon ebony Diospyros crassiflora 0.97 ± 0.06 0.82 3
Indian rosewood Dalbergia latifolia 0.78 ± 0.15 0.7 3
Wenge Millettia laurentii 0.73 ± 0.12 0.7 3
Msasa Brachystegia spiciformis 0.72 ± 0.16 NA 3
Purpleheart Peltogyne spp. 0.72 ± 0.02 0.76 3
Bubinga Guibourtia spp. 0.71 ± 0.01 0.72 3
Zebrawood Microberlinia spp. 0.58 ± 0.02 0.67 2–3
European ash Fraxinus excelsior 0.56 ± 0.04 0.49 2–3
Silver birch Betula pendula 0.49 ± 0.01 0.5 2
English oak Quercus robur 0.48 ± 0.03 0.53 2
Honduran mahogany Swietenia macrophylla 0.44 ± 0.01 0.52 2
Sycamore maple Acer pseudoplatanus 0.44 ± 0.04 0.43 2
European alder Alnus glutinosa 0.35 ± 0.02 0.38 1

The high SG value measured for ebony is discussed in the text.

The list of the species studied is presented in Table 1. From each species, two samples of
different originwere studied, and fromeach of these samples, two approximately 0.2 × 0.2 ×
2 cm3 sample blocks were cut from the xylem part of the wood. Half of the samples were
soaked in water for one week prior to theWAXS and SAXS measurements at the European
Synchrotron Radiation Facility.

The specific gravity (SG) values of the samples were determined by using a method de-
scribed in (Chave & Sabatier 2006). The volume used in SG determination was measured
from fully water-soaked samples and the oven-dried weight was acquired after the samples
were dried at 100°C for 42 h.

X-ray scattering experiments at ESRF
SAXS andWAXS experiments were conducted at the D2AM beamline of the European

Synchrotron Radiation Facility (ESRF) using an X-ray energy of 16 keV with two XPAD
hybrid-pixel detectors, separately for SAXS andWAXS. Themeasurements were conducted
using perpendicular transmission geometry. Wet samples of Rosewood, Mahogany, Ebony,
Maple, Alder, Ash and Msasa were sealed in Kapton tape and measured using both SAXS
with two different detector distances (corresponding to low-q and high-q SAXS ranges) and
WAXS.TheWAXSdatawas used to compute the average crystallitewidth andmoisture con-
tent (MC) in these samples. The other samples were measured as wet only in the high-q
SAXS range. Besides, all the samples were measured dry in the high-q SAXS range.

The low-q SAXS region (0.006–0.13 Å−1) was measured with a D5 detector at a distance
of 216 cm from the sample. The high-q SAXS region (0.02–0.49 Å−1) was studied using the
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same D5 detector but placed at a distance of 58 cm from the sample. The WAXS region
(0.61–4.0 Å−1) was studied with aWOS detector at a distance of 13 cm. TermWOS stands for
WAXS Open for SAXS, allowing simultaneousWAXS and SAXS experiments (Chahine et al.
2019).

The samples were positionedwith the longitudinal axis of wood fibers perpendicular to
the X-ray beam and the radial direction parallel to the beam (annual rings perpendicular
to the beam). In each measurement, the samples were scanned horizontally either with 6
points within a 1-mm range or with 11 points within a 2-mm range, with an exposure time
of 5–10 s per point.

ComplementaryWAXS experiments at UH
Besides the X-ray scattering experiments at ESRF, all the samples were measured as dry

usingWAXS at the X-ray Laboratory at the University of Helsinki (UH). Themeasurements
were conducted using the perpendicular transmission geometry with the set up consisting
of a conventional sealed X-ray tube with a Montel monochromator to select the Cu K-α
wavelength and aMar345 area detector. From these data, the average crystallite widths and
MFAs were determined for all the samples.

Tomography experiments at UH
To illustrate the different cellular level structures, selected tropical wood samples (rep-

resenting Ebony, Bubinga, Purpleheart and Zebrawood) were also 3D imaged using X-ray
microtomography (μCT) at the X-ray Micro-CT Laboratory at the University of Helsinki.
The measurements were carried out using the GE Phoenix Nanotom setup described in
(Ahvenainen et al. 2017b) with a voxel size of 5 μm.

Data analysis
In the preliminary processing of the data measured at ESRF,WAXS and SAXS data from

different spots in a sample were averaged and normalized using the transmitted beam in-
tensity. Background arising from theKapton-tape (wet samples) and the airwas subtracted.
The SAXSdatawere integrated on 25-degree sectors around themaximumof the azimuthal
profile after isotropic contribution (minimum of the azimuthal profile) subtraction, as de-
tailed in (Penttilä et al. 2019). The WAXS data were integrated in a similar manner around
the azimuthal maxima (without subtracting the isotropic background at this point).

The SAXS data was further analyzed with SasView software (Doucet et al. 2017) using
theWoodSAS model developed by P.A Penttilä (Penttilä et al. 2019) based on the paracrys-
talline cylinder model (Hashimoto et al. 1994). The WoodSAS model can be downloaded
as a plug-in model in SasView, and both the software and the model are freely distributed.
The analytical analysis of SAXS patterns is based on the assumption of two phases (i.e. two
different electron densities): (1) crystalline cellulose and (2) water background including
water-infused lignin-hemicellulose matrix (Jakob et al. 1996; Leppänen et al. 2009). Wet
wood can thus be modeled as a two-component system consisting of crystalline cellulose
microfibrils in a water-hemicellulose-lignin matrix. The cellulose microfibrils were mod-
eled as infinitely long cylinders with a Gaussian size distribution and having a hexagonal
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close-range ordering with a paracrystalline distortion. Themodel can be used to obtain the
average diameter of the cylinders with Gaussian variation in addition to the average dis-
tances between the cylinders with the variation included in the paracrystalmodel (Penttilä
et al. 2019). In addition to these terms, the WoodSAS model includes a Gaussian function
centered at q = 0 Å−1, which can describe the scattering from features other than the crys-
talline cellulose microfibrils, such as nano-sized pores.

From all the WAXS data (measured both at ESRF and UH), the 200-reflection was ana-
lyzed to determine the crystallite width of the cellulose microfibrils.

A Gaussian curve fitting method, which took into account the amorphous (isotropic)
background of the cell wall components and the water background (only in the case of
the wet samples), was used to calculate the FWHM from the cellulose 200 peak and the
Scherrer equation was used to compute the average widths of the crystallites (as presented
in Leppänen et al. 2011). The instrumental broadening was estimated to be 0.43° for the UH
experiments and zero in the case of ESRF experiments.

Itwas also possible to obtain information on themoisture content (MC) using theWAXS
patterns of wet samples measured at ESRF. It should be noted that the MC values are de-
termined from samples with a preferred orientation, so the values are relative, i.e. they are
only comparable between the samples included in this study.

From the WAXS patterns measured at UH, the orientation of the cellulose microfibrils
were analyzed from the azimuthal intensity of the 200 reflections. This was done using av-
eragemicrofibril angle determination computedby the fitting of twopairs of Gaussians and
one Gaussian at angle 0 (which takes into account the factor arising from the cell shape) in
a similar way as in Sarén et al. (2004).

Histochemical analysis
The possible tensionwoodpresence in some sampleswas further studied by histochem-

ical analysis at the University of Helsinki, Institute of Biotechnology. The analysis was done
on the sections cut from the same pieces which were measured at the ESRF by SAXS and
WAXS. To minimize the sectioning damage to the samples, they were embedded in histo-
resin. Before the embedding, the samples were dehydrated with a series of different ethyl
alcohol- concentrations and placed in FAA (formalin-acetic-alcohol) solution (50% ethyl
alcohol, 5% glacial acetic acid, 10% formaldehyde (37–40%), 35% distilled water). The em-
bedded sampleswere further cut into 10 μm thick slices using amicrotome and placed onto
microscope glass slides. Just before the imaging, the sample slices were stained with Alcian
blue to quantify the different proportions of cellulose in the xylem tissue. The stained sam-
ple slices with reference pairs were imaged with a Leica DMLB2500 optical microscope
using an integrated camera.

RESULTS AND DISCUSSION

All theWAXS and SAXS results are given in Table 2.
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Table 2.
Average crystallite width and MFA (determined based on the cellulose 200 reflection in the WAXS
patterns) and diameter of and distance between the cylinders (both given with fitted polydispersity
in parentheses) based on the analysis of the SAXS patterns of wet samples.

Sample Crystal width
(nm) ± 0.2

nm

<MFA> (°) ± 1.0° Cylinder
diameter
(nm)

Distance
(nm)

MC (%) ± 3%-unit

Ebony A 2.9 8.5 2.4 (0.5) 2.7 (1.3) 32
Ebony B 2.8 2.2 2.6 (0.5) 3.0 (1.3) 30
Rosewood A 3.7 (3.2) 9.1 2.0 (0.4) 1.7 (0.7) 18
Rosewood B 4.1 (3.6) 27 2.0 (0.4) 1.9 (0.8) 31
Wenge A 4.7 6.2 2.5 ( 0.4) 2.5 (1.0)
Wenge B 3.3 4.9 2.6 (0.4) 2.7 (1.1)
Msasa Mza A 3.9 4.9 2.0 (0.4) 1.9 (1.0) 37
Msasa Mza B 3.1 5.5 2.6 (0.5) 3.5 (1.3) 42
Purpleheart A 3.3 3.9 2.0 (0.4) 1.8 (0.7)
Purpleheart B 3.9 3.4 2.3 (0.5) 2.6 (1.2)
Bubinga A 3.3 6.6 2.6 (0.5) 3.2 (1.4)
Bubinga B 4.1 5.9 2.0 (0.3) 2.3 (0.7)
Zebrawood A 3.2 5.1 2.6 (0.5) 3.5 (1.6)
Zebrawood B 3.2 5.5 2.6 ( 0.4) 3.0 (1.3)
Ash A 3 15 2.6 (0.5) 3.8 (1.4) 44
Ash B 3.3 10 2.5 (0.4) 3.0 (1.2) 40
Birch A 3 11 2.7 (0.5) 3.6 (1.5)
Birch B 3.1 12 2.6 (0.5) 3.3 (1.5)
Oak A 2.9 9.5 2.6 (0.5) 3.6 (1.3)
Oak B 3 6.6 2.6 (0.5) 3.7 (1.2)
Mahogany A 3 3 2.4 (0.5) 2.6 (1.1) 37
Mahogany B 3 6.8 2.4 (0.5) 2.5 (1.0) 45
Maple A 3 28 2.5 (0.5) 3.4 (1.3) 45
Maple B 3 12 2.6 (0.5) 3.8 (1.4) 47
Alder A 3.2 5.4 2.5 (0.5) 3.3 (1.3) 47
Alder B 3.1 2.7 2.6 (0.5) 3.5 (1.4) 46

For the samples with an MC value, the crystallite width has been analyzed from the WAXS data mea-
sured fromwet samples at ESRF and as for the rest of the samples, the crystallite width has been computed
from the WAXS data measured at UH. For Rosewood samples, the value of crystallite width measured at
UH has also been presented in brackets due to major divergence from the ESRF value.

WAXS results
Based on the WAXS results, most of the average crystallite widths of the tropical hard-

wood species of this study are generally the same as in the temperate hardwoods (2.8–
3.3 nm). Corresponding values for the crystallite width (2.8–3.2 nm) have also been ob-
tained for common softwood species studied by WAXS: for spruce (Andersson et al. 2003;
Leppänen et al. 2009; Fernandes et al. 2011; Penttilä et al. 2019), pine (Andersson et al. 2005),
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Figure 1. Comparison of Msasa A and BWAXS patterns. The sharper 200 peak indicates a larger cel-
lulose crystallite width in the Msasa A sample, indicating a possible presence of tension wood.

Ginkgo (Andersson et al. 2015), juniper (Hänninen et al. 2012) andalso for non-wood sample
such as bamboo (Wang et al. 2012) and sunflower (Thomas et al. 2014).

Relatively large exceptions to this 3 nm width were found for some of the samples rep-
resenting Rosewood, Wenge, Msasa, Purpleheart and Bubinga where the average cellulose
crystallite width was determined to be significantly larger (3.7–4.7 nm, the accuracy of the
method being 0.2 nm). The difference is shown in theWAXS intensity curves in the case of
Msasa A and Msasa B samples, where sample A showed a larger crystallite width (Fig. 1). It
can be observed, that there is a clear shift in the position of the cellulose 200 peak between
the samples A and B. This confirms the crystallite width determination because a larger
cellulose crystallite width is connected to a smaller lattice distance i.e. the larger cellulose
crystallites are known to be more compact (Ioelovich & Larina 1999; Newman et al. 2013).

One explanation for the larger crystallite width is the presence of tension wood in the
samples. It has been detected in several previousX-ray diffraction studies, that the cellulose
crystallite width in TW is similar to that observed in this study i.e. around 4–5 nm (Müller
et al. 2006; Ruelle et al. 2007; Leppänen et al. 2011; Sawada et al. 2018). Themoremarked ag-
gregation of cellulose crystallites has been suggested as an explanation for the largerwidths
in previous studies (Müller et al. 2006; Sawada et al. 2018), and the lower lignin content of
TW has been considered as one of the factors behind this (Foston et al. 2011). It can also
be noted that based on specific gravity all these samples represent class 3 tonewoods (see
Table 1), i.e. the densest wood used for making the electric guitars.

Ruelle et al. (2007) studied the crystallite widths in three tropical rainforest hardwoods
withTWoccurrence and obtained an increasing relationship between larger crystallite size
and themeasuredmacroscopic strain in trees.The three species in their studywere selected
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based on three different anatomical characteristics of TW: Eperua falcate having G-fibers,
Laetia procera having multilayered TW fibres and Simarouba amara with the lack of any
anatomical signs of TW. In all these three species, the relationship between the crystallite
size and growth strain was the same, so their results highlight the importance of the deter-
mination of ultrastructural characteristics.

Small microfibril angles (� 10°) were detected throughout the sample series with only
a few exceptions: for one of the Rosewood (B) andMaple (A) samples relatively large aver-
ageMFAs (> 25°)were obtained.These exceptionsmight be explainedbynatural, biological
variation in the studied wood materials or by the density of rays in the measured spot/lo-
cation. However, either the large MFA value or the small crystallite width determined by
the data measured at UH for the Rosewood B sample do not correspond to TW (as all the
other scattering results shown in Table 2). Here it should be noted that theWAXSmeasure-
ment conducted at UHdoes not correspond exactly to the samemacroscopic spot/location
in the sample as the WAXS measurement at ESRF. Also, in the case of the two Purple-
heart samples, where the SAXS results of the specimen were measured at ESRF and the
WAXS results correspond to measurements conducted at UH, these show a discrepancy.
These results reflect the important fact that the occurrence of TW tissues in these pieces
of wood covers certain ranges, but not the whole macroscopic sample (Badia et al. 2006;
Ghislain & Clair 2017). However, all the other crystallite width results from the samples,
determined either as wet at ESRF or as dry at UH were the same. It should also be empha-
sized that theMCdifferences do not explain the large differences detected in the crystallite
widths. We have determined the moisture effect previously in hardwood and the largest
observed effect of MC on the crystallite width determination (the FWHM of the 200 re-
flection determined in the fully wet vs. air-dried states) was less than 10% (Leppänen et al.
2011).

In the WAXS patterns of some tropical wood species (Ebony, Rosewood, Mahogany,
Wenge and Zebrawood) relatively large crystallites of mineral extractives were present
(Fig. A1 in the Appendix). This has previously been observed also in the xylem of Diospyros
kaki-species (belonging to the same genus as Ebony), studied with X-ray powder diffrac-
tion alongside other methods (including X-ray fluorescence, scanning and transmission
electron microscopy) in (Tazaki et al. 2017). The study suggested that the most common
elements and compounds are formed from Ca, Mg, Si, P, S, Cl and K, depending on the
examined part of the tree.

The extractives (including the inorganic compounds) are also relevant when consider-
ing the density and specific gravity of different wood species. A relatively large value of SG
compared to the literature one was obtained for ebony (0.97 ± 0.06) in Table 1. The ebony
samples studied had a very dark blackish color, indicating the presence of extractives in
significant concentrations. This may also explain the large SG value obtained for ebony in
this study.

SAXS results
The used SAXSmodel,WoodSAS, could be applied reliably for all the wet wood samples

of this study. Examples of fits are presented in Figs 2 and 3. In the model it is assumed that
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Figure 2. SAXS patterns andWoodSAS fits of Msasa samples. The samplesweremeasured aswet using
both a low q range (ranging into 0.006 1/Å at low q) and a high q range. Here the results of these two
ranges are combined for the wet samples. The figure shows also the limits of the two ranges used
because the dry samples were measured only using the higher q range. It can be observed that the
low q range is dominated by the power-law behavior and that the SAXS fitting results on the cylinder
diameters and packing are obtained from the q range around 0.07–0.35 1/Å.

wood can be considered to consist of different phases, corresponding to different electron
densities, which are crystalline cellulose, amorphous matrix, and nanopores of cell walls.
To take into account scattering from, e.g., pores, the WoodSAS model includes a Gaussian
term. However, this Gaussian term could be omitted in the cases of all the wet temperate
wood samples and alsomost of the wet tropical wood samples. This indicates that the two-
phase model describing crystalline cellulose microfibrils as cylinders in the water-infused
amorphous matrix depicts very well the nanostructure of these samples.

Exceptions to this were the wet samples of Rosewood (both A and B), Msasa (A), Pur-
pleheart (A) and Bubinga (B). The Gaussian term was included in the fitting of the SAXS
patterns of these samples. These samples showed markedly different SAXS patterns cor-
responding to smaller cylinder diameters. In these same samples were observed higher
cellulose crystallite widths determined by WAXS. Thus, one interpretation for these sam-
ples, reasserting theWAXS results, is that these samples include reactionwood, i.e., TWwith
gelatinous layers. This would also explain the larger role of the Gaussian term because this
term could arise from the scattering from the nanosized pores of the G-layer. This interpre-
tation and the related observations are strengthened by the results of beech TWmeasured
by SAXS and small-angle neutron scattering (SANS) by Penttilä et al. (2020) and the results
of poplar TWmeasured by SANS by Sawada et al. (2018).

The more porous G-layer structure compared to normal cell wall layers has been ob-
served and analyzed by N2 adsorption measurements (Chang et al. 2009, 2015; Clair et al.
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Figure 3. SAXS patterns andWoodSAS fits for the Bubinga samples (Bubinga A corresponding to nor-
mal wood and Bubinga B corresponding to possible TW).

2018). Based on the results on six tropical wood species, (Chang et al. 2009) showed that
the porosity is highest for the species with TWwith thick G-layer and determined the pore
size distribution be located around 6–12 nm. This size scale correspondswell to the q-range
covered by the Gaussian term in the SAXS patterns of our study. Also Sawada et al. deter-
mined the mean size for nanopores in poplar TW to be 6 nm by particle size distribution
analysis (Sawada et al. 2018).

Using theWAXS patterns measured at the ESRF, it was possible to determine the mois-
ture content (MC) of the wet samples (Rosewood, Mahogany, Ebony, Msasa, Purpleheart,
Maple and Oak) (Fig. 4). Based on the results, it could be noted that the water content
was larger in the temperate samples compared to the tropical samples. The lowest water
content was obtained for the rosewood samples and the highest water content was ob-
tained for maple and alder. The SAXS results did not correlate with the MC values, so the
differences between the samplewater contents did not explain the differences between the
SAXS results. Thus, it could be concluded that the SAXS results reflect the differences in the
nanostructures of the samples.

The SAXSpatterns of thedry samples of this study couldnot be analyzed reliably enough
using themodel, because the fittings depended highly on the values of starting parameters
(i.e., werenot stable).This canbe explainedby the fact that in the case of drywood, the elec-
tron density difference between air-filled nanopores and wood cell wall materials is higher
than the electron density difference between thematrix and the crystalline cellulose. Thus,
in dry wood, the scattering pattern arising from the cellulose microfibrils is surpassed by
the scattering of pore structures. So, all the SAXS results in Table 2 correspond to the results
of wet samples.
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Figure 4.WAXS pattern fitting for Msasa A sample measured at ESRF. TheWAXS curve was analyzed
by a linear combination of measured water (blue dashed curve) and amorphous background (red
dashed curve) besides the crystalline part as a sum of Gaussian functions (Gaussian peaks expressed
as grey solid curves). The MC, in this case, was computed to be 37 ± 3% based on the fit shown here.

Based on the SAXS fitting results, the distance between the cylinders (parameter “dis-
tance” in Table 2) is smaller i.e. the packing of the elementary cellulose microfibrils is
denser, in the case of the tropical hardwoods (normal wood average being 3.0 nm exclud-
ing all the possible TW samples which showed even smaller values of distance) compared
to the temperate hardwoods of this study (average being 3.5 nm). Using SAXS, Penttilä et
al. (2019) determined the interfibrillar distance for a wet sample of birch to be approxi-
mately 3.7 nm,which correspondswell to the average valuedetermined for temperatewood
samples in our study. Interestingly, in the case of temperate softwoods, the distancewas de-
termined to be even larger: around 4 nmwas obtained for wet spruce and pine (Penttilä et
al. 2019).

In the case of possible TW samples (Rosewood A and B, Bubinga B, Msasa A and both
Purplehearts A and B), the WoodSAS fits depended more on the initial values of the fits
than in the case of other wet samples. Thus, the values given for the distances (parame-
ter “distance” in Table 2) for these possible TW samples are not as reliable as for the wet
normal wood samples. The distance values of the possible TW samples are so small that
the interfibrillar distance matches the cylinder diameter values. This corresponds to the
previous observations by, e.g., Sawada et al. (2018) that the coalescence of the elementary
microfibrils is common in TW, which also explains the large crystallite widths byWAXS. It
should be noted, that theWoodSAS fits for these TW samples could also be conducted us-
ing larger values of interfibrillar distance (4–6 nm) based on the values presented for beech
TWby Penttilä et al. (2020). Based on the goodness of fit values, the fits were slightly better
in the case of smaller interfibrillar distance values and thus they are given in Table 2. The
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main conclusion on the SAXS results of the possible TW samples of this study is that the
peculiar shape of the SAXS curve distinguishes TW nanostructure from the normal wood
nanostructure, but the quantitative values based on the used fits are not as reliable as in
the case of wet normal wood samples.

Comparison betweenWAXS and SAXS results of the cellulose microfibrils
All the scattering results of this study on the cellulose microfibril structures reveal the

question about the nature of the cellulose crystallites. Both SAXS and WAXS signal arises
from the electron densities of the sample. In WAXS, the result is based on the approxima-
tions made in the Scherrer equation relying on diffraction from the lattice planes, whereas
the SAXS result is based on the approximations in the analytical model of hexagonally
packed cylinders. In this study, theWAXS (i.e., Scherrer) analysis gave larger values regard-
ing the average cellulose crystallite widths than the SAXS analysis regarding the diameters
of cylinders presenting the elementary cellulose microfibrils. A similar discrepancy has
been detected also earlier (Jakob et al. 1995; Leppänen et al. 2009; Penttilä et al. 2019, 2020).
The larger crystallite widths obtained byWAXS can be explained by the aggregation of the
elementary cellulose microfibrils (Jarvis 2018). Thus, the smaller crystallite diameters ob-
served by SAXSmay correspond to the size of the elementary cellulose crystals, whereas the
WAXS results correspond to anaverage crystallite sizewith a stronger contribution from the
aggregates compared to SAXS. However, it should also be noted that the Scherrer equation
gives the average minimum crystalline domain size, indicating that the obtainedWAXS re-
sult is the lower limit of the average aggregate sizes.

Interestingly, in this study, the difference betweenWAXS and SAXS results was observed
to be even greater in the case of the possible TW samples. The WAXS results gave larger
crystallite sizes than in NW samples whereas the SAXS results for cylinder diameters gave
even smaller values than in the case of NW samples. Thus, following the previous assump-
tion, also in the case of TW samples, SAXS detects the individual, elementary crystalline
microfibrils, whereas theWAXS result is weighted by the even larger aggregates of TWcom-
pared toNW.However, in the case of TW, itmust also be noted that the SAXS analysismight
be affected by the overlaying contribution of the scattering of nanopores.

Microscopy and μ CT results
Microscopy and staining experiments were conducted on Rosewood, Ebony andMsasa

(both A and B) samples. It was observed, that the cell walls were relatively thick and rays
were abundant in all the samples studied (Fig. A3 in the Appendix). Based on the mi-
croscopy images, there are detached, thick-walled, collapsed and thus highly nonsymmet-
ric cells in Rosewood A and B andMsasa A samples. These characteristics can be indicative
of TW cells (Claire et al. 2006).

However, the difference between possible TWandNWcould not be revealed by staining
between the studied samples. This might be explained by the high density of the studied
woods, which could affect the contribution of stain.

Microtomography imaging was conducted on a single sample of each (Bubinga B and
Purpleheart B) based on the WAXS and SAXS results indicating TW presence, and for two
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tropical wood samples of NW (Ebony and Zebrawood). With a 5 μm voxel size, structural
details of vessels and rays can be observed in the samples (Figs. A1 andA2 in theAppendix).
In the earlier work of Brereton et al. (2015), the TW pattern in willow sapling phloem has
been successfully imaged with μCT using a 9 μm voxel size.

The inability to observe the details of TW xylem using μCT in the measured tropical
wood samples can be explained by the greater density of the tropical hardwoods. Thus,
possible TW tissues in tropical hardwoods cannot be tracked unambiguously using only
imaging methods. This highlights the applicability of X-ray scattering techniques (WAXS,
SAXS) to confirm the presence of TW.

CONCLUSIONS

The SAXS results showed that the packing density of the elementary cellulose microfibrils
was greater in tropical hardwoods studied in this work compared to temperate hardwoods
and the difference was even more significant compared to softwood results found in the
literature.

For some specimens representing tropical species, larger cellulose crystallite widths
were detected based on theWAXS data, indicating the possible presence of tension wood.
TheSAXSpatterns of the same samples also showed features typical forTWas the scattering
waspresumablydominatedbynanopores. In this study, a consistent differencebetween the
average crystallite width obtained by WAXS and the cylinder diameter obtained by SAXS
was observed and this difference was more significant in the case of the possible TW sam-
ples.

The ultrastructural characterization and identification of possible TWcharacteristics in
the samples studied are important especiallywhen themechanical behavior of the samples
is of interest, e.g., in the case of wood used as tonewoods. The results of this study suggest
that the properties and characteristics of especially Msasa wood should be studied further
considering its application possibilities.
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Figure A1. Left: A microtomography (μCT) images of ebony (5 μm voxel size) clearly showing the de-
posits of crystalline compounds. Right: TheWAXS scattering image of ebony B (Diospyros crassiflora)
where the crystalline compounds of wood extractives are shown as bright spots. The length of the
scale bar is 1 mm.

Figure A2. Single slices of μCT from selected tropical wood species. (A) Bubinga, (B) purpleheart and
(C) zebrawood imaged with 5 μm voxel size. The length of the scale bar in every image is 200 μm.
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Figure A3. Light microscopy and staining results. Up-left: rosewood A (TW) non-stained vs right:
rosewood A (TW) stained. Middle-left: ebony A (NW) non-stained vs right: ebony A (NW) stained.
Down-left: msasa B (NW) stained vs. right: msasa A (TW) stained. The length of the scale bar is in
every image 100 μm.
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