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Abstract X-ray scattering methods allow efficient
characterization of cellulosic materials, but interpret-
ing their results is challenging. By creating molecu-
lar dynamics models of cellulose microfibrils and
calculating the scattering from them, we investigated
how different properties of the structures affect their
scattering intensities. We studied the effects of hemi-
celluloses and crystal size on small-angle and wide-
angle X-ray scattering (SAXS, WAXS). Microfibril
models with and without surface-bound hemicellu-
loses were built based on the chemical composition of
spruce secondary cell walls. The effect of fibril size
was investigated by comparing the scattering from
fibrils with 14 to 40 cellulose chains. The hemicellu-
loses appeared in the SAXS region as an increase in
the fibril radius and as a clear contribution of a shell
around the fibril. The hemicelluloses also increased
the crystal size as determined from the broadening
of the 200 diffraction peak of cellulose Ig. The SAXS
and WAXS analysis provided consistent estimates
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for the size of the microfibrils, and their special fea-
tures and challenges were discussed. In particular, the
results of 18-chain microfibrils were consistent with
prior experimental results. Carrying out the simula-
tions in wet and dry environments had the most pro-
nounced effect on fibrils with a hemicellulose coating.
Twisting of the fibril had very little impact on most
properties, except for a minor effect on the WAXS
peaks. The results allow for more correct interpre-
tation of experimental scattering results, leading to
more accurate descriptions of microfibril structures in
natural and processed cellulosic materials.

Keywords Cellulose microfibrils - Cellulose
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Introduction

Wood is a complex and hierarchical material used in
a variety of applications. Ultimately, most properties
of wood arise from its cell wall nanostructure, which
consists of several biomolecules, primarily cellulose,
hemicelluloses and lignin. While there have been
many strides in understanding the fundamental struc-
ture and composition of the cell wall (Fernando et al.
2023), many aspects are still uncertain due to the dif-
ficulty of characterizing the structures in their natural
state. As an example, the number of cellulose chains
in a microfibril, and how much the number varies
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within or between plants, is still uncertain (Cosgrove
2022). The structural characterization of nanocel-
luloses, such as cellulose nanofibrils (CNF) and cel-
lulose nanocrystals (Balea Martin et al. 2021; Fos-
ter et al. 2018), is similarly challenging, particularly
when water is present. Both fields would benefit from
dedicated method development.

X-ray and neutron scattering are non-destructive
means to characterize the nanoscale fibrillar struc-
tures in the cell wall and in processed cellulosic mate-
rials (Martinez-Sanz et al. 2015). However, interpret-
ing the scattering results requires knowledge of the
underlying structure. By utilizing molecular models
and the scattering calculated from them, one can
estimate how certain structures scatter, which helps
to interpret experimental scattering results (Hadden
et al. 2014; Inouye et al. 2014; Kubicki et al. 2018;
Langan et al. 2014; Lindner et al. 2015; Newman
2008; Newman et al. 2013; Nishiyama et al. 2012;
Paajanen et al. 2022; Penttild et al. 2021; Rosén et al.
2020; Yang and Kubicki 2020; Zhang et al. 2015).
For instance, this approach can be used to determine
the scattering contribution from hemicelluloses,
which surround the crystalline cellulose microfibrils
in secondary cell walls of wood (Terrett et al. 2019).
Scattering intensities calculated from well-defined
model structures may give new insights into specific
factors contributing to experimental scattering data
from wood and other cellulosic materials, such as
inherent variation of the size and shape of cellulosic
fibrils in real samples and the presence of hemicel-
luloses around the microfibrils.

X-ray diffraction (XRD) and wide-angle X-ray
scattering (WAXS) are sensitive to atomic-level crys-
tal structures in the sample. Their data is interpreted
most simply in terms of the locations of the diffrac-
tion peaks on the scattering angle or scattering vec-
tor axis, which correspond to the spacings between
crystallographic planes. At the same time, the radial
broadening of the diffraction peaks is affected by sev-
eral factors, some of which carry information on the
sample structure. These factors include instrumental
resolution (e.g., due to a finite distribution of X-ray
wavelength or beam collimation), mechanical strains
and other crystal imperfections, and eventually the
number of the stacked lattice planes in a crystal (Cul-
lity and Stock 2001; Mittemeijer and Welzel 2008).
The effect of the crystal size on the peak broadening
can be quantified with the aid of the Scherrer equation
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(Langford and Wilson 1978; Scardi et al. 2004),
which is commonly used in studies of cellulose and
other polymers (Daicho et al. 2018; Driemeier and
Bragatto 2013; Elazzouzi-Hafraoui et al. 2008; Fang
and Catchmark 2014; Fernandes et al. 2011; Fink
et al. 1995; Jakob et al. 1995; Jarvis 2018; Leppédnen
et al. 2009; Newman et al. 2013; Thomas et al. 2012).
In most cases, the other sample-related sources of
peak broadening are neglected, and all peak broad-
ening that remains after correcting for instrumen-
tal broadening is attributed to the coherence length
of the crystal in the direction perpendicular to the
respective lattice plane (hkl) (crystal size L,,). In the
case of cellulose, there are specific factors that could
contribute to the peak broadening. These include the
presence of bound hemicelluloses on the fibril sur-
faces, conformational disorder in the surface chains,
and the shape of the fibril cross-section. Moreover,
the absolute value given by the Scherrer equation is
slightly affected by the choice of the Scherrer con-
stant K (Langford and Wilson 1978), the shape of the
diffraction peak and the definition of its width, and
whether the fitting was done to the intensity as a func-
tion of the scattering angle 26 or the scattering vector
q. Quantifying the effects of these factors would be
important to assess the reliability of crystal size val-
ues determined for fibrillar cellulose crystals based
on diffraction peak broadening.

The exact contribution of cellulose microfibrils and
the surrounding hemicelluloses to lower scattering
angles, i.e., to small-angle X-ray scattering (SAXS)
has also remained elusive. This is partially due to dif-
ficulties in determining the geometry of a representa-
tive fibril cross-section, which could be used in the
analysis of the data by model fitting. Cross-sections
varying from circular to rectangular and more cus-
tomized shapes have been utilized to approximate the
form factor representing the scattering from cellu-
losic microfibrils in wood-based samples (Elazzouzi-
Hafraoui et al. 2008; Chen et al. 2021; Mao et al.
2017; Rosén et al. 2020; Schmitt et al. 2018; Su et al.
2014; Viell et al. 2020). Typically, a circular cross-
section has been inferred a sufficient approximation
for microfibrils in wood (Jakob et al. 1995; Leppédnen
et al. 2009), and any possible deviation from this may
be taken into account by including statistical varia-
tion (polydispersity) to the value of the fibril diameter
(Penttild et al. 2019). A slightly more sophisticated
form factor model for the cellulose microfibrils would
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include a core-shell structure (Pedersen 1997). In
such a structure, the core could represent the denser
core of the microfibril and the shell the combined
contribution of the deviation from circular geometry
and the chains at the fibril surface, either hemicel-
luloses or weakly ordered cellulose chains. In order
to develop such more accurate approximations of the
cellulose microfibril for small-angle scattering analy-
sis, it is necessary to investigate the specific effects of
the cross-sectional shape and hemicellulose coating
on the scattering intensities.

In this work, we have created molecular mod-
els of cellulose microfibrils that are surrounded by
hemicellulose chains, as well as ones with different
lateral size. They thus represent ideal single micro-
fibrils, separated from the plant cell wall or other
source. We investigate how the presence of hemi-
celluloses impacts scattering both in the WAXS and
SAXS regimes and in wet and dry conditions, espe-
cially in terms of the apparent fibril size. In addition,
we look at different fibril sizes to see how accurately
scattering analysis reproduces the structural features
of cellulose microfibrils. Utilizing these results, the
impact of fibril size and hemicelluloses on scatter-
ing becomes more apparent, making the interpreta-
tion of experimental scattering data easier and more
accurate.

Methods
Molecular models

Microfibrils Molecular models of cellulose microfi-
brils were created starting from crystallographic unit
cell data for the cellulose Iz polymorph (Nishiyama
et al. 2002). Two types of models were created: (1)
straight fibrils formed by periodic chains, and (2)
twisting fibrils formed by non-periodic chains. Peri-
odicity refers here to covalent bonding between the
first and last repeat unit of a chain across the peri-
odic boundary of the simulation domain. The results
shown in the main article are for the straight fibrils.
Corresponding data for the twisting fibrils are given
in the Supplementary Information (SI).

Six different chain arrangements were used to
build microfibrils of different diameter but a similar
hexagonal cross-section (Fig. 1a). Here the 18-chain
microfibril with the 2-3-4-4-3-2 chain arrangement

and larger (110) than (110) surface was used as the
basis for building the models, because it was consid-
ered the most representative of microfibrils in wood
(Cosgrove 2022; Nixon et al. 2016; Yang and Kubicki
2020). It exposes both hydrophobic and hydrophilic
crystallite surfaces and is nearly circular (Kubicki
et al. 2018). Using a similar hexagonal shape for all
fibrils reduces the effect of the cross-sectional shape
and allows to compare only the influence of the
crystal size on the scattering. The number of chains
in consecutive hydrogen-bonded layers is given by
2-++-«(N = 1)-N-(N — 1)--+--2 (odd number of lay-
ers) and 2-----(N —1)-N-N-(N — 1)-----2 (even
number of layers) with N = {4,5, 6}, which results in
fibrils with a chain count between 14 and 40. When
the number of layers is even, the relative position of
the two middle layers can be chosen in two differ-
ent ways that affects the proportions of the (110) and
(110) surfaces (Daicho et al. 2018; Rosén et al. 2020).
The one leading to a more circular cross-section was
chosen here. In each model, the chains were 34 glu-
cose units long. The initial atomic coordinates of the
straight fibrils were cut from a model of a cellulose
single crystal that was first equilibrated at normal
conditions. Equilibration refers to the simulation of
molecular dynamics until the system reaches an equi-
librium state with respect to chosen observables, in
this case the various components of potential energy
and the unit cell vectors. The initial coordinates of the
twisting fibrils were created directly from the unit cell
data. The helical twist would develop spontaneously
during the subsequent production simulation in water.
After the initial coordinates and molecular topolo-
gies were created, the systems were subjected to the
following simulation workflow: (1) energy mini-
mization, (2) solvation with water and energy mini-
mization, (3) solvent equilibration, (4) production
simulation in water, (5) removal of water, (6) energy
minimization, and (7) production simulation in vac-
uum. The production simulation in water was carried
out for 600 ns in the isothermal-isobaric ensemble
at 300 K temperature and 1 atm pressure. The pro-
duction simulation in vacuum was carried out for
400 ns in the canonical ensemble at 300 K temper-
ature. These are later referred to as the wet and dry
environment, respectively. Further details of the sim-
ulation set-up are given at the end of this section.
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Fig. 1 Models of neat and hemicellulose-coated cellulose
microfibrils. a Cross-sections of fibrils of different size. The
total number of chains and the number of chains in each
hydrogen-bonded layer are indicated for each cross-section.
The (200), (110) and (110) crystallographic planes are indi-
cated for the top left cross-section. Core-chains are highlighted
in yellow. b Straight fibrils with no surface-bound hemicel-
luloses (CEL), poorly aligned hemicelluloses (PAH) and well

Microfibrils with surface-bound hemicelluloses
The effect of surface-bound hemicelluloses on the
scattering intensity was studied using two series of
models: (1) fibrils with poorly aligned hemicelluloses
(PAH), and (2) fibrils with well aligned hemicellu-
loses (WAH) (see Fig. 1b). Both were based on the
18-chain microfibril that was used as a basis for the
fibrils with different crystal sizes. In the PAH series,
hemicelluloses were adsorbed on the fibril through
simulation in water environment (at the beginning of
step (4) of the simulation workflow). Four galactoglu-
comannan (GGM) and two glucuronoarabinoxylan
(GAX) chains were uniformly distributed around the
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aligned hemicelluloses (WAH) in the dry state. The fibrils have
18 cellulose chains in the 2-3-4-4-3-2 arrangement (top right
cross-section in a). The cellulose chains consist of 34 repeat
units and the GGM and GAX chains of 30 repeat units. The
PAH and WAH models were built with 16 different hemicel-
lulose configurations, only one of which is shown in the figure.
¢ Chemical structures of the hemicelluloses, exemplified by
chain segments of six repeat units

fibril at roughly 1 nm distance from its surface. The
order of the chains and their rotation about their lon-
gitudinal axis was random. The chains were initially
in the extended twofold helical screw conformation
and parallel to the fibril axis. During the adsorption
simulation, they would attach to the fibril surface
while remaining roughly aligned with the fibril axis.
In the WAH series, the hemicelluloses were generated
directly on the fibril surface so that they conform to
the cellulose crystal lattice (shared backbone confor-
mation, orientation and lattice spacing).

Both series of hemicellulose-coated fibrils con-
sisted of 16 variants with different hemicellulose
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configurations. The mass fraction and chemical struc-
ture of the hemicelluloses were chosen to mimic
those found in Norway spruce (Picea abies) (Zitting
et al. 2021). The distribution of repeat units and side
groups was random, with certain exceptions set by
known substitution patterns. Both the GGM and the
GAX chains consisted of 30 repeat units. After the
initial placement of the hemicelluloses, the simula-
tion protocol was similar to that used for the neat cel-
lulose fibrils.

Hemicelluloses The chemical structures used for
GGM and GAX are as follows (see Fig. 1c). The
GGM chains have a random backbone of pg-(1—
4)-linked D-glucopyranosyl (Glcp) and D-manno-
pyranosyl (Manp) units (Glcp:Manp = 1:4). The
Manp C2 and C3 hydroxyls are randomly acety-
lated (Ac) (Ac:Manp = 1:4). The Manp units have
a random pattern of a-(1—6)-linked D-galactopyra-
nosyl (Galp) side groups (Galp:Glcp = 1:1). The
GAX chains have a backbone of pf-(1—4)-linked
D-xylopyranosyl (Xylp) units. The Xylp units have
a regular pattern of a-(1-2)-linked glucuronic acid
(GIcAp) side groups, with a GlcAp attached to every
6th Xylp unit (GlcAp:Xylp = 1:6). Lastly, Xylp units
have a random pattern of a-(1—3)-linked L-arabino-
furanosyl (Araf) side groups, which only occur two
Xylp units removed from the GlcAp groups towards
the non-reducing end of the chain (Araf:Xylp = 1:12).

Details of the simulation set-up All simulations
were performed using GROMACS (Abraham et al.
2015) and the GLYCAMO6H force field (Kirschner
et al. 2008). Covalent bonds involving hydrogen were
constrained using the LINCS algorithm (Hess et al.
1997). Water was described using the TIP3P model
(Jorgensen et al. 1983). Temperature control was
implemented using a stochastic variant of the Berend-
sen thermostat (Bussi et al. 2007) with a 200 fs time
constant. Pressure control was implemented with the
Berendsen barostat (Berendsen et al. 1984) with a 2
ps time constant. The total linear momentum of the
system was set to zero at 2 ps intervals. The equations
of motion were integrated using the velocity-Verlet
algorithm with a 2 fs time step. GROMACS utili-
ties and MDTraj (McGibbon et al. 2015) were used
for trajectory analysis. The doGlycans tool (Danne
et al. 2017) was used for creating the models of
hemicelluloses.

Direct analysis of molecular models

The molecular trajectories were post-processed to
determine (1) the lattice spacings and (2) the fibril
width along the different crystallographic direc-
tions, as well as their local variation, and (3) the
radial electron density distribution with respect to
the fibril axis. For calculating the lattice spacings,
the trajectories were coarse-grained from atomistic
to sugar unit resolution. This was done by replac-
ing each glucose unit with a single point particle at
the center of mass of its pyranose ring. The vectors
adjoining the glucose units and their nearest neigh-
bors were used to calculate local estimates for the
unit cell parameters, which were then converted to
interplanar distances. These were averaged over
the glucose units of each chain and over time, to
obtain lattice spacing distributions within the fibril
cross-section. The first and last pair of glucose units
along each chain were omitted from the analysis to
exclude possible distortion at the fibril ends. The
fibril widths were calculated in a similar fashion by
determining the distances between outermost glu-
cose unit pairs in each crystallographic direction. It
should be noted that when determined in this way,
the fibril widths are slightly underestimated in com-
parison to the full outer dimensions of the molecu-
lar models.

For calculating the radial electron density distri-
butions, the electrons were counted at the locations
of atomic nuclei and the principal axis of the fibril
was used as the axis of reference. The used spatial
resolution was 1 pm and time averaging was applied
over the trajectory. A two-step function was fitted
against each radial distribution to get a core-shell
cylinder approximation of the fibril’s electron den-
sity. The core-shell approximation is defined by the
radius of the core cylinder (R), the thickness of the
cylindrical shell (¢) and the ratio of the shell and
core densities (p,.) (see Fig. 2). The uncertainties
of the core radius (AR) and shell thickness (At),
caused by the blurring of the density profile steps,
were quantified based on a Gaussian approxima-
tion of the distribution near the steps. The trajec-
tory analyses described above were applied to the
last 200 ns of each production simulation. Further
details of the analyses are given in the SI.

@ Springer
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Fig. 2 Core-shell cylinder models and their parameters. a
Visual clarification of the core-shell cylinder geometry and the
parameters describing it. b Example of a radial electron den-
sity profile as obtained from the molecular models, and the
step-function fit used to determine the parameters R, ¢ and p,,.
¢ Results of a core-shell cylinder fit in the SAXS intensities

Scattering computation

Equatorial and meridional scattering intensities
were calculated using the cylindrically-averaged
form of the Debye scattering equation (Zhang et al.
2016):

I(qg.q7) = Z Zfi(qR, a2)f{(gr, 4z)Jo(27rijqg) cos(2nzqz)

1 ]

ey
where gi and g, are the magnitudes of the equato-
rial and meridional scattering vectors, respectively, n
is the number of atoms, f; and Jj are the atomic form
factors of atoms i and j, respectively, r;; and z; are the
radial and axial components of interatomic distance
between atoms i and j, respectively, and J,, is a zeroth
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(orange) and the radial electron density profiles (cyan) of a wet
fibril with (right) and without (left) poorly aligned hemicellu-
loses. The cylinder core (solid line) and shell (dashed line) are
visualized on top of a model snapshot (hemicelluloses visible
from all configurations, cellulose crystal from only one)

order Bessel function of the first kind. For calculating
the scattering intensities, the molecular trajectories
were sampled at 10 ns intervals over the last 200 ns to
obtain 20 snapshots.

For equatorial scattering, the fibrils were divided
into axial segments of roughly one nanometer. Scat-
tering intensities were calculated separately for each
snapshot of each segment, and then averaged over the
snapshots and the segments. For the two series of mod-
els with hemicelluloses, averaging was also applied
over the different hemicellulose configurations. The
first and last pair of glucose units along each cellulose
chain were omitted from the scattering calculation to
exclude possible distortion at the fibril ends and the part
of the fibril not covered by hemicelluloses. The princi-
pal axis of the fibril was chosen as the symmetry axis.
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For meridional scattering, the procedure was otherwise
similar, but the fibrils were not divided into axial seg-
ments. The calculations were performed both with and
without the surface-bound hemicelluloses. Water was
not included in the analysis due to two kinds of diffi-
culties arising from it. Including all water molecules
would create a strong, unwanted contribution of water
to the scattering, whereas only including a layer of
them around the fibril would introduce a strong scatter-
ing from the water-vacuum interface.

Analysis of computed scattering

The computed scattering intensities were divided into
two regions, the small-angle region (g < 0.75 A
and the wide-angle region (g > 0.75 A~1). The small-
angle region corresponds to structures larger than 8 A,
mostly scattering from the microfibril, while the wide-
angle region corresponds to structures smaller than 8 A,
mostly from the crystal structure inside the fibril. The
boundary value of ¢ = 0.75 A" was chosen because it
corresponds to a local minimum of the intensity and is
immediately followed by the 110 peak of cellulose Igin
the WAXS region.

The SAXS region analysis was based on scatter-
ing from core-shell cylinders, where the main fitting
parameters are the mean cylinder radius R, standard
deviation of the radius AR, shell thickness ¢ and the
relative electron density of the shell p,;. The equatorial
scattering intensity is proportional to the average of the
square of the equatorial form factor F with respect to
the size distribution (here Gaussian):

1(q) =< |F(@)|* > . 2

The equatorial form factor for an infinitely long cylin-
der with radius R in vacuum is proportional to (Ped-
ersen 1997, Hashimoto et al. 1994)

F(q) x nR* ‘% 3

where J, is the first order Bessel function of the first
kind. The form factor of two concentric cylinders,
i.e. a core-shell cylinder, is a sum of the form factors
of the core and the shell. For a core-shell cylinder in
vacuum, where the electron densities of the cylinder
core and shell are p_,. and pg., respectively, and
the shell has a thickness ¢, the equatorial form factor
becomes

8113

Ji(gR)

F(q) & (pcore - pshell)ﬁRZIQ—R
4

Ji(gR+1)

+ pshe”ﬂ'(R + I)ZW

When fitting the equatorial SAXS intensities of cel-
lulosic fibrils, we expressed the electron density
in Eq. 4 relative to the density of the cylinder core
(Prel = Pspenr/ Peore)- I the fit to the equatorial SAXS
intensity of the hemicellulose shell only, we set
Peore = 0. The shape of the fibril in the molecular
models deviates from a cylinder. In the scattering
analysis, these deviations were mostly accounted for
by including polydispersity AR in the model. Includ-
ing a shell around the cylinder core improved the fit
even in the case of neat cellulose, but it did not have
any large effect on the cylinder radius. The fit also
included a constant background term.

The WAXS intensities were analyzed by fitting
Gaussian functions to the four strongest diffraction
peaks indexed based on the crystal structure of cellu-
lose Iﬁ: 110, 110 and 200 in equatorial scattering, 004
in meridional scattering. The WAXS fit included a
background component consisting of a sum of expo-
nentially decreasing intensity /(¢) « ¢~* and a constant
background, scaled according to the level of the inten-
sity around g = 0.8 and 2.0 A~!. The d-spacings cor-
responding to the peak locations were obtained using
Bragg’s law:

2z

i A’ ©)
where d,,;, is the lattice spacing for planes represented
by the Miller indices Akl and g, is the location of the
peak. The peak widths of the Gaussians were used to
calculate the crystal size perpendicular to the planes
(hkl) using the Scherrer equation (Cullity and Stock
2001; Langford and Wilson 1978; Scardi et al. 2004)
as a function of scattering angle 20:

_ Ki
Lyp9 = Beost’ (6)

where L, is the crystal size, K is the Scherrer con-
stant or shape factor (K = 11in this work), g is the line
broadening at half the maximum intensity (in radians)
and 6 is the Bragg angle of the peak (one-half of 26).
The equation can be converted to a simpler form in
the g-representation:
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Fig. 3 Equatorial scattering intensities from wet, straight
fibrils with 18 cellulose chains and poorly-aligned hemicel-
lulose coating, plotted on fully logarithmic (a) and linear (b)
axes. The scattering intensities calculated from the whole fibril
(CEL+PAH), from the cellulose chains only (CEL+PAH, scat-

2nK

L = —
hkla Agyy’

@)
where we describe the peak broadening Ag by the
integral breadth of the peak at g,;. We did not
observe differences larger than 0.5% between the two
ways of determining the crystal size from peak broad-
ening (Eqs. 6 and 7) and thus present the results only
based on Eq. 7.

Results and discussion
Overall effects of hemicelluloses on scattering

To determine the contribution of hemicelluloses to
X-ray scattering from cellulose microfibrils, scatter-
ing intensities were computed from microfibril mod-
els both with and without hemicelluloses. For the
former, two different levels of hemicellulose align-
ments were considered. The effect of hemicelluloses
could be seen clearly in the equatorial SAXS inten-
sities, with an example shown in Fig. 3a. The effect
is visible in the g-range of 0.2-0.8 A~!, where the
hemicelluloses dampen the fluctuations of the form-
factor scattering in that region. Such clear intensity
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tering from cellulose only) and from the hemicellulose chains
only (CEL+PAH, scattering from hemicelluloses only) are pre-
sented, shifted vertically and scaled arbitrarily for clarity. Fits
of the core-shell model (Eq. 4) in the SAXS regime and Gauss-
ian peaks in the WAXS regime are also shown

fluctuations can be observed in scattering patterns
from well-defined and monodisperse particles with
sharp interfaces, whereas the loss of such features
can be an indication of a less-clearly defined interface
(Li et al. 2016). The scattering from the hemicellu-
loses alone is also presented in Fig. 3, together with
a SAXS fit of a cylindrical shell with thickness 0.58
nm. The scattering from the hemicelluloses shows
similar form-factor fluctuations as the cellulose fibrils
but with the intensity maxima partially overlapping
with the minima of the neat cellulose fibril intensi-
ties and vice-versa. This, together with the loss of a
sharp interface between the fibril and the surround-
ing medium, explains why the hemicellulose coating
leads to a smearing out of the sharp features of the
scattering from the cellulose fibrils. The same applies
even when the hemicelluloses are well-aligned on the
surface of the microfibril. These observations indicate
that the presence of hemicelluloses on microfibril sur-
faces can lead to detectable differences in SAXS pat-
terns measured with a sufficiently high g-resolution
and signal-to-noise ratio.

In the WAXS region, the effect of hemicelluloses
is much less noticeable (Fig. 3b). The high-g tail of
the SAXS contribution from hemicelluloses partially
overlaps with the 110 and 110 diffraction peaks, which
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also partially overlap with each other. This makes
investigating and fitting the low-¢ side of the WAXS
region difficult. We also note, based on Fig. 3b, that
the hemicellulose coatings tested in this work do not
lead to any broad amorphous halo in the WAXS pat-
tern, as would be expected for a polymer melt or other
truly amorphous molecular configuration. Instead, the
scattering from the hemicelluloses seems to blend in
with the diffraction peaks of cellulose. This makes it
impossible to distinguish their contribution from that
of cellulose in the WAXS range.

Effects of hemicelluloses in the SAXS range

In order to quantify the effect of the hemicellulose
coating on the SAXS intensities, a core-shell cylin-
der model (Fig. 2a, Eq. 4) was fitted to the equato-
rial SAXS intensities (example shown in Fig. 3a).
The fitting results gave a cylinder core diameter
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Fig. 4 SAXS-related parameters determined for fibrils of
neat cellulose (CEL), fibrils with poorly aligned hemicellu-
loses (CEL+PAH) and fibrils with well aligned hemicelluloses
(CEL+WAH): a Cylinder core diameter 2R, b Polydispersity
of cylinder core radius AR/R, ¢ Shell thickness ¢ (uncertainty

(2R) of 2.6 nm for the neat 18-chain cellulose
microfibril (Fig. 4a), which is similar to the typical
SAXS-based values of around 2.5 nm reported for
softwood samples (Jakob et al. 1995; Penttild et al.
2019). The cylinder radius from the scattering fits
can be compared with a similar parameter deter-
mined directly from the molecular models, obtained
from fitting a step-function to the radial electron
density profile (Fig. 2b). It is noteworthy that the
optimization of the fit to the scattering intensity is
done in reciprocal space, whereas fitting the elec-
tron density distribution takes place in real space.
This can lead to systematic differences in the fitting
results, as exemplified by the nearly 10% smaller
(0.2 nm) cylinder core diameter 2R for the neat cel-
lulose fibrils by the radial distribution fit (Fig. 4a).
The fibril is only approximately cylindrical, and this
deviation from a mathematically perfect circular
cross-section is accounted for by the polydispersity
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parameter AR/R (Fig. 4b). In the neat cellulose
fibrils, the SAXS-based polydispersity AR/R was
around 0.1, which is similar to the result of Jakob
et al. (1995) for spruce wood by multiple methods
but only about one-half of the SAXS fits of Penttild
et al. (2019).

Based on the SAXS fitting results, the hemicellu-
lose coating increased the cylinder core diameter by
roughly 20% (0.5 nm) (Fig. 4a). The hemicelluloses
also increase the SAXS-based polydispersity of the
radius (AR/R) by roughly 70% (0.06) (Fig. 4b). This
suggests that roughly half of the polydispersity of
the fibril radius in hemicellulose-coated fibrils with
the chosen geometry can be explained by the purely
cellulosic microfibril itself deviating from a perfect
cylinder, while half of it is due to the contribution
of hemicelluloses. This total contribution brings the
polydispersity parameter AR/R closer to the values
around 0.22 reported by Penttild et al. (2019). Unlike
the scattering fits, the fits to the electron-density
distribution do not exhibit any change in 2R due to
the hemicellulose coating, and also the polydisper-
sity AR/R remains similar. This difference between
the two fitting-based approaches could be related
to the fitting of the density distribution taking place
in real space and the scattering fits in reciprocal
space. It also leads to a difference in the way the two
approaches detect the shell, which will be discussed
in the following.

The hemicelluloses introduce a clear contribu-
tion of a shell to the scattering intensity, as is evident
from the related fitting parameters (Fig. 4c, d). In
the case of the neat cellulose fibril, the SAXS-based
shell thickness in the wet state is roughly equal to
that of fibrils with poorly aligned hemicelluloses
(Fig. 4c¢), but the shell density is lower (Fig. 4d). The
fibrils with well aligned hemicelluloses resulted in
a thicker but sparser shell. There were clear differ-
ences between the shell parameters determined from
the electron density profile and from the scattering fit.
The density-profile approach produced shells with a
much larger relative electron density (Fig. 4d) and a
generally lower shell thickness (Fig. 4c), demonstrat-
ing again that the fitting methods are not fully equiva-
lent. Nevertheless, judging from the examples shown
in Fig. 2c, the results of both approaches can be con-
sidered reasonable, and none of them is clearly more
accurate than the other.
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Effects of hemicelluloses in the WAXS range

In the WAXS range of the scattering intensities, the
lattice spacings d;;, and crystal size L,;; were obtained
based on the location and width of the diffraction
peaks, respectively. Similar parameters were deter-
mined directly from the molecular models, in which
the hemicelluloses were not considered to contribute
to L,,. The two approaches produced rather similar
values for the d,, and d, lattice spacings (Figs. 5a,
S4), whereas the results for d;j, and d,,, deviated
more (Figure S5). This might be due to the scattering
from the hemicellulose shell occupying a region that
partially overlaps with 110 and 110 diffraction peaks,
making fitting to these peaks difficult.

The presence of hemicelluloses had minimal
impact on the lattice spacing in most directions. Only
a small but consistent increase in d,, can be seen
in Fig. 5a, both based on scattering fits and a direct
analysis of the molecular models. A more signifi-
cant change can be seen in the width of the 200 dif-
fraction peak. The peak becomes narrower with the
inclusion of poorly aligned hemicelluloses, leading
to an increase in the WAXS-based crystal size by 0.1
nm (Fig. 5b). This effect is even stronger when the
hemicelluloses are well aligned on the crystal sur-
face, which results in an increase of 0.2 nm in com-
parison to the neat cellulose microfibril. This shows
that even though the hemicellulose coating does not
produce any distinguishable intensity contribution
in the WAXS regime, it can make a detectable con-
tribution to the crystal size determined based on the
broadening of the 200 diffraction peak of cellulose
I;. The hemicelluloses also seem to have an impact
on the fitted locations of the 110 and 110 diffraction
peaks, reducing the d-spacing in both cases (Figure
S5). However, as the same parameters determined
from the molecular models do not show any clear
changes, and knowing the difficulties in fitting these
WAXS peaks, the scattering-based result could be
interpreted as an artifact of the fitting. This implies
also that no conclusions can be made on the effects
of hemicelluloses on the broadening of the 110 and
110 peaks. The WAXS fits show a minor decrease in
dyg, with the inclusion of hemicelluloses (Figure S4),
which can be interpreted as a specific contribution of
hemicelluloses in the scattering.

Figure 5c shows the distributions of the dy,
-spacing, as determined directly from the molecular
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models and separated for cellulose chains on the
microfibril surface and core (as indicated in Fig. 1a).
The d,,-spacing of the surface chains is larger than
that of the more tightly packed core chains, and the
surface chains are especially affected by the hemi-
celluloses. In practice, the hemicellulose coating
shifted the d,, distributions to larger values and
broadened especially the distributions of the surface
chains. The increase in d,y, could be explained by
the hemicellulose chains disturbing the organization
of the cellulose surface chains, pulling them away
from the core.

The degree of hemicellulose alignment on the
fibril surface had a small effect on the results in
the WAXS range. When the hemicelluloses were
well aligned, d,,, and the WAXS-based L,,, were
slightly larger than when they were poorly aligned.
Therefore, the more tightly attached hemicellulose
chains on the crystallite surface disturb the order of
the surface chains more than a looser, less aligned

0.00
4.00 4.25 4.50 3.50 3.75 4.00 4.25 4.50
dogo in A

).00
3.50 3.75 4.00 4.25 4.50 3.50 3.7

dago in A

ing d,, as determined from the molecular models and sepa-
rated into core and surface chains. On the right hand side of
a, b: parameters determined from scattering intensities com-
puted only from the cellulose chains in the CEL+PAH and
CEL+WAH models

coating. Similarly, the larger L,,, obtained for the
fibril with well-aligned hemicelluloses results from
the overall higher degree of order in this type of
hemicellulose-coated fibril.

Effects of crystal size on scattering

The impact of crystal size on the scattering intensi-
ties was investigated by comparing scattering from
neat cellulose fibrils of different cross-sectional size.
The studied fibrils consisted of 14, 18, 23, 28, 34 and
40 cellulose chains in a hexagonal arrangement, as
shown in Fig. la. A fibril with 18 chains was chosen
as it was the basis of our model that included hemi-
celluloses. The minimum number of 14 was chosen
because it is the smallest number of chains that could
form a sensible hexagonal fibril that is not unrea-
sonably small. The structures larger than 18 chains
were chosen by stacking more layers in the direction
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perpendicular to the (100) and (200) surfaces while
maintaining a hexagonal shape.

The computed scattering intensities (Fig. 6) show
the expected qualitative changes with crystal size.
As the crystal cross-section becomes wider, the
features in the equatorial SAXS intensities shift
towards lower values of g (Fig. 6a) and the dif-
fraction peaks in the equatorial WAXS intensities
become sharper (Fig. 6b). The core-shell model
reproduced the increase in the fibril diameter both
based on the SAXS fits and the step function fit
against the electron density distribution (Fig. 7a),
although the values from the electron density dis-
tribution were slightly smaller like in the case of
the 18-chain models before. Also the shell thick-
ness in the SAXS fits increased with the crystal
size (Fig. 7c), but this change was accompanied by
a decreasing density of the shell (Fig. 7d). In con-
nection with the sharpening of the diffraction peaks,
the crystal size L,,, obtained from the WAXS fits
(Fig. 8b) increased by approximately 0.4 nm with
the addition of each molecular layer into the fibril.
At small crystal sizes (<30 chains), the crystal size
determined directly from the molecular model was
slightly smaller than the one obtained from the
WAXS fits. At larger sizes (> 30 chains), however,
this trend was reversed. This difference is probably
related to the shape of the microfibril cross-section,
as in the chosen model geometries (Fig. 1a) the top
and bottom surfaces become relatively smaller with
an increasing number of chains in the fibril. The
crystal size perpendicular to the (110) and (110)
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lattice planes increased in the models as expected,
whereas the WAXS fits yielded inconsistent results
(Figure S6). Among the cross-section models stud-
ied in this work, the 18-chain model is in best agree-
ment with a microfibril diameter of 2.5 nm observed
for softwoods by SAXS (Jakob et al. 1995; Penttild
et al. 2019) and similar to atomic-force microscopy
results from wood-based CNF (Daicho et al. 2018).

The lattice spacings in the cellulose crystals were
affected by the crystal size, which is a well known
result from diffraction experiments (Newman 2008;
Huang et al. 2018). Similar size-dependent lat-
tice expansion is known to take place in other types
of nanoparticles (Diehm et al. 2012). The overall
decreasing trend of d,y, with crystal size (Fig. 8a)
exhibits the effect of increasing cohesive interactions
between an increasing number of chains. The dy
distributions in Fig. 8c clearly show that the chains
in the fibril core are more tightly packed than at the
surfaces. The ratio of core chains and surface chains
also increases with the number of chains, which shifts
the total distribution. At the same time, the d,, val-
ues determined from the WAXS peak locations and
directly from the molecular model show a discrep-
ancy that decreases with the crystal size (Fig. 8a). We
interpret this to be caused by the violation of the com-
mon assumptions of diffraction theory by extremely
small crystallites (Newman 2008). As a peculiar
detail, the 18-chain case, which is thought to best
represent the average microfibril in wood (Cosgrove
2022; Nixon et al. 2016; Yang and Kubicki 2020), has
a noticeably lower d,,-spacing compared to the 23



Cellulose (2023) 30:8107-8126 8119
a) b)
4.0 i ~ 016
« 3 Dry from model [T Dry from scattering = AR
£35 I Wet from model [EEEE] Wet from scattering E] 0.14
c 7 ™ R
£ 3 . —
oz 3.0 6 -‘3 0.12
< <
% 2.5 S 0.10
£ 5]
% 2.0 ® 0.08
v =
= O
g 1.5 §0.06
210 2004
> a
“ 05 2 0.02 I
>
©
0.0 A , y - w w & 0.00-—F A , . | . A
14 chain 18 chain 23 chain 28 chain 34 chain 40 chain 14 chain 18 chain 23 chain 28 chain 34 chain 40 chain
C d
) ) 0.5
1.75
t I Pshell
1.50 > 0.4
E 8 Pcore
[=
c 125 S
; 1.00 § '
=
£ 8
] ]
E0.75 =02
—_ . . =
© B & 0
% 0.50 g 5 2
Bor. B b=
- 5 201
CUM IR el g " L
14 chain 18 chain 23 chain 28 chain 34 chain 40 chain 14 chain 18 chain 23 chain 28 chain 34 chain 40 chain

Fig. 7 SAXS-related parameters determined for fibrils with
different number of cellulose chains: a Cylinder core diam-
eter 2R, b Polydispersity of cylinder core radius AR/R, ¢ shell

or 28 chain fibrils. However, this effect was observed
only for the straight, non-twisting fibril, which indi-
cates that it could be an artifact of the model or sta-
tistical variation between individual simulations. The
dyos-spacing remained constant for a straight fibril
(Figure S7) but increased slightly with the crystal
size for a twisting fibril (as will be discussed later
in “Effects of twisting” section), which is consistent
with previous modelling results for a twisting fibril
(Nishiyama et al. 2012).

Impact on determining the size of a microfibril

Accurate determination of the size of a cellulose
microfibril cross-section is important for understand-
ing the fundamental structure and biosynthesis of
plant cell walls as well as for technological applica-
tions of cellulose in various forms. However, even its
definition at the molecular level is not fully straight-
forward. In this work, the size of the microfibril was

thickness ¢ (uncertainty At for the model shown as error bars),
d Relative shell electron density p,

determined in different ways from scattering intensi-
ties and molecular models. In the SAXS range, the
equatorial scattering intensities and radial electron
density profiles were fitted using a core-shell cylinder
model. The thickness of the shell was always clearly
smaller than the core radius, or its density was very
small compared to that of the core. Therefore, we
consider here the diameter of the cylinder core 2R
representative of the fibril diameter based on SAXS
and radial density profiles. In the WAXS region, the
size of the microfibril cross-section can be defined
as the mean of the crystal sizes determined in dif-
ferent directions, that is, the mean of Lj,, L, and
Ly, We determined these crystal sizes based on fits
to the WAXS intensities by using the Scherrer equa-
tion (Eq. 7 with K = 1) and directly from the molecu-
lar models, as a distance between the centers of the
outermost cellulose chains in each crystallographic
direction. The fibril sizes determined for all model
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Fig. 8 Crystalline parameters determined for fibrils of varying
size: a Lattice spacing d,, (standard deviation for the model
shown in error bars, standard error negligibly small), b Crystal

structures in the above-listed ways are summarized
Fig. 9.

All the methods that were used to determine the
microfibril size show similar behavior with respect to
the number of cellulose chains in the fibril (Fig. 9).
The mean crystal size determined directly from the
molecular model provides the smallest estimate for
the fibril size, followed by determining the fibril
diameter from the electron density distribution. The
scattering-based mean crystal size and cylinder diam-
eter provide roughly equal values, both of which are
larger than with the methods based on analyzing the
molecular model directly (Fig. 9). The fibril size
based on the atomic coordinates (mean crystal size
from model) can be considered the absolute mini-
mum fibril size, while the value determined from the
SAXS fit (cylinder diameter from scattering) gives
the loose upper bound for the whole fibril cross-sec-
tion. We note that using values of 0.7-0.8 for the con-
stant K in the Scherrer equation (Eq. 7) would remove
the difference in Fig. 9 between the mean crystal sizes
determined from the WAXS peak fitting and directly
from the model. However, as discussed before, fitting
the 110 and 110 diffraction peaks was difficult, and in
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practice it might often be possible to determine only
the crystal size L, reliably. Also the underestimating
effect of determining the crystal size from the molec-
ular backbone rather than from the outer dimensions
of the molecules in our models (mentioned in “Direct
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Fig. 9 Comparison of different methods of determining the
size of a microfibril cross-section from the molecular model
directly or from scattering intensities computed from it. The
hemicellulose-containing models have been included between
the 18 and 23 chain models
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analysis of molecular models” section) is less sig-
nificant in the [200] direction than in the [110] and
[110] directions. To remove the size difference for
L, (visible in Fig. 8b), values of K =0.9-1.1 could
be used. In particular, value K = 0.9 would give the
best agreement for the 18-chain microfibril with the
chosen cross-section geometry (Fig. 1a). The value
of K would then roughly correct for both the shape
of the fibril cross-section and the variation of the lat-
tice spacings within a fibril (Figs. 5c, 8c), which also
broadens the diffraction peaks.

Values of around 3 nm have been often determined
for L, based on fits to WAXS intensities from native
woods (Fernandes et al. 2011; Jarvis 2018; Leppéanen
et al. 2009; Martinez-Sanz et al. 2015). This size is
larger than expected for an 18-chain model of the cel-
lulose microfibril (Jarvis 2018). Studies combining
WAXS with SAXS have also pointed out that these
values clearly exceed the fibril diameter determined
by SAXS (Leppénen et al. 2009; Penttild et al. 2019).
However, these discrepancies can be removed by
conducting the WAXS peak fitting in slightly differ-
ent ways. For instance, subtracting the isotropic scat-
tering contribution and fitting the 200 peak with two
Gaussian functions in WAXS data from spruce wood
yielded values consistent with a bimodal distribu-
tion of single and stacked fibrils of about 18 chains
(Paajanen et al. 2022). Also, Daicho et al. (2018)
observed for various cellulosic materials from pulp
to CNF, that omitting any broad amorphous intensity
contribution from fits to XRD intensities resulted in
systematically smaller but still reasonable values for
Lyy. It is therefore possible that the details of the
peak fitting, and in particular the presence and exact
shape of the amorphous contribution, can explain
why WAXS and XRD have typically yielded crystal
sizes that imply larger crystals than those made of 18
cellulose chains. As a consequence, determining the
exact number of chains in a representative cellulose
microfibril should not depend too strictly on previ-
ously published crystal sizes obtained from diffrac-
tion peak broadening, especially if they are in contra-
diction with results from other methods.

Figure 9 also reveals something about the effect
of hemicelluloses on the microfibril size. When
hemicelluloses are included to coat the 18-chain
fibril, a clear change in the fibril size is observed in
the SAXS fits, so that the cylinder diameter of the
18-chain fibril becomes almost identical to that of

the 23-chain fibril (Fig. 9). From the other param-
eters in Fig. 9, only the crystal size from WAXS
shows a small increase with the introduction of
hemicelluloses. Here the change of 0.1-0.2 nm in
the crystal size perpendicular to the (200) planes
(Fig. 5b) was partially compensated by a decrease
in the other crystallographic directions, which were
more difficult to fit. Thus, even though the hemi-
cellulose coating broadens the diffraction peaks
and increases especially the crystal size L, their
effect is smaller than increasing the number of cel-
lulose chains from 18 to 23 in the chosen model
geometries.

Effects of twisting

In order to study the effects of twisting and how it
would appear in the scattering data, we conducted
the molecular simulations and all analyses for
both periodic (straight) and non-periodic (twist-
ing) fibrils. The twisting of the microfibril seems
to have minimal to no impact on the parameters
of the core-shell cylinder fits (Figures S8, S12)
and the crystal size in any direction (Figures S9,
S10, S11, S13, S14, S15). This was true for both
the cases containing hemicelluloses and the cases
with differently sized fibrils. However, there is a
small yet consistent impact on the d-spacing of the
(200) planes, where both the model and the WAXS
fit show a slightly larger d,, for the straight fibrils
(Figs. 5a, 8a) as compared to the twisting ones
regardless of the presence of hemicelluloses (Figure
S9a) or the fibril size (Figure S13a). A similar shift
of the 200 peak due to twisting can be seen in the
computed scattering intensities of Nishiyama et al.
(2012) and Hadden et al. (2014). However, overall
this change is minor and there is a lack of consist-
ent twisting-related change in the crystal size L in
any direction and the d-spacing of the (110) and
(110) lattice planes (Figures S5, S10). Considering
this, distinguishing accurately between twisting and
non-twisting fibrils based on cylindrically averaged
experimental WAXS intensities is expected to be
challenging. As mentioned previously (“Effects of
crystal size on scattering” section) twisting fibrils
were also the only ones to exhibit a small increase
in dyy, when the fibril size increased (Figure S15).
The lack of significant differences observed in our
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models of neat cellulose and those containing hemi-
cellulose between the straight and twisting fibrils
agrees with visual inspection of the models as well
as recent electron diffraction results, showing that
the crystal structure of cellulose is locally preserved
within each cross-section of a twisting fibril (Ogawa
2019; Willhammar et al. 2021).

Effects of moisture

To address the effects of moisture changes on single
microfibrils, we conducted the molecular simula-
tions and all analyses for fibrils surrounded by water
(wet) and in a vacuum environment (dry). Overall,
the most significant effects of moisture can be seen
in the results of the SAXS range describing the hemi-
cellulose shell (Fig. 4). This is reasonable, because
the presence of water swells the hemicelluloses espe-
cially in the poorly-aligned case, and allows them to
be only loosely attached to the cellulose fibril surfaces
(as shown on the right of Fig. 2¢). In the vacuum, the
hemicelluloses tightly adsorb on the cellulose fibril
surfaces, regardless of their level of alignment. The
swelling effect of the hemicelluloses is seen in the
SAXS range in slightly different ways, depending on
the method used to observe it. The SAXS core-shell
fit shows a large increase in the electron density of
the shell when going from the dry state to the wet
(Fig. 4d), whereas the shell thickness either increases
(CEL+PAH) or decreases (CEL+WAH) (Fig. 4c).
The decrease of shell thickness in CEL+WAH is
likely related to the shell being extremely sparse in
the dry state. The fit to the radial electron density dis-
tribution shows an increase in the polydispersity of
the cylinder core radius (Fig. 4b) and a decrease of
the relative shell density (Fig. 4d) with swelling by
water.

The differences in the crystalline structure between
wet and dry fibrils are rather small in fibril models
without hemicelluloses, since water is not able to
penetrate into the crystallites. In systems with hemi-
celluloses, the hemicelluloses swell in response to
water, which also affects the organization of the cel-
lulose chains. Although the neat cellulose fibril shows
a small increase in d,, from wet to dry state, a sim-
ilar effect can be seen much stronger in the models
including hemicelluloses (Fig. 5a). In more detail,
the d,, distributions (Fig. 5c) show how in the neat
fibril, both core and surface chains are affected by the
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moisture change. Once hemicelluloses are included in
the model, the core chains remain unaffected and the
dygo-spacing of mainly the surface chains increases
with drying. This effect is even stronger when the
hemicelluloses are well aligned on the surface. This
suggests that while water has minimal interaction
with purely crystalline cellulose, it does interact with
hemicelluloses which in turn interact with the surface
cellulose chains. In the series of neat cellulose fibrils
with different sizes, a small yet consistent increase of
dygo With drying is seen only in the twisting case (Fig-
ure S13). The neat twisting fibrils also show a trend
of an increasing dy, with drying (Figures S11, S15),
whereas a minor decrease could be seen especially
in the hemicellulose-coated straight fibrils (Figure
S4). A decrease of d,, with drying is in agreement
with experimental findings (Paajanen et al. 2022)
and could be understood to be caused by a shrink-
ing hemicellulose coating. Nevertheless, the overall
moisture-related changes in the lattice parameters of
the microfibrils seen in the current work were smaller
(0.7% for dyg, 0.1% for dyy,) than in similar systems
with aggregated microfibrils (3% for dyy,, 0.2% for
dys) (Paajanen et al. 2022). This supports the essen-
tial role of fibrillar aggregation to explain drying-
induced shifts of diffraction peaks in cellulosic mate-
rials (Paajanen et al. 2022).

The presence of water around the fibril affects the
degree of order of its constituent molecules. Among
the parameters determined from the scattering inten-
sities, this is most clearly illustrated by the changes
in the crystal size L,y, (Figs. 5b, 8b). Being deter-
mined from the diffraction peak broadening, this
parameter is affected by changes in the lattice spac-
ing distributions and the number of molecular layers
in the crystal. Unlike in most experiments and our
previous models of aggregated fibrils (Paajanen et al.
2022), the diffraction peaks from the individual fibrils
in this work became narrower with drying, leading
to an increase in L,,,. The same effect can be seen
regardless of the presence of hemicelluloses and with
crystals of all sizes, although it is diminished in larger
fibrils (Fig. 8b). It might therefore be related to the
fraction of water-accessible surface chains, which
decreases with the number of chains in the fibril. This
increase in L,,, by drying was clearly smaller in the
current models of individual fibrils than the decrease
observed in models of aggregated systems (Paajanen
et al. 2022).
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Conclusions

We analyzed scattering computed from microfibril
models and examined the effects of hemicelluloses
and crystal size on the fibril properties and the scat-
tering. Analysis of SAXS and WAXS intensities
provided structural parameters mostly consistent
with those determined directly from the molecular
models. The core-shell model used as the basis for
SAXS analysis identified the hemicellulose contribu-
tion and changes in the number of chains in the crys-
tal, although comparing the actual values with those
determined directly from the model structure was not
straightforward. The hemicelluloses contributed to
the scattering intensities mostly in the g-region at the
border of small-angle and wide-angle regions, which
complicates the analysis of the 110 and 110 peaks of
cellulose Ig in WAXS intensities. In the studied con-
figurations, the hemicellulose coating narrows down
the diffraction peaks from cellulose. The hemicellu-
lose coating can therefore make a small contribution
to the crystal size determined based on the broaden-
ing of the 200 diffraction peak of cellulose. Both the
hemicellulose-coating and the size of the fibril cross-
section influenced the crystal structure of cellulose, in
which the surface chains were typically most affected.
The effect of the fibril twist on scattering is minor
and telling the difference based on cylindrically-aver-
aged experimental scattering data would be exceed-
ingly difficult. The effects of moisture on the crystal
structure of the isolated fibrils were modified by the
hemicellulose coating, but they were overall minor in
comparison with those in previously studied aggre-
gated systems. A comparison between different ways
of determining the size of a microfibril cross-section
from scattering data revealed systematic differences
between the approaches, which should be taken into
account when using the methods. Most of the results
support the 18-chain model for a representative
microfibril in wood.

The results of this work make the interpretation of
experimental scattering data more accurate, enhanc-
ing the capability of scattering methods in structural
characterization of cellulosic materials. This supports
the use of these methods in providing better under-
standing of the nanostructure of plant cell walls and
the development of various technological applications
based on wood and lignocellulosic biomass.
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