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ABSTRACT

Understanding the defect structure is fundamental to correlating the structure and properties of
materials. However, little is known about the defects of soft matter at the nanoscale beyond their
external morphology. We report here on the molecular-level structural details of kink defects of
cellulose nanocrystals (CNCs) based on a combination of experimental and theoretical methods.
Low-dose scanning nanobeam electron diffraction analysis allowed correlating the local
crystallographic information and nanoscale morphology and revealed that the structural
anisotropy governed the kink formation of CNCs. We identified two bending modes along

different crystallographic directions with distinct disordered structures at kink points. The drying



strongly affected the external morphology of the kinks, resulting in underestimating the kink
population in the standard dry observation conditions. These detailed defect analyses improve
our understanding of the structural heterogeneity of nanocelluloses and contribute to the future

exploitation of soft matter defects.
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Cellulose nanoparticles, including cellulose nanocrystals (CNCs) and nanofibers (CNFs), are a
class of fibrous crystalline nanomaterials extracted from cellulosic biomass (e.g., land plants).
These so-called nanocelluloses have attracted significant attention as a bio-sourced alternative to
synthetic materials for their abundance, renewability, low toxicity, and excellent material
properties.! Extensive research efforts have been made in the structural and morphological
characterization of these nanoparticles to understand their structure-properties relationships.

Such characterization focused chiefly on the size estimation of the nanoparticles.>* While the



other finer morphological details, including various defects, have long been observed in the
literature,>’ they have only recently received closer scrutiny on their structural aspects.3!!

One of such underexplored features of nanocelluloses is kink defects, i.e., sharp bends along
the fiber axis of the nanoparticles. Kinks are common defects in fibrous materials, from carbon

12214 TEM and atomic force

nanotubes and amyloid fibrils to macroscopic cellulose fibers.
microscopy (AFM) observations have revealed that the kink is a widespread morphological
feature of nanocelluloses regardless of the type of nanoparticles, processing conditions, or the
source of cellulose.!®!51” Various possible functions have been proposed for the kinks, from a
mechanical weak point to an active site for chemical and enzymatic modification of
nanocelluloses.!”!829-22 While they undoubtedly have consequences on the material properties of
nanocelluloses, their actual functionalities remain largely hypothetical due to the lack of
understanding of their ultrastructure. The current knowledge is based solely on morphological
observations. For instance, the previous studies proposed extensive chain breakages at the kink
points,?’*2 but such molecular-level structural changes are not detectable by morphological
characterization. On the other hand, molecular modeling provided insights into molecular details
of the kinks. Molecular dynamics (MD) simulations suggest that the bending of cellulose crystals
is highly anisotropic due to the molecular packing of the cellulose crystal.?> The mechanical
anisotropy of cellulose presumably affects the kink formation of nanocelluloses. However, its
implication has been overlooked due to the lack of a suitable characterization technique that can
connect the internal crystal structure to the external kink morphology of cellulose.

Here, to better understand the structure-properties relationship of the kink defects of

nanocelluloses, we investigated the structure of the kinked CNCs using scanning nanobeam

electron diffraction analysis (SNBED). The technique derived from the Automated Crystal



Orientation Mapping (ACOM) approach pioneered in the 1990s** and further developed as
ASTAR® tool.>> The method recently extended to a broader range of four-dimensional scanning
TEM (4D STEM) techniques.?® The SNBED analysis allows us to obtain spatially resolved
crystallographic information by scanning over the sample with a focused electron beam.?’-2°
Based on the local structural information from the SNBED data, we reveal the molecular-level
details of the kink structure of CNCs. We demonstrated that the observed kink morphology of
CNCs results from the interplay between the structural anisotropy of CNCs and the drying step
during the sample preparation. The SNBED results combined with a nanoscale chemical
mapping based on AFM-infrared (AFM-IR) spectroscopy and molecular modeling also allowed
us to shed light on the structural disorganization at the kink points and the origin of the kink
defect formation.

This study used tCNCs obtained via sulfuric acid hydrolysis of purified tunicate cellulose.
Tunicate cellulose is a model cellulose specimen consisting of large crystallites, the crystal
structure of which is composed of the monoclinic If allomorph exclusively (Fig. S1A-C).*°
Figure 1A illustrates the straight fibrillar morphology of tCNCs with only occasional kinks
(arrowhead in Fig. 1A). tCNCs have a fibril width of typically around 12-15 nm and a length of
about one micron (Fig. S2). The cross-section of tCNCs is an elongated octagon (Fig. 1E) with
the (1 -1 0) surface as a major facet and the (1 1 0), (1 0 0), and (0 1 0) surfaces as minor ones
(Fig. S1D).3! As described by Helbert and co-workers,*! this cross-sectional shape results from
acid hydrolysis that preferentially peeled off the chains at the acute corners of the original
parallelogram cross sections. While tCNCs regularly twist in the aqueous suspension, they alter
their morphology to a flat ribbon shape when dried on a flat hydrophilic surface due to the

surface tension of water and the surface interactions between tCNCs and the substrate.® This



drying effect resulted in only a few possible orientations of tCNCs on the substrate, as shown in
the SNBED orientation map (Fig. 1B). The majority of tCNCs (75%) lie flat on the wider surface
(Fig. 1E). This orientation corresponds to the [1 -1 0] zone-axis diffraction pattern (Figs. 1C and
1D, red signals in Fig. 1B). The minority (25%) lies on the narrower (0 1 0) face (Figure 1H),
corresponding to the [0 1 0] zone-axis ED pattern (Figs. 1F and 1G, green signals in Fig. 1B).

[1io] D . . E [1i0]

SIS

[010] G H [0?01

Figure 1. Overview of untreated and kinked tunicate cellulose nanocrystals (tCNCs). (A) TEM
image of negatively stained tCNCs. (B) VDF image of straight tCNCs. The two crystallographic
orientations, [1 -1 0] and [0 1 0], correspond to red and green pixels, respectively. (C) ED pattern
of a straight fibril along [1 -1 0] zone axis and (D) its corresponding simulated diffraction
pattern. (E) Molecular model of a cross-section of tCNC with [1 -1 0] zone axis perpendicular to
the carbon support film and parallel to the electron beam. (F) ED pattern of a straight fibril along
the [0 1 0] zone axis and (G) its corresponding simulated diffraction pattern. (H) Molecular
model of a cross-section of tCNC with [0 1 0] zone axis perpendicular to the carbon support film

and parallel to the electron beam. (I) TEM image of negatively stained tCNCs after



ultrasonication treatment. Arrowheads point to single kinks, and circles indicate zigzag kinks. (J)
Zoomed-in images of single (top) and zigzag kinks (bottom). (K) cryo-TEM image of tCNCs
after ultrasonication treatment. Arrowheads indicate kink points. (L) AFM topography image of

zigzag kinks (top) and a 3D image (bottom) showing the thickening of fibril at the kink.

We then applied ultrasonic radiation to induce kink defects in tCNCs. After the ultrasonication,
more kinks were present in tCNCs under the standard dry (Fig. 11) and the cryogenic conditions
(Fig. 1K) that preserved the native aqueous suspension state. The kink occurred due to the

bending forces generated by the ultrasonication-induced cavitation jet.*?

The morphological
observations showed two distinct modes of kinks, single and zigzag kinks. The former represents
an individual and isolated kink (Fig 1J top). The latter corresponds to successive bends separated
with straight segments typically less than 100 nm long (Fig. 1J bottom). The distributions of the
kink angle (as defined in Fig. S3) differed depending on the kink modes as described below. The
AFM images show altered 3D morphology of tCNCs around the kinks (Figs. 1L and S4). The
nanocrystals laterally expanded around the kinks, as seen in the increase in the fibril height. This
lateral deformation indicates that the kinks of tCNCs are three-dimensional defects in contrast to
other simpler nanoscale kink defects, e.g., those of carbon nanotubes often considered as 2D
defects.!*3

These observations revealed the fine details of the kink defects of tCNCs. However, it is
impossible to correlate these morphological features with the local molecular organization based
solely on the morphological analyses. It is unclear whether and how the two kink modes relate to

the crystal structure of cellulose and if the morphological change of the crystal is indicative of

internal molecular disorganization.



We performed the SNBED analysis on the kinked tCNCs to obtain local crystallographic
information around the kinks. We reduced the radiation dose per scan position to the critical dose
for cellulose crystal, ca. 4 €/A2%,3* to obtain high-resolution ED patterns. Figure 2 shows SNBED
datasets where 2D ED patterns were recorded at each pixel position of 2D scan maps (Fig. 2B
and 2E). The ED patterns of the straight segments are generally of high resolution, often beyond
2 A (Fig. 2). Thanks to the low dose acquisition and highly sensitive direct electron detector,
weak diffraction intensities were detectable in the disorganized areas. Based on these SNBED
datasets, we could unambiguously determine the crystallographic bending direction and the
structural disorganization of the kinks. Such information allowed us to correlate the internal
molecular organization to the external morphology.

Figures 2A (Virtual bright field, VBF and virtual dark field, VDF images - defined in the
supporting information) and 2B (ED patterns) show a dataset obtained from a tCNC with a single
kink, while Figures 2D and 2E are that of zigzag kinks. The ED patterns of the former are all [1 -
1 0] zone-axis patterns, indicating the bending direction of the kink is along [1 1 0] zone axis
(Fig. 2C). The straight segments of the zigzag kinks have identical crystallographic orientation,
yielding the [0 1 0] zone-axis pattern (Fig. 2E). The bending of the zigzag kinks is thus along the
[1 0 0] zone axis (Fig. 2F). Other examples of SNBED data of kinked tCNCs are available in the
supporting information (Fig. S5-S7). Among 59 kinks analyzed by the SNBED method, 55 kinks
had the same crystallographic orientations on both sides of the kinks. Most kinked nanocrystals
thus lay flat on the carbon surface without rotation at the kinks. The other minor kinks showed
different ED patterns on neighboring straight segments, indicating the twist of the crystals at the

kinks (Fig. S8).



A B C [110]
i » . . » . . . . \l/
h 50 nm "
—
Virtual bright-field image S . & & - 5 % %
(110)
A g 110 : ASINKS IS
ALYV [110]
g 0 150050000
i % g s ; 5 i
» - . - . . . . {f//;/ SIS
e 4 S . g L FIISIS IS
Virtual dark-field image — — - - el -
- - - - - . -
7 [100]
- » * . . . - X
— : 3 [100]
Virtual bright-field image 4 - ZOOA‘" Y
- - * E g - * -
B
Z ~ - -~ —~|— (100)
HH
: (i, r100)
» * - k. ¥ » » ,im:':ﬂl;s «—
7 , '!‘M"!’!';'
THETHL
i
- . Ld . » . . —_ —
Virtual dark-field image 7

Figure 2. Scanning nanobeam electron diffraction (SNBED) analysis of kinked tCNCs. (A)
Virtual bright field (VBF) (top) and virtual dark field (VDF) (bottom) images of a single kink
with an angle of 33°. (B) ED patterns along the kinked tCNC in (A). Arrows on the bottom right
of each ED pattern indicate the fiber axis. (C) Schematic illustration of single kink mode bent
along [1 1 0] zone axis. (D) VBF (top) and VDF (bottom) images of zigzag kinks with angles of
72°(left) and 73° (right). (E) ED patterns along the kinked tCNC in (D). ED patterns in purple
boxes show superimpositions of two ED patterns with different fiber orientations. (F) Schematic

illustration of zigzag kink mode bent along [1 0 0] zone axis.

We could correlate the crystallographic bending directions with the kink angle distribution.
The morphology-based kink angle distribution in the dry condition is asymmetric and bimodal
with peaks at 20° and 60° (Fig. 3A). The two kink modes, single and zigzag, have different

distributions: the former has a broad asymmetric distribution with primary and secondary peaks



at 20° and 60°, respectively, while the latter has a narrower distribution centered at 70° (Fig. 3B).
The overall kink angle distribution (Fig. 3A) is similar to the one based on the AFM of dry wood
cellulose nanofibrils, having a peak at 60°.!° Molecular modeling studies predicted the plastic
deformation limit of bending of cellulose at around 60°.23-° The presence of the plastic limit may
partially explain the peak position at 60° since the kink of tCNCs may be stabilized at the plastic

limit angle. The distinct distributions of the two kink modes imply structural differences between

the two kink modes.
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Figure 3. Kink angle distributions based on morphological and SNBED analyses in dry and cryo
conditions. (A) Kink angle distribution based on the morphology of kinked tCNCs dried on
carbon supporting film. (B) same as (A), but single and zigzag kinks are plotted as separate
datasets. (C) Kink angle distribution derived from SNBED analysis of tCNCs dried on carbon
supporting film. (D) Kink angle distributions based on the morphology of kinked tCNCs
embedded in vitreous ice layer (cryo-TEM). (E) same as (D) but single and zigzag kinks plotted

as separate datasets.



The SNBED patterns recorded around the kinks showed only a limited number of
crystallographic orientations yielding the [1 -1 0] and [0 1 0] zone-axis patterns with a minor [2 -
1 0] pattern (Fig. 3C, S9). They correspond to the two kink morphologies. The kinks of the [1 -1
0] and [2 -1 0] patterns are single kinks, while those of the [0 1 0] pattern are zigzag kinks. The
kink angle distributions are consistent between the morphological and SNBED analyses. The
single kinks with [1 -1 0] and [2 -1 0] have broad distributions with peaks at around 20°, and the
zigzag kinks with [0 1 O] pattern have a narrow distribution centered at 60° (Fig. 3C).
Considering the rare occurrence and the similar morphology, we speculate that the crystals
yielding [2 -1 0] pattern shared the same kink geometry with those of [1 1 0] but with a slight tilt
around the fiber axis. The angle between [1 1 0] and [2 -1 0] zone axes is 14° (Fig. S9). Such a
slight rotation may arise from the local distortion of the carbon supporting film.

Based on the above consideration, we identified the two kink modes for tCNCs, when in the
dry condition: the single kinks bent along the [1 1 0] zone axis (Fig. 2C) and the zigzag ones bent
along [1 0 0] zone axis (Fig. 2F). The [1 1 0] mode is predominant (80%) in the diffraction
analysis. These discrete kink modes indicate that the anisotropic structure of cellulose crystal
governs the kink formation of tCNCs. On the other hand, considering the process used in this
study, it is counterintuitive to find only two kink modes. Most kinks were generated by
ultrasonication of the suspension where tCNCs could freely rotate. This situation should result in
a larger number of kink modes along different crystallographic directions.

Furthermore, the predominance of the [1 1 0] mode is apparently inconsistent with the
mechanics of the cellulose crystal. The kink formation is a complex deformation process as the
material goes through elastic and plastic deformations and eventual failure. The failure process

of cellulose is underexplored to date at the molecular level. Thus, here we discuss the kink
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formation mechanism based on the elastic and plastic deformation corresponding to the initial
stage of the kink formation. The MD simulations estimated the flexural moduli of the crystal
parallel to four major zone axes in the following order: [0 1 0] > [1 1 0] = [1 -1 0] >[1 0 0].%3
The cross-sectional shape of the nanocrystals also affects the bending behavior. As shown in Fig.
1E, the ratio of the long to short axes of the cross-section is about 1.6:1.3¢ The second moment of
inertia is thus about 2.5 times larger in the bending along [1 1 0] compared to that along [1 -1 0],
as described in the supporting information file (Fig. S10). The bending along [1 -1 0] is thus
mechanically more favorable to the [1 1 0] mode, despite the former's absence and the latter's
predominance in our experiments.

This apparent discrepancy between the experimental observations and the mechanics-based
prediction likely arises from the drying of tCNCs on the flat substrate (Fig. 4). As
aforementioned, the non-kinked tCNCs tend to lie flat on the long (1 -1 0) side when dried on a
flat surface. This tendency should persist with the presence of the kinks as the local interactions
remain the same among the tCNC surfaces, water, and carbon substrate. Here, we consider two
possible cases (Fig. 4). When the kink is parallel to the longer side of the cross-section, along [1
1 0] (Figs. 2C, 4A), the crystal lies in the preferred orientation without geometric conflict since
both straight segments of the kink remain in-plane of the flat surface and the (1 -1 0) facet. The
kinks maintain their morphology in the suspension upon drying (Fig. 4B). When the kink is in
other directions (Fig. 4C), there is a geometric conflict since either straight segment has to be
out-of-plane with the (1 -1 0) facet. If the kink angle is below the plastic limit, the drying force,
mainly the surface tension pulling the crystal to the substrate, straightens the kinked crystal (blue
arrowhead in Fig. 4D). It allows the straightened crystal to lie in the preferred orientation.

Conversely, when the kink angle exceeds the plastic limit, the crystal remains bent even when

11



the drying force is applied. The crystal rotates and settles in a different orientation, so both
straight segments are in-plane with the substrate plane. This proposed mechanism is presumably
why the non-[1 1 0] mode is mainly populated with a bending angle above 60° (Fig. 3C). The
fact that the [1 0 0] mode is the only observed non-[1 1 0] mode is likely because it is the
bending direction with the lowest flexural modulus.?*> The probability is the highest for the

crystals to bend beyond the plastic limit along the [1 0 0] direction.
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Figure 4. Effect of drying on the kink morphology of tCNCs. (A) Schematic illustration of tCNC
bent along [1 1 0]. The bending direction is in-plane with the long (1 -1 0) surface. (B)
Morphology (left) and kink angle distribution (right) of tCNCs bent along [1 1 0] in the
suspension (top) and dry conditions (bottom). Both morphology and distribution are unaffected
by the drying. (C) Schematic illustration of tCNC bent along non-[1 0 0] direction. The bending
direction is out-of-plane with the long (1 -1 0) surface. (D) Morphology (left) and kink angle
distribution (right) of tCNCs bent along non-[1 1 0] in the suspension (top) and dry conditions
(bottom). The low-angle kinks are straightened upon drying (indicated by the blue arrowhead).

The kinks above the plastic limit remain kinked, resulting in a biased kink angle distribution.
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In summary, drying is one of the principal factors in determining the kink morphology of
tCNCs, together with the structural and mechanical anisotropy of cellulose crystals. The drying
force likely suppresses non-[1 1 0] kinks with a kink angle below the plastic limit, which reduces
the number of kinks and alters the kink angle distribution compared to those in the original
suspension state. To examine this hypothesis, we determined the kink angle distribution of
tCNCs in the cryo condition (Fig. 3D). We found a broader kink angle distribution in the cryo
condition with a larger kink population at the lower kink angle. In particular, the distribution of
the zigzag kinks was strongly affected by drying, as the one in the cryo condition had more kinks
below 50° (Fig. 3E).

The local structural information obtained from the SNBED analysis allowed us to determine
the structural disorganization features of the two kink modes. The diffraction intensities
significantly weakened around the single kinks (Fig. 2A, 5B, and S6), indicating the partial loss
of crystallinity around the kink. The disorganized area typically extended 20-50 nm along the
fiber axis on both sides of the kinks (Fig. 2A, S6). The intensity loss of the 1 1 0 reflection was
often more significant than the meridional 0 0 4 reflection (Fig. 2B, S5, S6). The molecular
packing was thus more disorganized in the lateral plane of the crystal than along the fiber axis.
While the MD model showed similar lateral disorganization around the kink point,? the effect
was more significant in the experiment as the simulated pattern showed relatively strong
diffraction intensities at the kink (Figure 5B, bottom).

In the straight segments next to the single kinks (Fig. 2A, 5A, and S6), ED patterns were often
asymmetric with strong diffraction intensities only in two diagonal quadrants (Fig. 2A and 5B
position 1), contrary to the symmetric ones of the straight tCNCs (Fig. 1C). To understand this

asymmetry, we simulated diffraction patterns of the MD-simulated crystal bent along the same [1
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1 0] direction (Fig. 5A, right). The pattern of the straight segment (position 1) next to the
bending point shows a similar asymmetry (Fig. 5B, bottom). At this bending angle of 20°, the
deformation of the simulated crystal is above the linear elastic limit, where the shear strains
become more significant compared to the axial strains.?® The shear strain is likely the cause of
asymmetry in the diffraction pattern, as the crystal below the linear elastic limit did not show an
asymmetric pattern (Fig. S11). The crystal was thus largely shear-deformed at 100 nm away
from the kink. This observation indicates that the kinks affect the internal structure of the straight
segments without altering the external morphology. Such large shear deformation often occurs
only on one side of the kink. The diffraction pattern on the other side of the same kink was more
symmetric (Figure 5A, position 3), consistent with the MD-simulated diffraction pattern. The
asymmetry of shear deformation was also observed in our previous report on the MD simulations

of bending of cellulose, which induced a local allomorph conversion.’
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Figure 5. Local molecular organization at the kink points analyzed by SNBED, MD simulations
and PiFM. (A) VDF image (left) of tCNC with a [1 1 0] kink of an angle of 20° and a molecular
model based on force field molecular dynamics (MD) simulation (right) of cellulose crystal bent
along [1 1 0]. (B) Experimental (top) and simulated (bottom) diffraction patterns at different
locations indicated by boxes with corresponding colors in (A). (C) Virtual dark-field (VDF)
image (left) of tCNC with [1 0 0] kink of an angle of 72° and a MD-simulated molecular model
(right) of cellulose crystal bent along [1 0 0]. (D) Experimental (top) and simulated (bottom)
diffraction patterns (bottom) at different locations indicated by boxes with corresponding colors
in (C). The color gradient in (B) and (D) corresponds to the relative intensities of ED spots. (E,

F) AFM topography image of kinked and straight tCNCs. (G) Spectral map at 830 cm’!, a
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characteristic band of the sulfate half-ester group. (H, I) Local PiF-IR spectra obtained from (H)
kinked and (I) straight tCNCs indicated by arrowheads in (E) and (F). (J) PCA score plot of the
two first principal components (PC1 & PC2) based on 18 PiF-IR spectra obtained from positions

indicated in A and B.

The deformation manner of the zigzag kinks along [1 0 0] significantly differs from the single
one, where two straight crystalline segments are connected at the kink point without an extensive
disorganized area (Figure 2B, 5C, S7). At the kink point (Figure 5D, position 2), the ED pattern
contained two sets of ED patterns of different orientations (indicated by red and green
arrowheads). This superimposed ED pattern suggests that the crystalline order of tCNC was well
preserved even within the area with a diameter of 10 nm (i.e., the spot size) around the kink
point. On the other hand, in the kink position of the MD model (Fig. 5C - right), the simulated
pattern shows more smeared diffraction spots compared to the experimental ones (Fig. 5D,
bottom), indicating an overestimation of the disorganization effect in the MD model.

The apparent lack of the disordered region in the [1 0 0] mode might be due to the limited
spatial resolution of our SNBED experiments, ca. 10 nm. To overcome this lack of resolution,
we thus used an AFM-IR chemical mapping method known as Photo-induced Force Microscopy
(PiFM).*® We acquired a 2D IR spectral map with a spatial resolution of sub 5 nm (Fig. 5E-5J).
The topography image of tCNCs with zigzag kinks and those without apparent kinks are shown
in Figures S5E and 5F with associated IR spectra in Figures SH and 5I. The width of tCNCs
appeared to be about 40 nm, more than twice as wide as the average value, 13 nm. This
overestimation was due to the tip-broadening effect in the AFM measurement and was consistent

with the typical radius of curvature of ~ 25 nm for the metal-coated AFM tip.
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We then performed principal component analysis (PCA) of the PiF-IR spectra to compare the
local molecular environments of straight and kinked areas of tCNCs. Figure 5J shows a PCA
score plot of the two first principal components (PC1 and PC2) of 18 PiF-IR spectra of the
positions indicated in the topography images (Fig. SE, 5F, S12). Sub-spectra of PC1 and PC2 are
available in Figure S13. There are three clusters. The left cluster contains only the straight
segments (blue plots), while the small middle one is composed of straight segments with
structural disorganization, as further discussed below. The right cluster consists of the crystal
extremities (green) and kinks (red). The cluster pattern indicates that the kinks share spectral
features with the extremities that are significantly different from those of the straight segments.
The local molecular environment of the kinks is thus similar to that of the extremities, implying
the higher exposure of molecular chains and possible chain breakage localized at the kinks.

The increase of band intensity at 830 cm! was the prominent feature of the kinks and the
extremities (Fig. SH and 5I). The band corresponds to the sulfate half-ester groups induced by
sulfuric acid hydrolysis. There was an accumulation of sulfate half-ester groups at one of two
kinks similar to the extremities (red arrowhead in Fig. 5G). As the esterification occurred only
during the hydrolysis,* this kink most likely formed before or during the hydrolysis. The other
kink showed no evident accumulation of sulfate half-ester groups and thus formed after
hydrolysis, likely during ultrasonication. The area of this accumulation corresponds to the
molecular disorganization in the zigzag kinks. It extended less than a quarter of the width of the
tCNCs, implying the disorganization of zigzag kinks localized in an area with a diameter smaller
than 4 nm.

The combination of SNBED and PiFM revealed the distinct structural disorganization manners

of the single and zigzag kinks. PiF-IR mapping enabled us to locate the disordered region with a
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sub-5 nm resolution, previously unattainable based on other AFM- or EM-based methods.*%4!
Our analyses demonstrated the disorganization of lateral molecular packing in the [1 1 0] mode,
consistent with the bulk solid-state NMR observations of sonicated cellulose nanoparticles.??3
On the other hand, no extensive breakage of the crystals was observed even at the high kink
angle, unlike the previous assumption based on the morphological analyses.?! This observation,
however, does not exclude the possibility that the kinks behave as active sites of chemical and
enzymatic reactions on cellulose crystals. A PiF-IR image showed water accumulation at the
kink positions (Fig. S15E), indicating the altered surface property and potentially higher
chemical reactivity.

The drying-induced preferential orientation of tCNCs strongly affected the observed kink
morphology. This drying artifact likely resulted in underestimating the number of kinks, which
can lead to inaccurate statistical analysis of other morphological parameters, e.g., contour length.
Considering that the dry condition is a standard observation condition of TEM and AFM, the
drying artifact significantly degrades the representativeness of the defect analyses of
nanocelluloses. It is thus necessary to perform the structural investigation under non-dry
conditions (cryo and liquid state conditions) for a better understanding of the structure-properties
relationships of the defects of nanocelluloses.

Our observation also indicates the kinked cellulose crystals have structural flexibility to
recover the straight morphology upon drying. There were apparent traces of the straightened
kinks as slight displacements of two straight segments (Fig. S14). These displacement defects
were present only in the kinked tCNCs observed in the dry condition. A similar kink trace
appeared in the topology image of the PiFM analysis (position 6, Fig. 5F). The spectrum shows

similarity to those of kinks (Fig. 5I). The PCA analysis locates it between the straight and
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extremity clusters (Fig. 5J) and thus indicates straightened kink trace likely has local molecular
disorganization. This observation suggests that once the kink forms in the cellulose crystal, the
local molecular disorganization remains even when the external morphology is straight. The
drying artifact would thus also result in underestimating the disorganized areas in nanocelluloses.

Shear deformation caused by the bending of cellulose has been associated with the occurrence
of two allomorphs of native cellulose, i.e., o and Ip. Previous studies suggested that the shear
stress during cellulose biosynthesis may give rise to the energetically less stable la
allomorph.*>* In this study, however, we did not observe any diffraction pattern of the ITa
allomorph in the vicinity of the kinks where the crystal was under substantial shear stress. Our
previous MD study showed that the shear-induced conversion from If to Ia is only transitory,
while that from Ia to Ip is progressive and cumulative.>” The lack of the Io phase in our study is
consistent with the MD results and may imply the presence of another mechanism for the
biogenesis of the Ia allomorph.

In conclusion, our study sheds light on the molecular-level structural details of the kink defects
of cellulose nanocrystals and their formation mechanisms. The structural anisotropy of cellulose
is the principal factor to govern the kink formation of tCNCs, resulting in the two discrete kink
modes along the [1 1 0] and [1 0 0] directions. The observed morphology of kinks was strongly
affected by the drying-induced preferential orientation of tCNCs. This observation revealed the
critical consequence of drying, a standard sample preparation process, in the observed external
morphology of soft nanomaterials.

The nanoscale defects of soft materials are largely underexplored compared to those in hard
solids, partially due to the lack of suitable analytical methods. This situation hinders us from

employing the defect engineering approach to the soft materials. Our combination approach
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based on low-dose SNBED, molecular modeling, and PiFM represents a powerful tool for
revealing the structural details of soft matter defects at molecular and near-atomic resolutions.
Such an approach is readily and widely applicable to various semi- and polycrystalline soft
materials. A better understanding of defect structure will lead to fully exploiting the potential of

soft materials, including biological and biobased materials.

EXPERIMENTAL METHODS

Detailed experimental methods are provided in the supporting information file.
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