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Abstract The arrangement of cellulose molecules in
natural environment on the nanoscale is still not fully
resolved, with longitudinal disorder in cellulose
microfibrils (CMF) being one relevant question.
Particularly the length of the dislocated cellulose
segments in CMFs is still under debate. Using
molecular dynamics simulations, we are first investi-
gating the phenomenon of pseudo-recrystallization of
dislocated cellulose regions after cleavage of CMFs.
Based on our simulations we propose that 3—4 glucose
residues bordering to each side of a cellulose
nanocrystal are actually reorganizing to a quasi-
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crystalline state, which are corroborating recent ana-
Iytical investigations reporting an increase in crys-
tallinity after acid vapor hydrolysis of CMFs.
Combining our molecular dynamics simulation results
with these analytical data we can estimate the length of
the dislocated cellulose segments in CMFs. We
propose that, for the investigated sources of biomass
(cotton and ramie), the dislocation lengths are between
3.1-5.8 nm equaling to 611 glucose residues in the
cellulose crystallites.
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Introduction

Cellulose nanomaterials, often termed nanocellulose,
are emerging materials and are integral parts of more
sustainable and biodegradable lightweight composites
with exceptional mechanical properties. Their prepa-
ration mainly relies on disassembly of macroscopic
lignocellulosic biomass such as pulp and natural fibres
and involves mechanical and/or chemical treatment to
liberate the nanocellulose. In lignocellulosic biomass,
the nanocellulose materializes in microfibrils (CMF),
also occasionally termed as cellulose nanofibrils,
which form the smallest structural unit in plant cell
walls. They provide structural integrity and are
capable to assemble into larger structures often called
macrofibrils (Nishiyama 2009; Gibson 2012). In
CMFs, the cellulose chains are aligned in a parallel
fashion with respect to their reducing ends, resulting in
an extremely high aspect ratio. The width of the CMFs
is usually monodisperse for a specific species. For
highly developed plants such as trees, CMF width is
typically low and ranges from 2-5 nm, depending on
the chosen analysis technique and sample preparation.
While there is widespread agreement on the crystal
structures of native cellulose (I3 /Ier) (Nishiyama et al.
2002, 2003b), many details on CMF composition,
shape and geometry are still under discussion. For
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Pseudo-recrystallization
happens if dislocated segments
have H-bonds/cellobiose of 3

and higher.

instance, it is still under debate how many chains build
up a single CMF. The most prominent model (6 X 6
chains) (Endler and Persson 2011) has recently been
challenged by new computational and experimental
evidence and points at 24- and 18-chain models (Jarvis
2013; Oehme et al. 2015). Even longitudinal disorder
in CMFs has been a major source for confusion,
largely due to the adaption of the fringed-fibrillar
models to cellulose. In these models, CMF consists of
alternating highly ordered crystalline and disordered
‘amorphous’ domains, which feature different reac-
tivity and accessibility (Mark 1940; Hearle 1958).
Many properties of cellulose materials and particu-
larly water uptake and chemical reactivity were
explained and rationalized by this model. One of the
first papers that challenged the fringed-fibrillar model
was a SANS study on ramie fibres (Nishiyama et al.
2003a; Miiller et al. 2000). The major result was that
the ‘amorphous’ regions are very short (ca. 2 nm, 4-5
glucose residues) compared to the crystalline fraction
with dimensions of tens to hundreds of nanometers.
However, this means that these *amorphous’ domains
are defects or dislocations in the cellulose crystals,
rather than extended regions as in synthetic polymers
where these can be even observed by optical
microscopy. The fringed-fibrillar model was also used
to explain acidic hydrolysis of CMFs as it predicts
different reactivities for the ’amorphous’ and crys-
talline domains, resulting in different kinetics with the
LODP (levelling off degree of polymerization) being
the end point. The LODP is also an important
parameter in cellulose nano-crystal (CNC) prepara-
tion. However, the major difference between LODP
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determination and CNC preparation is the employed
acid strength. For sulfuric acid, there is only a narrow
process window upon which CNCs are formed (i.e.
64-65% at 45°C (Borrega et al. 2018)). Yields in
aqueous hydrolysis to produce CNCs are typically low
which has been justified by the fringed-fibrillar model
which implies losses due to removal and subsequent
hydrolysis of ’amorphous’ domains from the CMFs.
However, these low yields are a direct consequence of
the harsh reaction conditions and work-up conditions
(centrifugation, dialysis) in aqueous medium, whilst
the use of vaporous HCI in hydrolysis revealed nearly
quantitative yields (Lorenz et al. 2017). Washing the
resulting CNC solid with water (Pidikkonen et al.
2018) did not give significant amounts of glucose
(<1%), which is in clear contrast to the fringed
fibrillar model (Kontturi et al. 2016).

The formation of such dislocated regions can be
rationalized by the accumulation of stress on the
chains due to the twist of the fibrils. This can
deteriorate the hydrogen bonds within the crystal
regions, leading to dislocated segments. As a result,
the term ’dislocation’ better reflects the nature of such
regions than amorphous cellulose’. In particular, the
amount of two intra-chain hydrogen bonds (H-bonds),
namely O3-HO3...05 and O2-HO2...06, and the more
dominant inter-chain H-bond in cellulose IS, O6-
HO6...03, drop significantly in these dislocated
regions (Khodayari et al. 2020b). The inherent twist
of the fibrils is expected to be removed due to this
dependency (Bu et al. 2015; Zhao et al. 2013;
Matthews et al. 2006). Nonetheless, degree of twist
in microfibrils is still a matter of debate due to lack of
enough experimental observations. For instance, we
have measured a constant degree of twist of
~ 1.8°/nm for the outer surface of crystalline cellu-
lose by molecular dynamics simulations, whereas the
values are shown to be different should an average
over the cross-section be taken, the fibrils have
different number of chains or different lengths (Had-
den et al. 2013; Kannam et al. 2017). This value is
also reported to alter under various circumstances,
such as changes in humidity levels, throughout the
length of the fibrils (Ogawa 2019). Despite all said,
theoretical powder diffraction patterns have shown
that twisting does not excessively disorder the unit cell
of the cellulose I (Hadden et al. 2014).

Several atomistic models for, or dislocated cellu-
lose have already been published (Mazeau and Heux

2003; Mohammad et al. 2018; Zhang et al. 2013;
Kulasinski et al. 2014, 2015a, b, 2017). In previous
work, we modelled the dislocated regions within
CMFs using molecular dynamics (MD) simulations,
and characterized the models based on the conforma-
tional preferences and presence of intra- and inter-
chain H-bonds (Khodayari et al. 2020b). We further
showed that the inverse rule of mixtures can be
employed to compute the effective elastic modulus of
fibrils composed of crystalline and dislocated seg-
ments (Khodayari et al. 2020a).

In our work we first address re-organization of
dislocated regions in CMFs after cleavage, as sug-
gested by Kontturi et al. (2016) and Spiliopoulos et al.
(2021), reflected by the increase in the crystallinity
index (Kargarzadeh et al. 2012). Using MD models
we explore how H-bonds in short-length dislocated
cellulose regions can hold the chains together through
intra- and inter-chain bonding, keeping the properties
of the segments comparable to those of the crystalline
regions. It is then predicted that there is a direct
relationship between the elastic modulus of dislocated
segments and the hydrogen bonding in these regions.
Our numerical results suggest that 3-4 GRs bordering
to crystalline regions are actually returning to a
pseudo-crystalline state after cleaving the CMF. Based
on literature data of mass loss in acid vapor cleavage
we then estimate the length of the dislocated regions in
CMFs ranges from 3.1 to 5.8 nm, considering pseudo-
recrystallization of such regions with shorter sizes.
These results are providing a molecular dynamics
based explanation for the experimentally observed
increase of the crystallinity of cellulose after degra-
dation by vaporous acid hydrolysis (Kontturi et al.
2016). Based on our result of 3-4 GRs recrystallizing
upon cleavage, the size of the dislocated segments in
CMFs from different source materials can be esti-
mated as well, if the mass loss after hydrolysis to
LODP is accurately determined.

Methods and models

Molecular dynamics simulations

Molecular dynamics simulations are performed using
GROMACS 2018.7 version (van der Spoel et al.

2005). GLYCAMO6 force field parameters are used
(Kirschner et al. 2008), and the conversion from
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Amber (Case et al. 2018) topology to GROMACS is
performed through the Acpype python script (Sousa
Da Silva and Vranken 2012). Materials studio is used
to generate the initial conformations (BIOVIA 2017).
Minimization is performed using the steepest decent
algorithm. Integration of Newton’s equation of motion
is carried out by the leap-frog algorithm in all steps of
the simulations. A step size of 2 fs is used for majority
of the simulations. Bonded hydrogens are constrained
through the LINear Constraint Solver (LINCS) algo-
rithm. Cut-off of neighbour searching for short-range
electrostatics and van der Waals interactions are set to
1.2 nm. Particle mesh Ewald (PME) is used to treat the
electrostatics. Velocity rescaling thermostat is used for
the temperature coupling. All models are positioned in
the middle of a box of 23 x 30 x 100 nm?.

Structural configuration of the If crystalline cellu-
lose was taken from the crystallographic data reported
by Nishiyama et al. (2002).

A geometric criterion is considered to distinguish
the hydrogen bonds, being the donor-acceptor distance
lower than 3.5 A and hydrogen-donor-acceptor angle
of less or equal to 30° (Jeffrey 1997).

The molecular dynamics simulations to measure
the elastic modulus of the fibrils were performed
according to the methodology described in previous
work (Khodayari et al. 2020b). In a first approach,
models are simulated in vacuum. It is already shown
that presence or absence of water has minor effects on
the elasticity of CNCs, while not generally on that of
the CMFs. Crystalline cellulose is impenetrable to
water, which hinders any effects on the intra- and
inter-chain H-bond patterns controlling the chiral
properties such as the twist of fibrils of 6 X 6
arrangements (Bu et al. 2015). Water should interact
more strongly with dislocated segments but as we are
most interested in the transition region between
crystalline and dislocated cellulose. As discussed by
French (2014) GLYCAM parameters might lead to an
overestimation of values in vacuum as they have been
adjusted for water models. This could possibly then
lead to an overestimation of the recrystallization
effect. In a previous work (Khodayari et al. 2020b),
we have demonstrated that the hydrogen bonding
pattern, as well as the conformational preferences of
the models remain intact, when modelled in water,
compared to current work in vacuum. This simplifi-
cation therefore seems justified.

@ Springer

Models
Crystalline/disordered models

A 6 x 6 If cellulose crystal with exposed surfaces
formed from the 110 and 110 planes was modelled,
having a DP of 119, showing an initial length of 61.25
nm before equilibration, and 63.52 nm of axial length
when energy minimized and equilibrated using the
GLYCAMOG6 parameter sets. This minor change in the
length of the model is expected as minimization and
equilibration is shown to have a shrinking effect on a-
and an expanding effect on c-unit cell dimensions
(Nishiyama et al. 2012). Following an established
methodology to disrupt the perfect arrangement of the
chains (Khodayari et al. 2020a, b), the generation of
the dislocated segments in the middle of the fibril was
performed by step-wise tempering the segment to
temperatures above its melting temperature, being
750, 900, and a maximum temperature of between
1000 and 1050 K. The last step was followed by
quenching down the temperature to 300 K, which
concluded with 4 ns of simulation (1 ns for each
tempering step). Note that, the annealing and quench-
ing steps are used as tricks to disrupt the hydrogen
bonding pattern in specific segments of the fibril, and
no measurements are performed at high temperatures,
to avoid unstable and highly kinetic structures.
Otherwise stated, the tempering cycles are to generate
enough thermal vibration to the systems and to
artificially disrupt the cyrstallinity of the segments
(Morthomas et al. 2019). Structures analysed at room
temperature are hence equilibrated and stable. More-
over, no disruption of the pyranose conformations
either in the crystalline or the dislocated segments was
observed. 11 models including different lengths of
dislocated segments of 2.6 - 18.5 nm were modelled
using the above methodology, having lengths of 5, 6,
7, 8,9, 10, 15, 20, 25, 30, and 35 glucose residues
(GRs) in the middle of the fully crystalline model. The
models were then named by adding the letter r before
the number of GRs being dislocated. Figure 1 shows
an example of the model including a 10-glucose
residue dislocated segment in the middle of the fibril
(r10).
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crystalline region

Dislocated
segment

crystalline region

Fig. 1 The model including 10 glucose residue of dislocated segment in the middle (r10)

Cleaved models

To generate the cleaved models from complete CMFs,
the right hand side crystalline region in Fig. 1 is
removed manually and O4 oxygen on the ending
residues are capped by hydrogen. Reorganization of
the models is then studied by equilibrating the
structures for 90 ns at room temperature. A step size
of 3 fs is used for this set of simulations.

Models to study temperature dependency

To study temperature dependency of hydrogen bond-
ing, nine models (from 15 to r25) were selected to
investigate deterioration of the hydrogen bonding
pattern in the dislocated segment by temperature.
Models were all tempered to 750 K, and subsequently
to a maximum temperature of 900, 1000, 1020, 1030,
1040, and 1050 K (1 ns equilibration time for each
tempering step). Models were quenched down after
reaching each maximum temperature, leading to
generation of 54 models.

Results and discussion
H-bond and the elastic modulus

Using 1020 K as the maximum tempering tempera-
ture, dislocated regions were generated for all r
models. The extent of disorder can be rationalized
by the number of H-bonds per cellobiose. Figure 2a
shows the number of H-bonds per cellobiose in the
dislocated region of all the models. Accordingly, the
value drops sensibly when the r10 model is consid-
ered, and it remains almost constant by increasing the
length of the dislocated region in the r15, r20, 125, r30,
and r35 models. This indicates a tipping point, at
which H-bonds are irreversibly lost. The elastic
moduli of the fibrils including dislocated segments

shorter and equal to 10 GRs are then measured and
represented in Fig. 2b. The first four models show very
similar values to those of the fully crystalline model
(152 GPa for 3.7% of strain). The modulus slightly
drops in the r9 model, and reaches its lowest value in
the r10 model. As the tensile modulus of the fibrils
depends on the amount of hydrogen bonds (Santi-
ago Cintrén et al. 2011), the moduli of the dislocated
regions larger than 10 GRs would subsequently be
almost equal to 76 GPa, as measured for the r10 model
(Khodayari et al. 2020b). Comparing the two plots, it
can be concluded that the elastic modulus follows a
similar trend with the change in the H-bonds. Hence,
H-bond analysis can be used as a strong indication for
distinguishing the crystalline parts from the dislocated
regimes.

The elastic modulus of the dislocated segments can
be computed using the inverse rule of mixtures
(IROM), and the volume fractions of the segments
(Khodayari et al. 2020a). The IROM to calculate the
modulus of the dislocated segments (shorter than r10)

1

1 v va ;
can be expressed as E; —E + B where E .y is the

effective elastic modulus of the fibril, v. and v, are the
volume fractions of the crystalline and dislocated
segments, and E, and E; are the elastic moduli of the
crystalline and dislocated segments, respectively. It is
worth noting that the elastic modulus of the r5, 16, 17,
r8, and 19 dislocated regions are slightly lower than
those of the fully crystalline model as evidenced in
Fig.S1 from the supplementary information. It drops
by 10-20% in the first five dislocated models, while it
reaches a lowest value of one half the fully crystalline
model in the r10 model, being 76 GPa. This trend also
completely follows the pattern of the normalized
hydrogen bonding number.

Transition region

The number of hydrogen bonds per cellobiose in the
54 tempered-quenched regions (explained in “Models
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Number of H-bonds/cellobiose residue
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Fig. 2 a Number of hydrogen bonds per cellobiose in the dislocated region of all the r models and in the fully crystalline model, and
b the elastic modulus of the models including dislocated segments up to 10 GRs

to study temperature dependency”) is calculated and
depicted in Fig. 3. As can be seen, trends from
different models seem to start diverging when tem-
perature rises. Increasing the temperature to values
over 1020 K does not necessarily decrease the
hydrogen bonds in the r5 and 16 regions, as well as
for models longer than r10. In other words, the most
disturbed structures for all the models equal to and
longer than 10 GRs can be generated by reaching a
temperature of 1020 K. Increasing the maximum
temperature to values over 1050 either generates very
high kinetic energies, leading to detachment of the

-5

251

Number of H-bonds/cellobiose residue

1000 1020 1030 1050

Maximum temperature [K]

2 .
300 900 1040

Fig. 3 Temperature dependence of the hydrogen bonding
number per cellobiose. Most models reach a minimum number
of hydrogen bonds per cellobiose at 1020 K and higher. 17, 18,
and 19 models behave as transition regions. Error bars are not
shown for the sake of clarity. A standard deviation of +0.25 can
be considered
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chains in models with dislocated segments longer than
7 GRs, or only marginally decreases the H-bonds in r5
and r6 models.

According to Fig. 3, three regions can be defined.
The stable region, at which H-bonds intensely resist
breaking, including the r5 and r6 models . On the other
hand, heat-treated segments larger than 10 GRs hold
the minimum number of H-bonds, at temperatures
1000 K and above, having the least resistance against
keeping H-bonds. A transition section can also be
observed (dashed lines), where the persistence in
keeping the H-bonds decreases as the imposed kinetic
energy increases. At lower kinetic energies, 17, r8, and
r9 models keep a high number of H-bonds. As the
temperature rises, the models tend to lose their
H-bonds gradually. This can be possibly the region,
where dislocated segments can reform, or recrystallize
back to crystalline cellulose, depending on the number
of hydrogen bonds. Stated differently, the transition
regime is a section where chains form a crystal at
lower temperatures, while they gradually transform
into dislocated segments when temperature rises.
Taking the example at 1020 K, it is shown in Fig. 2b
that the mechanical properties can be very close to that
of a crystalline cellulose for the dashed models in
Fig. 3.
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Dependency of chain reorganization on the H-
bonds

To check if reorganization occurs or not, 14 structures
were selected from the ones in Fig. 3. The choice was
made based on different lengths and different H-
bonds/cellobiose ratios. Models were cut to mimic
cleavage after acid hydrolysis in experiments. The
models are cleaved perfectly, i.e. into a single
crystalline segment on the left and a corresponding
dislocated section on the right (removing the right-
hand side crystalline segment) as shown in Fig. 4.
Each model is then equilibrated at 300 K for 90 ns.
Particularly, models were chosen to cover a variety of
initial H-bonds/cellobiose ratios (blue bars in Fig. 5).
Figure 5 shows the change in the H-bonds/cellobiose
ratio in the dislocated region before and after cleavage.
As can be seen, the gain in the H-bonds/cellobiose
ratio is more pronounced in the first four models than
for the rest. Note that, models having lower number of
H-bonds/cellobiose ratios before cleavage such as the
first three models in the red background zone, also
show a growth in the H-bonds, but they did not reach
values in the range 3.5-4. This implies that the
mechanical properties of these models, despite gaining
some H-bond, cannot be as high as for the crystalline
segments. However, models which already have H-
bonds/cellobiose higher than 3.2 0.2, i.e. those in
the green background zone, experience higher gain in
H-bonds. As also shown in Fig. 2, a model having 4 H-
bonds/cellobiose can show very close values of
elasticity to that of a crystal. The results show that
reorganization of the simulated models is rather an H-
bond dependent phenomenon than being length
dependent. The argument can be better explained in
Fig. 6. This figure includes four models which are
trimmed out of the previously cleaved dislocated
segments in Fig. 5. For example, 63 denotes a
dislocated segment with 6 GRs length, cut out of a

dislocated model with a length of 8 GRs. This is
mimicking a situation when hydrolysis has caused
cleavage of a 8 GRs length dislocated segment into
two parts of 6 and 2 GRs. Interestingly, in spite of all
models having the same length, the ones which
originally have had H-bonds/cellobiose ratio of 2.5
or lower did not gain any H-bonds. This confirms the
H-bond dependency of the phenomenon.

It must be noted that, despite H-bond dependency
of the reorganization, the assumption of having
dislocated segments with lengths in the transition
region (dashed lines in Fig. 3) is still a valid argument.
This is because models longer than 10 GRs are more
prone to lose hydrogen bonds, in contrast to models
shorter than 6 GRs. It can hence be concluded that
dislocated segments are intrinsically expected to have
lengths shorter than 10 GRs, but not less than 6 GRs.
This is further investigated when H-bond distribution
in the dislocated regions is analysed.

To check whether reorganization of the models
occurs at all chains or at the interior chains of the fibril,
the number of H-bonds/cellobiose in the 16 interior
chains are also measured and compared with the
values before reorganization. In particular, two sets of
data were prepared: the gain in H-bonds/cellobiose for
the exterior chains of the dislocated segments includ-
ing 20 chains, which is the difference of the initial H-
bonds/cellobiose and its value after cleavage, and the
gain of H-bonds/cellobiose of the 16 core chains. To
compare the two sets, values are normalized by the
considered number of chains, i.e. the first set of data is
divided by 20, while the second set is divided by 16.
The reorganization intensity (RI) can be defined as:

_ (Hbonds [ cellobiose), — (Hbonds/cell), (1)
N chain number

where 0 refers to the state before cleavage, 7 to the state
after reorganization, and chain number is the number
of chains in the considered section of analysis.

Fig. 4 Cleaved model to study chain reorganization is simulated by removing the right-hand side crystalline segment, resulting in a
crystalline segment on the left and a dislocated segment connected to it on the right
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Number of H-bonds/cellobiose residue

6 8 10 9
Dislocated region lengths [GR]

Fig. 5 The change in the H-bonds/cellobiose in the dislocated
segments before and after cleavage by removing the right hand
side crystalline region in Fig. 1. Horizontal axis values show the
lengths of the dislocated segments in original H-
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Fig. 6 The change in the H-bonds/cellobiose for models where
cleavage of the dislocated region has occurred inside the region
rather than at the end of it. Reorganization, regardless of the
length of the models, is a H-bond dependent phenomenon. Error
bars show the standard deviation of the mean

Figure 7 illustrates the reorganization intensity for
the interior and exterior chains of the reorganized
models in Figs.5 and 6. Results show that for the
crystallized models, reorganization mostly happens at
the core, rather than the exterior of the fibrils. It
however must be noted that, the results brought here
concern individually isolated fibrils, whereas CNCs
and in general CMFs in the plant cell wall aggregate to
build super clusters connected via other amorphous
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Il Before cleavage
B After cleavage

8 7 9 8 10

bonds/cellobiose decreasing order. Models having H-bonds/cel-
lobiose higher than 3.2 =+ 0.2 show a higher gain in H-bond after
equilibration. Repeated numbers refer to different points on
Fig. 3. Error bars show the standard deviation of the mean

0.03
I Exterior chains

Il Interior chains
0.025 |

0.02 1

0.015

Reorganization intensity

6 8 10 9 6 6
Dislocated region lengths [GR]

Fig. 7 Intensity of reorganization for different lengths of
cleaved dislocated segments. Majority of the models show
reorganization at the core, twice that of the exterior chains

media, e.g. hemicellulose and lignin, which alter the
surface characteristics of the individual fibrils. These
results are hence not relevant when elementary or
technical fibres are considered.

Reorganization or recrystallization?

The idea of recrystallization of the dislocated seg-
ments of CNFs has been proposed as a result of
occasional observations at the macroscale. Studies
have already been performed to evaluate the structural
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reorganization of cellulose crystals (Miyamoto et al.
2009). Our simulations tried to elucidate whether a full
recrystallization of the disordered segments can hap-
pen if enough freedom is given to the structure to
reform, e.g. due to a cleavage. Nonetheless, the
analysis on the change of the H-bonds reveals that
full retrieval of the lost H-bonds does not occur, at
least within the 90 ns time frame given to the
simulations. On the other hand, H-bonds reform to
the extent that the so called recrystallized models show
mechanical properties close to those of a fully
crystalline segment. To further elaborate on this,
another set of analyses was done to check conforma-
tional changes of the main dihedral angles about the
glycosidic linkage. Crystallinity of CNCs is shown to
be mostly controlled via three dihedral angles
¢=05—-Cl1—-04—C4,

Y =Cl—04—-C4—-C5,

w=05—C5—C6 — 06, and the glycosidic angle
0 = C1 — 04 — (4, discussed thoroughly in the liter-
ature (Heiner etal. 1995; Nishiyama et al.
2002, 2003b). These parameters have been demon-
strated to show persistent ranges of values for different
cellulose crystals (French et al. 2021; Mazeau and
Heux 2003; Chen et al. 2012). The reported ranges for
these torsional angles are ¢ :262° —272°,
W 213° —221°, and o : 158° — 170°.

Here, we maintain our focus on ¢ and  values (see
Fig. 8a), as they mainly affect the intra-chain H-bonds
controlling specific behaviour of CNCs, such as the
leverage effect in stretched cellulose (Djahedi et al.
2016). Note that, synergistic changes of these two
torsional angles have shown to control the elasticity of
cellulose fibrils (Khodayari et al. 2020b). The crys-
talline models in our study show canonical values of
268°(—91.9° +0.3) and 218°(—142.7° £ 0.3) for ¢
and y, respectively (see Fig. 8b).

Distribution of ¢ and  for the first four models in
Fig. 5 are illustrated before and after cleavage
(Fig. 8c). According to the results, there are slight
deterioration in the mean values and standard devia-
tion (SD) of these two torsional angles before cleav-
age, compared to those of the crystalline segments. In
particular, reorientation of the chains after cleavage
leads to minor shifts in the canonical values of the
dihedral angle preferences and/or increase of the
population of angles around the canonical values,
reflected as a decrease in the standard deviation of the
mean values. Here, it must be noted that, even small

changes in SD imposes noticeable variations in the
distribution of the torsional angles, as for instance the
deviation in the dihedrals of the crystalline segments is
only about 0.3. To elaborate further, the mean values
and respective SDs of ¢ and y before and after
cleavage are brought in Table.1. As can be seen, the
mean values fluctuate more or less around the
canonical values reported for the crystalline models.
Generally, relaxing the models after cleavage might
lead to one of the following two conditions. The mean
of the distributions changes to values closer to those of
the CNCs, or the standard deviation of the mean
decreases, while the mean does not change noticeably.
As an example, standard deviation of r6, r10, and r9 all
decrease for both ¢ and i/, meaning that more
torsional angles are distributed about the canonical
values, due to reorganization. On the other hand, r8
model does not show a decrease of SD, however, the
mean values of ¢ and y get closer to those of the
crystals. It must also be added that, the longer the
model is, the easier it would be to retrieve the lost H-
bonds. In other words, not only is it difficult to
generate dislocated segments shorter than 6 GRs, but it
is also not possible for the chains to reorient and form
back to a crystalline formation. Interestingly, The last
6 models in Fig. 5 show no or marginal change in the ¢
and  percentages, and are still far from those of a
crystalline model (refer to section S.2 of the supple-
mentary information for more). In a study by French
et al. (2021), authors presented the distribution of ¢
and  values for different cellooligosaccharide con-
formations and derived the energy surfaces obtained
by DFT quantum mechanics method for the experi-
mental observation of these values at the f-(1—4)

linkages. Interestingly, the reorganized models here
exhibit an agreement of dihedral preferential values
with those reported by French et al. (2021) (Fig.S.3).

To increase the reliability of the conclusions,
further analyses are performed and theoretical X-ray
powder diffraction (XRD) patterns are calculated by
Debyer Wojdyr (2012) for the dislocated and reorga-
nized structures (6, 8, 10, and 9 GR) and compared to
those of the crystalline segments (Fig. 9). Crystalline
segments (gray patterns in Fig. 9) show three peaks at
14.55°, 23.35°, and 33.75°, corresponding to the 110,
200, and 004 planes. The patterns are in good
agreement with those reported for the twisted models
by Hadden et al. (2014), even though models of 81
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Fig. 8 a Illustration of the
dihedral angles ¢ and ¥ in a
section from a cellulose
chain. b Distribution of the
dihedral angles ¢ and y for
CNC. ¢ The blue scatter
plots show the distribution
of the dihedral angles within
the first four dislocated
models in Fig. 5 (6, 8, 10,
and 9 GR), whereas the right
orange scatter plots depict
the same distribution for the
reorganized models. The
canonical values for the
crystalline segments is
measured to be
268°(—91.9° £ 0.3) and
218°(—142.7° £ 0.3) for ¢
and ), respectively
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Table 1 The change in dihedral angle values and respected
standard deviation (SD) due to reorganization of the models
shown in Fig. 8c

Model Before cleavage After cleavage (reorganized)
Mean [] SD  Mean [’] SD
r6(¥) —139.8 0.8 —138 0.5
r6(P) -92 0.7 —92.1 0.5
8(¥) —1439 0.8 —140.9 0.9
r8(P) -90.9 0.5 -92.1 1.1
rl0(¥Y) —1353 1.7 —134 1.1
rlo(®)  —88.7 0.8 —89.2 0.7
(%) —-139.9 14 —139 0.6
r9(P) —89.6 1 -90.8 0.6
50 r—
1 — Crystalline
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Fig. 9 Theoretical diffraction patterns of the crystalline
cellulose (shown in gray) and those of the dislocated and
reorganized models of a 6 GR, b 8 GR, ¢ 10 GR, and d 9 GR in

length. The peaks of the corresponding patterns to the 110, 200,

total chains were used in that study. The same
agreement can be seen about the minor low-angle
scattering in the 10°-13° range of 20. This low-angle
scattering is seen for the twisted models, as well as
linearly constrained models by Hadden et al. (2014).
Nishiyama et al. (2012) argued that the low-angle
observations diminish when larger number of chains
are considered alongside water solvation shells around
the models. However, for the sake of comparison
between the three types of structures here, their
existence is not of major concern. Our diffraction
patterns for the crystalline cellulose also fit well with
those observed for the 6x6 models in the study of
Nishiyama et al. (2012). As can be seen in Fig. 9
dislocated models exhibit larger low-angle scattering,

50

—
| —Crystalline
| — Dislocated
| —Reorganized

Intensity

20
(b)
T
—Crystalline
—Dislocated

—Reorganized

Intensity

&‘

10 15 20 s %0 3 40
20
(@)

and 004 planes are shown with dashed lines. The patterns are
calculated by Debyer (Wojdyr 2012). A Wavelength of CuKe,
1.5418 A, is used
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influencing the peak position and intensities of the 110
plane. The 6 GR and 9 GR models still show minor
low-angle scattering after reorganization, which obvi-
ously deteriorates the further peaks. Interestingly, in
all the models, 110 and 200 peak positions move
closer to those of the crystalline cellulose. All
reorganized models show a shift in 200 peak position,
towards 20 = 23.35°. This increase in 260 values can
be attributed to the decrease in the intermolecular
spacing. In particular, reorganization of the chains
leads to a more compact arrangement and hence higher
values of 20 at the 200 plane. Peak positions at 004 do
not change significantly, especially for the first three
models, despite an increase in the intensity. This
suggests that the chain length remains nearly constant
in the disordered or the reorganized models. Based on
the XRD patterns observed here, we can conclude that
there is certainly some degree of reorder in the
dislocated segments after cleavage.

Above observations generate another set of con-
clusions that provide more evidence that a so-called
“pseudo-recrystallization” phenomenon can happen
only if the degree of disorder is below a certain level,
i.e. H-bonds/cellobiose higher than our reported value.
That is to say, despite the fact that the reordered chains
never exhibit full similarities to a crystalline cellulose,
as the H-bond analysis, the dihedral analysis, and the
diffraction patterns show, the structures tend to
reorient to arrangements close to a crystal. Hence,
for the sake of simplicity, the term “recrystallization”
is used instead of “pseudo-recrystallization”,
hereafter.

H-bond distribution in the dislocated regions

Distribution of the H-bonds can be a decisive param-
eter in defining the cleavage and recrystallization trend
in the dislocated segments, as well as in defining the
length of these segments. In dislocated regions
featuring less than 10 GRs (see Fig. 10a), there is
homogeneous distribution of H-bonds to a major
extent. However, if longer dislocated segments do
exist, the distribution varies throughout their length.
Meaning that, the number of H-bonds will be at its
highest near the adjacent crystalline segments, and
reach a minimum in the middle of the dislocations.
Figure 10b shows the distribution of H-bonds if
dislocated models would have existed as long as 25

@ Springer

GRs. The GR length of each bar in Fig. 10 is
considered to be 3, for two reasons: shorter GRs
cannot include enough inter- and intra-chain hydrogen
bonds from a statistical aspect, and longer GRs could
not provide clear insight when dislocation length is
short, i.e. 8 GRs or less (refer to S.3 of the
supplementary information for the rest of the
distributions).

According to the previous results, recrystallization
of the dislocated regions can happen if the H-
bonds/cellobiose in that region is above an approxi-
mate value of 3.2 &+ 0.2. Hence, considering the model
in Fig. 10b, there would be recrystallization under two
conditions: cleavage would happen at the weakest
point, which is the middle of the dislocated segment;
only the two ends of the dislocated segment, each
containing ~ 3 GRs, recrystallize, and the remaining
19 GRs would have to be considered as mass loss after
the hydrolysis. This is different for models shorter than
9 GRs, as distribution of H-bonds is almost constant
throughout the length, and in case of recrystallization,
all the dislocated region can be recrystallized, and
little to no mass loss is expected. As a conclusion,
results show how difficult it would be to break the H-
bonds within the ca. 3-4 GRs attached to the
crystalline regions in such a way that H-bonds/cel-
lobiose average in those regions falls below the
observed margin of 3.2 4+ 0.2.

The lengths of dislocated cellulose segments
in cellulose microfibrils

Combining the information about the number of
dislocated GRs that recrystallize after cleavage with
the mass loss upon vapour phase acid hydrolysis of
CMFs, the length of the segments with dislocated
cellulose in CMFs can be estimated.

When performing acid hydrolysis with vaporous
HCI, only the dislocated regions of the CMFs are
cleaved off. The resulting glucose mass loss of the
CMFs can be measured, for example, for cotton and
ramie CMFs, mass loss was found to be 0.1%
(Kontturi et al. 2016) and 1.7% (Nishiyama et al.
2003a), respectively. The investigated CMFs had a
LODP of 170 for cotton and 300 for ramie. Assuming
there is no recrystallization of dislocated GRs, it is
straightforward to calculate the number of dislocated
GRs in these CMFs by multiplying the glucose mass
loss m [%] by the degree of polymerization p [-], here
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Fig. 10 Distribution of H-bonds in the dislocated regions. dn(i) denotes the n' district having 3 number of GRs for a 19, and b r25
models. The exception districts with 2 GRs in length are mentioned. The error bars represent the standard deviation of the mean

measured as LODP. For the cotton CMFs, this is
0.1% x 170 = 0.17, meaning that the number of
dislocated GRs would be essentially zero, for the
ramie CMFs it is 1.7% x 300 = 5.1, that is 5 GRs.
When recrystallization is considered, the number of
dislocated GRs is larger for the same glucose mass
loss. According to our results discussed above, on each
side of a CNC there are 3 GRs having the potential to
recrystallize after acidic cleavage. In reality, this
number may be lower, as the dislocated cellulose may
be cleaved off directly next to the crystalline region,
which makes recrystallization impossible. If we
assume that r GRs can recrystallize, the most
optimistic scenario is that all of them are actually
recrystallizing. The number of dislocated GRs g
between CNCs in this case is given by g = mp + 2r.
This scenario is an upper bound for the number of
dislocated GRs, as it assumes the highest possible
amount of recrystallization. The most pessimistic
scenario for recrystallization is that there is equal
probability for each cellobiose in the dislocated GRs to
be cleaved. It is the most pessimistic because the
distribution of H-bonds tends to be higher next to the
crystalline region as shown in Fig. 10. Thus, in reality,
there might not be equal probability for splitting,
instead, the GRs next to the crystalline region are less
prone to cleavage. Assuming equal probability for
r GRs to be cleaved, the average amount of cleaved

GRs is /2" implying that on average r/2 GRs are
recrystallizing on each end of a CNC. Thus the lower
bound for the number of dislocated GRs g between
two CNCs is given by g = mp + r.

Utilizing the equations for upper bound g = mp +
2r and lower bound g = mp + r one can calculate the
number of GRs in the dislocated regions of CMFs.
Figure 11 provides the results for this type of analysis
based on the vapour phase acid hydrolysis data for
cotton CMFs (Kontturi et al. 2016) and ramie CMFs
(Nishiyama et al. 2003a), as already discussed previ-
ously. The first two variables, m and p in the equations
are data on the glucose mass loss from vapour phase
acid hydrolysis. The variable r is the number of
recrystallized GRs from dislocated segments in the
CMF. Please note that the slope mp of the resulting
lines is defined by the results from hydrolysis, while
the offset r is defined by the number of recrystallizing
GRs.

! The average amount of GRs cleaved off is the sum of the
probability p; of each scenario times the number of GRs cleaved
off g; in this scenario, i.e. ), ,p;gi. Assuming a maximum
number of » GRs that can be cleaved off (minimum is zero), and
equal probability for splitting, p; is constant as p; = 1/(r + 1),
we obtain > o i/(r+1) =1/r+1) Si,i=
r(r+1)/2(r+1) = r/2. Thus the resulting average amount
of GRs cleaved off is /2. This result was also confirmed by
simple numerical modelling
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-- 3 GRs recrystallized .
- 4 GRS recrystallized |

« data of Kontturi et al. (2016)
LODP=170, Mass loss 0.1%
I L

+ data of Nishiyama et al. (2003)
LODP=300, Mass loss 1.7%
L

Size of dislocated regions [number of GRs]

0 0.5 1 1.5 2 25 3
Mass loss in acid hydrolysis [%]

Fig. 11 Size of the dislocated regions in CMFs as a function of
the mass loss in acid hydrolysis. The plot shows the results for
recrystallization of 3 GRs (dashed lines) or 4 GRs (dotted lines),
indicating the upper and lower bound as discussed in the text.
Black lines represent results on cotton fibres based on data
published by Kontturi et al. (2016), red lines are results on ramie
fibres based on data from Nishiyama et al. (2003a). The
intersection with the vertical solid lines gives the resulting
number of dislocated GRs based on these data

According to our analysis from previous sections,
in our models, it is most likely that about 3 GRs are
recrystallizing on each end of a CNC, however for
dislocated segments shorter than 9 GRs it is envisaged
that this value increases to 4 GRs. Thus results are
calculated for r = 3,4, where the dashed lines are the
results for 3 recrystallized GRs, the dotted lines for 4
recrystallized GRs. The intersection of the glucose
mass loss (vertical solid lines) with the lines for upper-
and lower bound gives the resulting region estimating
the number of GRs in the dislocated CMF segments.
For the cotton CMFs (black lines) the length of
dislocated cellulose regions is calculated to be
between 3 and 8 GRs. Considering the dislocated
segments with less than 7 GRs are really stable in
terms of hydrogen bonds (Figure 3), which impedes
cleavage, we tend to think that the length of the
dislocated regions in the analyzed cotton fibres is
around 6 to 8 GRs. For the ramie fibre CMFs (red
lines) the size of the dislocated segment is estimated to
be 7to 11 GRs, with 3 GRs recrystallizing on each end
of a CNC.

@ Springer

Conclusions

In this work, we have been addressing the recrystal-
lization of amorphous regions in CMFs after cleavage,
a process which has been proposed after observing an
increase in crystallinity after acid vapor hydrolysis of
CMFs (Kontturi et al. 2016; Spiliopoulos et al. 2021).
Using molecular dynamics we modelled a 63.5 nm
CMF in a 6 x 6 model. The model was exploited to
generate dislocated segments with lengths varying
between 2.6-18.5 nm. We showed that the models
losing hydrogen bonds inherently result in fibrils with
lower elastic modulus. We found that a hydrogen bond
threshold exists below which pseudo-recrystallization
cannot take place, and based on our models, it can
happen when H-bonds/cellobiose ratio is higher than
3.24+0.2. The change in the distribution of the
dihedral angles, as well as the results of the theoret-
ically calculated powder diffraction patterns suggest
that there is some degree of reorder for these models.
The term pseudo-recrystallization is hence used as the
respective GRs are in a state which is similar to
crystallinity in terms of (hydrogen-)bonding, confor-
mation, and mechanical rigidity, yet there is some
remaining disorder. In summary we are suggesting
that 3-4 GRs are re-crystallizing after cleavage.

Based on analysis of mass loss after acid vapor
hydrolysis in the literature we calculate the length of
dislocated segments in the CMFs. Depending on the
source plant, we found a length of the dislocated
segments of 6-8 GRs for cotton and 7-11 GRs for
ramie, equivalent to 3.1-4.2 nm and 3.6-5.8 nm,
respectively. Providing the considered recrystalliza-
tion threshold of 3-4 GRs, our approach can be further
used to calculate the dislocated segments content in
other CMF samples, knowing their mass loss in acid
hydrolysis.

It is worth emphasizing that, our conclusions rely
on 6 x 6 chain models of the CMFs, which is arguably
one of the most accepted arrangements. We are
however aware that other arrangements of cellulose
(18- and 24-chain models) are viable options. We
cannot hence precisely predict how other arrange-
ments could affect the length and size of dislocations,
which will be part of future work. We think that this
molecular dynamics work provides a new perspective
for a quantitative understanding on the structure of
dislocated cellulose in CMFs and the composition of
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the plant cell wall. Further experimental and modeling
work will be necessary to confirm our findings.
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