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Abstract

We discuss the effect of the ionic strength and effective charge density on the final structural
organization of cellulose nanocrystal (CNCs) after drying suspensions with different ionic
strengths in terms of quantitative characteristics of orientation order, rarely considered to date. We
observed that increasing ionic strength in initial suspension results in continuous shrinking in
helical pitch length that shifts the photonic bandgap to a far UV-region from visible range (from
400 nm to 250 nm) because of the increasing in helical twisting power from 4 to 6 pm™ and
doubling twisting angle between neighboring monolayers from 5.5° to 9°. As our estimation of
the Coulombic interactions demonstrates, the reduction of the Debye charge screening length
below critical value of 3 nm results in loss of the long-range helicoidal order and in transition to
disordered morphology with random packing of nanocrystals. Subsequently, very high orientation
ordering with 2D orientation factor, S, within 0.8-0.9, close to theoretical limit of 1, gradually
decreased to very low S = 0.1-0.2, a characteristic of random organization at high ionic strength.
We suggest that loss of the chiral ordering is a result of the reduction of repulsive forces promoting
direct physical contact with reduced contact area during Brownian motion combined with
increased repulsive Coulombic interactions of nanocrystals at non-parallel local packing. Notably,
electrolyte addition enhances chiral interactions to the point when the helical twisting power is too
large and the resulting nanocrystal bundles can no longer compactly pack without creating
unfavorably large free volume. We propose that Debye charge screening length in suspensions can
be used as universal parameter for CNCs under different conditions and can be used to assess
expected ordering characteristics in the solid films.

Keywords: cellulose nanocrystals organization, colloidal interactions, chirality control, chiral
nematic assembly, orientation order parameters
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Introduction

Biophotonic materials are capable of chiroptical sensing, bioselective sensing, directed emission,
and thermal and microwave vision. Chiral optical materials and special classes of optical
metamaterials exhibit strong discrimination of circular polarization of light due to chiral
asymmetry, thanks to their unique chemical structures and organization.'>** Bio-derived
materials have advances to meet requirements for the next generation soft photonic materials
because they are lightweight, easily processable, and synergistically combine strength and
functionality to yield enhanced functional utilities and exceptional mechanical and optical
properties not seen in inorganic materials.>® Polysaccharide biopolymers (cellulose and chitin,
specifically) are the most abundant polymers and therefore, attracted researchers’ interest for wide
range of applications including photonics applications in molecular sensing, super-resolution

imaging, data storage and optical encryption.”-%%-10:11

Cellulose nanocrystals, obtained by acid hydrolysis of cellulose, are one-dimensional stiff needles
with high aspect ratio (typical width 5-20 nm vs lengths in sub/micrometers range).'%!>!% Due to
inherited surface charge, CNCs demonstrate great dispersion stability, which in combination with
their abovementioned high aspect ratio, allows them to self-assemble into a left-handed chiral
nematic liquid crystal (LC) phase upon critical concentration. Onsager predicted that the solution
of rigid rods will undergo a phase transition into an orientationally-ordered nematic phase.'
Specifically, the electrostatic repulsion between rods were considered to be equivalent to an
increase of the effective diameter with the excluded volume to be minimized if rods are parallelly
packed. In such nematic phase the positional ordering entropy dominates over orientational
entropy. !¢ In chiral nematic LC phase, orientation of CNCs is governed by long-range interactions
promoting their orientation combined with helical modulation. To date, there is no simple
explanation of the origin of chirality in the CNCs assembly.!”!8 In Derjaguin- Landau- Verwey-
Overbeek (DLVO) theory, generally, attractive van der Waals forces promote parallel organization
but repulsive electrostatic forces- perpendicular organization of the particles.!® Similarly to
Stroobants - Lekkerkerker - Odijk (SLO) theory, both implement that inhomogeneous surface
charge distribution results in particles twisting, i.e., chirality.? Others suggest that nanocrystals
exhibit intrinsic twist by themselves, which arises from the chiral carbon atom in glucose unit
constituting the backbones of cellulose. The nanocrystal twisted shape can also contribute to the

formational of helicoidal morphologies as observed in bacterial and wood CNCs?! and truncated



CNC_IonicStrength April 21,2022 3

CNCs in aqueous suspensions.?? Yet, theoretical results are frequently contradictory to those
experimental. For instance, molecular dynamics simulations predict the twist to be continuous

along the axis and not the alternative sharp twist change observed experimentally.?3->

As well known, cellulose nanocrystals, as well as other high-aspect ratio biomacromolecules (e.g.,
DNA fragments, cylindrical viruses, other polysaccharides) can form chiral nematic (cholesteric)
LC phases in concentrated solutions.?>:?6:2728 For DNA, the strength of azimuthal correlations is
expected to decrease at higher salt concentrations.?’>>3° Direct measurements of intermolecular
forces confirmed that energetically DNA cholesteric phase is controlled primarily by electrostatic
interactions. The competition between electrostatic repulsion, the attraction between positively
charged grooves of the molecules and negatively charged phosphate groups, and chiral
electrostatic torque- can result in non-zero twisting angles validating the existence of cholesteric

phase balanced by electrostatic forces.!

Yet, for CNCs those chiral assembly mechanisms are difficult to establish due to the assembly
process being usually carried out across multiple scales (from nm- to micron scale, and further to
macro-) and therefore, limiting the opportunity to reveal the holistic picture. Most of the studies
focus on the final, assembled macro-state of the nanocrystals as monitored with optical microscopy
and spectroscopy. The chiral nematic ordering of the cellulose nanocrystals starts in the solution
state, upon nanocrystals entering the liquid crystalline phase during water evaporation with the
processing conditions affecting the dynamics. For example, it has been observed that phase state
and chiral pitch length depends on the CNC dimensions and surface chemistry, the suspension
concentration’?, the ionic strength of the solution®?, temperature®***°, and pH.*® Changing CNC
concentration and pH was shown to vary chiral nematic pitch length greatly.!**¢ Controlling the
ionic strength of the CNC suspensions was shown to affect the phase separation in CNC

suspensions and ordered phase formation.*¢

As known, capillary forces also play important role in the nanocrystals’ assembly during drying
process. Fast evaporation, for example, leads to polydomain films and a smaller pitch®’,?8 due to
insufficient time allowed for tactoids with uniform pitch orientation to merge.>° On the other hand,
varying pH was shown to result in distortion of the chiral organization, therefore confirming the
importance of the surface charging in the CNCs assembly process.*’ Alteration of the inter-crystal

interactions by changing the solvent quality by reaching a higher €, (dielectric permittivity, such
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as &r of water is 80) results in the blue shift of the light absorbance and leads to a decrease in pitch
length.*! On the other hand, decreasing the strength of the nanocrystals’ Coulombic repulsion is
reported to strongly decrease the pitch length***3, which can be attributed to decrease in effective
nanocrystal volume and denser packing, however. The effect of surface charge has been previously
addressed mainly with the regards on the phase separation and ratio existence of two phases
(isotropic and anisotropic) and correlation between surface charge and the resulting chiral
organization is not fully clarified. Majority of the studies of the abovementioned parameters,
including those of particular interest in this work, pH and ionic strength, since they play critical
role in electrostatic interactions, are conducted in suspension, in isotropic and liquid crystalline

444546 with frequent focus on shear rheological properties.’>*’ Heterogeneous surface

phases
chemistry, shifting balance of intermolecular interactions, steric constraints and poly-dispersity of
dimensions of formed aggregates, all conributes to the resulting organization. The balance of
complex interparticle interactions, the attractive (van der Waals and hydrogen bonding) and the

repulsive (Coulombic) controls nanocrystal aggregation.

The effect that Coulombic interactions have on the pitch distance in films is reported here,
supported by observed shrinking in helical pitch and shifting of the photonic bandgap to a far UV-
region from visible range (from 400 nm to 250 nm), increase in helical twisting power from 4 to 6
um™! and twisting angle, from 5.5° to 9°. We suggest that at Debye charge screening length below
critical value of 3 nm results in loss of the long-range helical order and in transition to disturbed
orientational order followed by disordered morphology at extreme ionic conditions. Subsequently,
very high local orientation ordering with 2D orientation factor, S, reaching theoretical limit of 1
for ideal orientation (within 0.8-0.9) gradually decreased to random order with final S = 0.1-0.2.
Additionally, the theoretical estimations suggest that with increase of the -electrolyte’s
concentration, Coulombic forces dominance is overbalanced by the van der Waals forces and
hydrogen bonding in the physical contact area during random contact in the suspension. Such
balance shift promotes random nanocrystal organization and result in complete loss of chiral

optical properties below critical Debye screening length of 3 nm.

The focus of this research is on careful quantitative characterization of molecular organization
down to the level of individual nanocrystals and their orientational organization at nanoscale and

microscale levels in terms of orientational order parameter in conjunction with interparticle
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interactions in initial suspensions, usually overlooked in common observational research. In order
to complete this markedly time-consuming careful derivation of these comprehensive molecular
characteristics in conjunction with measurements of optical appearance, chiral activity, evaluation
of charged state, we kept unchanged the processing conditions in this study and did not go across
known intermediate stages of transition from isotropic suspension to solid state via LC state, a

process widely studied with simple optical observation.

RESULTS and DISCUSSION
I. Experimental

CNCs studied here were isolated from wood pulp by acid hydrolysis according to the established
protocol.*® Briefly, 5 g of dried wood pulp pieces were added to 95 g of 64 wt.% sulfuric acid
solution at 45°C and stirred continuously for an hour. To quench hydrolysis, the reaction solution
was poured into a glass container of tenfold acid volume ultrapure water. The suspension was left
overnight to let it phase separate and then, the bottom layer was decantated and centrifuged for 10

min at 6000 rpm in order to wash the CNC solution.

After washing steps, the supernatant was removed, ultrapure water added, and the CNC solution
was dialyzed against water until pH was neutral. In order to obtain homogeneous and well-
dispersed suspension everywhere, the resulting suspension was centrifuged again at 10,000 rpm
and then tip-sonicated at 40% amplitude, 5 s on/5 s off, for 4 min and 30 sec using a large tip
sonicator (Qsonica Q125 with 1/8” diameter probe). To prepare CNCs with different electrolytes’
concentrations, first, sodium hydroxide in pellets (Millipore Sigma) was dissolved in water and
then added controllably to 1wt.% CNCs dispersion so that the final concentration of NaOH was in
the range from 0.1 to 10mM; higher concentrations resulted in gelation. Such electrolyte
concentrations are typical for CNC suspension studies.**° MilliQ water (18.2 MQecm) was used
for all the experiments. CNC films were obtained via evaporation-assisted self-assembly (EASA).
Suspension with different electrolyte’s concentrations were placed into Petri-dishes and allowed
to form solid films under slow drying conditions identical for all specimens studied here.
Specifically, 10 mL of each CNC solution was drop cast onto Petri dish (diameter 5 cm). The water
was allowed to evaporate under ambient conditions (23°C, 30-40% RH). Finally, thin CNC films
were formed within two days and their thickness was measured to be around ~50 £+ 20 um. For

simplicity, further in the paper, the films obtained from the CNC suspension containing XmM of
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NaOH will be referred as XmM CNC film (for example, the film obtained from SmM NaOH CNC
suspension is called SmM CNC film).

As-prepared suspensions were allowed to stabilize overnight and then zeta-potential was measured
with Zetasizer Nano ZSP (Malvern Instruments) in polystyrene cuvettes. The {-potential is derived
from the electrophoretic mobility of the CNCs, which was determined from electrophoretic light
scattering (ELS). The hydrodynamic apparent particle size of dispersed CNCs was measured by
dynamic light scattering (DLS) using a Zetasizer Nano ZSP (Malvern Instruments) equipped with
ared laser (633 nm) under a backscatter detection angle of 173°. The harmonic intensity-weighted
average particle diameter (z-avg) was obtained after equilibration for 30 min at 25 °C. Optfical
microscopy was performed on OLYMPUS optical microscope equipped with polarizers and in
dark-field mode. Circular dichroism measurements were performed on AP Chirascan™-plus CD
Spectrometer with films mounted on the sample holder with empty middle space perpendicularly

to the beam path in a wavelength range between 200 and 800 nm.

The chiral anisotropy factor, gans, for chiral nematic films was obtained from spectroscopic

measurements under different circular polarization by using the equation (Eq. 1) 313333

AA 0
Yabs = 1 = 3080%a (Eq. 1)

where AA is absorbance difference between left and right circularly polarized light at the CD peak,
A 1s absorbance at the CD peak, and 0 is ellipticity from CD spectra in mdeg unit, respectively.

UV-Vis spectroscopy was done using a Shimadzu UV-3600 Plus UV-Vis-NIR Spectrophotometer
with a range of 185 to 1000 nm. All measurements were run in quartz cuvette three times , and
performed on at least 3 films, and finally averaged. ATR-FTIR was performed on Bruker Vertex
70 instrument with a range of 4000 to 1200 cm™ with 2 cm™ resolution. Different suspensions

were drop-cast onto ATR crystal and then FTIR spectra were recorded.

AFM images were obtained on the Dimension Icon microscope (Bruker) in the light tapping mode
in air with 1024x1024 pixels resolution with AFM tips of radius ~5 nm according to usual
procedure in order to maximize resolution and reduce surface damage.>* CNC suspensions were
drop cast onto freshly piranha treated silicon wafers. All AFM images were flattened in NanoScope
software and transferred for further fine orientation order analysis and calculations of orientational

order parameter with GTFiber software.>® This software was applied for calculation of cellulose
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nanocrystals orientation map and azimuthal distribution as well as evaluation of 2D Herman’s
order parameter, S. Examples of the image analysis can be found in Supplementary Information

for all specimens and discussed further for selected examples.

SEM images were taken on Hitachi SU-8230 Electron microscope operated at 3kV voltage. Films
were cut with clean razor blade and then attached perpendicularly to the SEM mount. Samples

were sputter-coated with gold for 45 sec at 30 mA (resulting gold layer thickness ~3nm).

II.  Suspensions of CNCs and their properties

In this study, we chose to introduce sodium hydroxide (NaOH) into the suspension, since both pH
and 1onic strength influence electrostatic interactions and pH affects the competition between van
der Waals and electrostatic repulsion between nanocrystals.>® Overall, addition of the electrolyte,
sodium hydroxide (NaOH, in water), into CNCs dispersion leads to decrease in electrical double
layer thickness of individual nanocrystals, and, thus, reducing the range of repulsive interactions,
which might result in attraction forces dominance in the course of assembly as is explored in this
study. We avoided usage of the NaCl in order to exclude any possibility of the salting-out effect,
reported for this common electrolyte that interferes with high-resolution AFM analysis. Salting
out effect tends to decrease solubility of the colloids in water with higher electrolytes concentration

and was reported to be the lowest for OH™ anion and Na™ cation.”’

Previously, it has been shown that cellulose nanocrystals phase behavior depends on the
nanocrystals aspect ratio>®, surface chemistry®®, and surface charge density.>® Taking this into
consideration, in this study, we kept all the above-mentioned parameters constant by using
identical conditions for CNCs obtained from the same batch. Additionally, to make sure that
sulfate half ester groups remained undisturbed on the surfaces of the CNCs with electrolyte
addition, we took the 10mM NaOH suspension (zeta potential measured -25.4 mV) and performed
dialysis on it for 24 hrs, to reverse the ionic strength, e.g., removed Na' ions. Indeed, after this
treatment, zeta potential increased to -41 mV, which is identical to the pristine (0OmM NaOH) CNC
suspension that had zeta potential of -39mV (Fig.S4).

As-prepared CNC suspensions with sodium hydroxide concentrations of 0.1mM, 0.5mM, 1mM,
5SmM and 10mM were homogeneous in the appearance (Fig. 1). Only in the case of SmM and

10mM electrolyte’s content, the suspensions appeared slightly opaque, however, no gelation was
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observed even after long storage. Since the CNC concentration was lower than critical LC
formation concentration, electrolyte’s addition did not cause any aggregation and the suspensions

were clear and isotropic.

Diluted suspensions did not display any birefringence between cross-polarizers indicating that LC
phase was not presented (Fig. S1). Considering that CNC with electrolyte concentration above 10
mM promoted gelation in suspension due to excessive nanocrystal aggregation and formed fully
disordered structures in completely transparent films after full drying, we limited our studies to 10

mM electrolyte concentration.
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Figure 1. Transmittance spectra of cellulose nanocrystal suspensions with different electrolyte
concentrations. The inset shows vials with as-prepared CNC suspensions. (a) Zeta potential (b) of CNC
suspensions as a function of NaOH concentration and corresponding calculated characteristics: surface
charge (c), the ionic strength (d), and Debye charge screening length, Ap (e).
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The UV-vis transmittance spectra exhibited no absorption peak in the visible region confirming
isotropic nature of the prepared dispersions (Fig. 1). For the electrolyte concentration up until 5
mM, the transmittance curves of the dispersions were identical showing transmittance above 80%
above 350 nm wavelength (Fig. 1). For higher electrolytes’ concentrations, light transmittance
decreased to 60% due to the increasing CNC aggregation that causes excessive light scattering and
appearance of weak opalescence without, however, anisotropic and birefringent LC phase

formation (Fig. S1).

Upon electrolyte’s addition, zeta potential gradually decreased from -58mV (at 0 mM) to -32mV
(at 10mM) (Fig.1b). This zeta potential is sufficient to stabilize the dispersion and keep it stable
for months of storage (Fig. S6). The ionic strength of the solution increased with increasing
electrolyte’s concentration to 10 mol/m?, resulting in effective surface charge density increasing
dramatically from -1 to -8 mC/m? as it scales exponentially with nanocrystals surface potential
(Fig. lc, d, see Eq. S7). In the remainder of the paper, we will use the term ‘increase’ when the
effective charge density becomes more negative referring to the absolute magnitude of the
potential. Effective charge density describes the charge density in electrical double layer of the
individual CNC and increase in the value should be considered to proportionally decreasing the

capacitance of the electrical double layer (EDL).

As known, Coulombic-driven behavior of the particles in solution is governed not only by the
particle’s surface charge properties, but also but its microenvironment. This is mainly
characterized by zeta potential, and the outmost layer that will determine interactions between two
nanoparticles in solution, which is described by the effective surface charge density.®® Therefore,
to estimate the charge changes upon electrolyte addition, we calculated the effective surface charge
density via Gouy-Chapman equation (see SI).%!:6? Effective charge density related to the outmost

layer in solution and usually is scalable with the surface charge density of the colloids.®!

Addition of the electrolyte affects solvent’s ionic strength and the Debye charge screening length,

which are related according to the equation:

— grgokpT 1
K 1 — r<o*B - (2)
2N 4e21 Ap
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where 7 is the ionic strength of the electrolyte (mol/m?), &is vacuum permittivity, &, is
permittivity of the media, Apis the Debye charge screening length, kg is Boltzmann constant, T is

temperature, Na is the Avogadro number and e is the elementary charge.

The increase of the effective negative charge density as calculated from eq. S7 is a direct result of
the surface absorption of sodium ions (Na") and consecutive shrinkage of the electrical double
layer (Fig. 1¢). Correspondingly, Debye charge screening length, which is directly related to EDL
thickness, decreased ten times from 30 nm (at 0.1 mM) to 3nm (at 10 mM) (Fig. 1e) that falls in
the range of 1-100 nm common for various colloidal nanostructures.®® After calculating these
charging characteristics, we considered the organization of thin films fabricated from different

suspensions as discussed below.
Optical properties and morphology of thin films

Thin CNC films obtained from suspension with lower electrolyte concentration (up to 5 mM)
showed vivid iridescent color indicating formation of chiral nematic organization after complete
drying (Fig. 2a-d).'>** As known, the characteristic fingerprint texture observed in dark-field
optical images indicates the formation of the helical chiral nematic morphology with selective light
reflection within individual tactoids.®® The films did not demonstrate visible difference in their
iridescence up until the electrolyte’s concentration reaching 5SmM. At SmM concentration, the
resulting film turned out matt and opaque, although still showed light blue coloring but no clearly
defined tactoids (Fig. 2e, k). At last, 10 mM CNC film was colorless and transparent suggesting

complete loss of chiral nematic organization (Fig. 2f, ).

Cross-sectional SEM images of the films showed differences in films internal organization, 0.1
mM CNC film exhibited well-defined layered texture, a characteristic Bouligand morphology for
chiral nematic organization propagating through the entire film thickness.®%%” Interestingly, cross-
sectional SEM of the 10mM film showed various layered structures. For 10 mM CNC film,
Bouligand structure was no longer present, as layers lost the “wave” pattern observed for the cross-
section of twisted Bouligand structure, in the case of 10 mM film the layers were stacked on top
of each other like lasagna sheets (Fig. 2m,n, Fig. S11). As is further supported by the AFM (see
below), loss of local order within each layer results in loss of global chiral nematic organization,

and the formation of highly disordered nematic layers (Fig. S10).

10
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Figure 2. Photographs of the CNC films obtained by solvent evaporation assisted assembly CNC
suspensions at different electrolyte concentrations: 0 mM (a), 0.1 mM (b), 0.5 mM (c), ImM (d), SmM (e),
10 mM (f) and corresponding dark-field unpolarized optical microscopy images (g-1), scale bars are 75 um
for all images, Petri dish diameter is Scm. Films thickness is ~50 + 20 um. SEM images of the cross section
of 0.1 mM CNC film (m) and 10 mM CNC film (n), scale bars are 1.5 um, insets (solid red boxes) are
zoomed in images with scale bars of lum. SEM images were collected at an angle to visualized layered
morphology.

AFM images revealed internal organization of these films to be very different confirming transition
from ordered chiral nematic organization to completely disordered organization (Fig. 3, S2). At
larger surface areas, uniform orientation of the nanocrystals with gradual bending of the director
and occasional characteristics microscopic defects for chiral nematic phases was observed for all
films below 5 mM (Fig. S2).°® The excessive attraction forces will cause cellulose nanocrystals
to aggregate, which is not favorable for chiral nematic structure formation. In order to form chiral
structure, it was shown that CNCs form tactoids that, if allowed enough time, will merge and
produce well organized chiral structure.® Yet, for the most part, these tactoids are randomly
packed in the final thin film. Therefore, for CNC films (3D order parameter) with SAXS or XRD
methods showed bulk orientation order parameter below 0.1.7%7!:72 Preferred orientation with

shearing 7? or magnetic field 7* allows determination of 3D orientation order parameter closer to

11
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those expected for organic LC phases, 0.5-0.8, indicating relatively uniformly oriented tactoids.
On the other hand, AFM for thin films is the best technique to representatively observe how
individual nanocrystals and their bundles pack in each layer, and therefore, evaluate true
orientation order at microscopic level unaffected by larger scale defects and tactoids disorientation
(Fig. 3). However, to date no such quantitative molecular-level characterization has been

systematically conducted and reported for thin CNC films.

In order to quantify the nanocrystal reorganization, we calculated 2D Herman’s orientation order
parameter from azimuthal distribution of director as averaged over microscopic surface areas of
the individual monolayers (Fig.4, S3). It is important to note that 3D bulk orientation order
parameter determined in literature from scattering and polarization methods differs from the local
2D orientation order parameter from AFM images discussed here. It is worth to note that 3D order
parameter (found in literature) is the average number obtained from entire volume’ and is
relatively lower, due to the random orientation of the microscopic domains (tactoids), and thus
should not be directly compared with localized analysis conducted here. In fact, 2D orientation
order parameter provides direct quantitative characteristics relevant to true molecular-scale
orientation correlation of individual nanocrystals and their bundles within an individual tactoid

unaffected by their macroscopic orientation within the entire volume of the films.

Higher resolution AFM images capable of resolving individual nanocrystals and their bundles with
sufficient quality (below 1 nm per pixel) can be collected at microscopic surface areas at multiple
locations (Fig. 3, S3). These images showed that individual nanocrystals bundles are uniformly
oriented across several micrometers surface areas with very few local defects and high uniformity

in nanocrystal orientation (see below) (Fig. 3, top row).

With further increase of electrolyte concentration to 1mM, microscopic defects with correlated
changes in reorientation of nanocrystal bundles became apparent in CNC films (Fig. 3). In 5 mM
CNC film, nanocrystals lost their long-range parallel orientation and were aggregated within
submicron domains of oriented bundles separated by disordered defects. Finally, in the case of the
10 mM film, AFM revealed random orientation and organization of the limited nanocrystal
bundles separated by larger pores (Fig. 3f). At this electrolyte concentration, the surface texture
became randomized with numerous disordered textured domains and pinhole defects as observed

across large surface areas (Fig. S2).

12
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Figure 3. AFM topography images of the CNC films from suspensions with different electrolyte’s
concentrations: 0mM (a), 0.1mM (b), 0.5mM (c¢), ImM (d), SmM (e) and 10mM (f) and corresponding
azimuthal distributions of nanocrystal orientations. Scale bars are 400 nm.

As has been discussed above, in order to quantify the orientation order at molecular scale,
azimuthal distribution of the nanocrystal axes, and 2D orientation order parameters, S, were
calculated for all films (see details in Supplementary Information with examples for all CNC films
studied here, Figure S3). Examples of the AFM image and corresponding orientation analysis are
presented in Figure 4 for two extreme cases of CNC films cast at 0 mM and 10 mM electrolyte

concentrations.

Computational analysis re-vectorizes the nanocrystal orientation and yields and orientation map
across the selected surface area that reflects the statistics of orientational organization of the
cellulose nanocrystals.>®> The separation of the cellulose nanocrystals from background allows to
visualize individual nanocrystals and their bundles at high spatial resolution achieved in this study
and azimuthal angle distribution are represented by different colors (note color-coded mapping in

right-bottom corner in Fig. 4c and f). The orientation distribution is characterized by integrated

13



CNC_IonicStrength April 21,2022 14

azimuthal distribution across the selected surface area with central line indicating their average

orientation across the entire image (Fig. 4b, e).

Figure 4. GTFiber analysis results for the AFM image of the thin films of CNC suspensions containing
OmM (a) and 10 mM (d) NaOH, orientation distribution for 0 mM (b) and 10 mM (e), and False color
Orientation map extracted from the original AFM images of 0 mM NaOH (c) and 10 mM NaOH (f), inset-
color map for the nanocrystals’ orientation angle. Scale bars are 400 nm.

Azimuthal distribution with narrow two-leave shape indicates uniform distribution along
unidirectional orientation (Fig. 4b) and multiple azimuthal peaks at various angles indicate random
orientation of individual nanocrystals (Fig. 4e). Such orientational distribution analysis allows for
unambiguous quantitative analysis of the AFM images that cannot be derived from conventional
analysis of the original images (e.g., surface microroughness, phase variation, nanocrystal

dimensions) previously reported.

Furthermore, analysis of the azimuthal distribution allows for the calculation of the 2D orientation
order factor as: S,;, = 2 < c0s%6,, > —1, where 8, is the angle between an individual nanocrystal
and the overall director, n, which is chosen as the average orientation of the total nanocrystal
population. Theoretically, perfectly organized structure will have order parameter of 1, and

completely random structures possess S closer to 0, and common range of orientation order is

14
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within 0.6-0.8 for various LC media with, however, all current results employing 3D orientation

order parameter (see discussion above).”

Returning to the image analysis of the two extreme cases, it is important to note that very narrow
azimuthal distribution was observed for all films obtained from suspensions with low electrolyte
concentration (below 1 mM) with the average deviation of the azimuthal angle around 10° £ 5
(Fig. 3,4). In contrast, ImM CNC films, show wider azimuthal distribution, which starts adapting
multi-loop shape indicating presence of the surface areas of differently orientated nanocrystals
especially visible for 5 mM CNC films (Fig. 3d, e). Finally, nanocrystal azimuthal distribution for
10 mM CNC films becomes totally isotropic with numerous spikes reflecting random local
orientation of isolated nanocrystals and their bundles (Fig. 3f). This azimuthal distribution for these
films indicates that there was no preferred orientation of nanocrystals across the whole image with

multiple local orientations within separated domains (Fig. 3f inset).

To quantitatively compare the nanocrystal alignment behavior in the series of CNC films,
orientation order parameter S as a function of NaOH concentration is presented in Fig. 5. It is
apparent from these data, orientation order parameter decreases consistently with increasing NaOH
concentration. Values of Sop are at very high level of 0.8 to 0.9 for low electrolyte concentrations
below 1 mM reflecting highly correlated and uniform orientation of nanocrystals within

microscopic domains of chiral nematic organization, which is in good agreement with previously

reported data for 3D orientation order parameters for various CNC films.”>7677.78
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Figure 5. Orientation order parameter for CNC films obtained from suspensions with different electrolyte
concentrations. For each point, at least three AFM images from three different surface areas were analyzed.
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Upon addition of electrolyte to suspension, the orientation order parameter steadily decreased, and
at the concentration of SmM reached the level of 0.3-0.4, which is considered to be the threshold
value for the orientation order parameter of a nematic phase (Fig. 5).” Finally, for 10 mM CNC
films, orientation order parameter approached the level for random orientation order (around 0.2).
Such level quantitively confirms local random orientation of the nanocrystals on the surface of

CNC films obtained at the highest ionic strength.

We further analyzed the optical behavior of the CNC films beyond apparent optical iridescence in
Fig. 2 by measuring UV-Vis transmission spectra (Fig. 6). The CNC films obtained at low
electrolyte concentration, below 5 mM possessed well-defined absorbance peak within 250 to 400
nm (Fig. 6). Increasing NaOH concentration resulted in significant blue shift. The peak exhibited
by the 5 mM film was less defined, although still observable but the 10 mM CNC film spectrum
appeared rather featureless. The case of the 10 mM CNC film we will further consider as ‘border
case’, based on the optical microscopy images, visual appearance and SEM images of the film’s
cross section the structure does not meet the threshold to consider it chiral, however, the shoulder
on the UV-vis spectra that potentially could appear due to presence of the layered structure was

taken as peak position for calculations.
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Figure 6. Transmission UV-Vis spectra of the CNC films with different electrolyte content.
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Furthermore, from UV-vis spectra, we calculated important structural characteristic parameters,
such as pitch length, P, helical twisting power (HTP) and twisting angle per monolayer, ® vs

NaOH concentration (Fig. 7). These characteristics have been derived as discussed below.
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Figure 7. Reflectance peak position of different CNC films (a) and corresponding pitch length (b), helical
twisting power (¢) and twisting angle per monolayer (d) of the CNC films vs electrolyte’s concentration.
The experiments were conducted at least three times on the films dried from different CNC batches.
Although it is known that CNC properties may vary from batch to batch, trend is consistent, as reflected in
modest error bars. The error bars values can be found in Supporting information (Table S3).

First, the preferable wavelength of the reflected/absorbed light is related to the chiral pitch length
according to the relationship'* :

P=A/Nayecosb 3)
where 2 is the peak position, My is the average refractive index (nave=1.5 for CNCs *!) and 8 and

the angle between the surface normal and the incident ray.

Next, helical twisting power (HTP) can be calculated to describe the chirality trend of the
individual nanostructures.®>** The HTP can be calculated from pitch-composition data as the slope

of the inverse change in pitch distance, using the equation: 3

HTP=(Pcyr) " 4)
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where, cw is the concentration of the CNCs (1wt%) and r is enantiomeric purity (=1 for CNC).
Finally, the twisting angle per monolayer, 0, can be calculated from the common equation by using
the pitch length and monolayer thickness:3%%

_360d

i 5)

where d is the effective monolayer thickness, around 4.1 nm for CNC films studied here (taken as

nanocrystals diameter calculated from the AFM image of the individual nanocrystals (Fig. S5)).

As calculated with these equations, the pitch length gradually dropped from over 250 nm to below
200 nm with increasing electrolyte concentration to SmM (Fig. 7a, b). Further addition of
electrolyte resulted the loss of well-defined light absorption peak well in agreement with observed
iridescence loses (Fig. 2). Next, helical twisting power and twisting angle increased gradually
across all electrolyte concentrations (Fig. 7c,d). HTP for pure CNC suspension (0mM NaOH
concentration) was found to be 4 um™ and did not increase significantly until electrolyte’s
concentration reached SmM. At 5 mM, HTP was 5.5 um™ and it reached 6um™ for higher
electrolyte concentrations (7 and 10 mM). The same trend was observed for the twisting angle per
monolayer: at 0OmM concentration, twisting angle was around 5.5° and stayed in this range until
electrolyte’s concentration did not reach 1 mM. At higher electrolyte concentration, 8 gradually
increased and reached the highest value of 9° for higher electrolyte’s concentrations (at 7 and 10
mM). Again, in the case of 10 mM CNC film, the chiral structure was not clearly observed but the
above-mentioned characteristics were still calculated assuming that the shoulder peak in the UV-

vis spectra appeared possibly due to residual layered structures in some regions.

The decrease in pitch length suggests that the individual nanocrystals pack at higher twisted angle
between nanocrystal axes (Scheme 1). On the other hand, such twisting causes decrease in the
effective physical contact area between nanocrystals (Scheme 1). Dramatic decrease in the contact
area below some critical values, might compromise the ability of the nanocrystals to maintain
close-to-parallel packing with correlated minor twist thus limiting the ability to form correlated
packing leading to helical organization as will be discussed below. Finally, it is worth to note that
FTIR spectra for all CNC films confirm that the inter- and intramolecular hydrogen bonding
networks in films obtained under different electrolyte concentrations were not disrupted by

changing ionic conditions (Fig. S9, Table S2).5¢-87.88
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Circular dichroism of CNC films as reflection of chiral organization

In addition to dimensional characteristics of chiral nematic organization discussed above, we
measured circular dichroism of the CNC films to monitor the light polarization for different
optically active films (Fig. 8). As clear from these spectra, intense positive CD peaks is observed
for all CNC films obtained from suspensions at electrolyte concentration below 5 mM with peak
position exhibiting blue shift in synchrony with pitch length decrease. This CD signal confirms
expected left-handed helicoidal organization. In addition, blue shift is accompanied by peak
broadening and decreasing intensity at 5 mM until disappearance at the highest (10mM)

concentration (Fig. 8).

CD (mdeg)

200 300 400 500 600 700 800

Wavelength (nm)

Figure 8. CD spectra of the CNC films with different electrolyte concentrations.

Moreover, for all CNC films, we calculated the dissymmetry factor, known as g-factor, which is
an indication of degree of chiral structure activity in reflecting left and right circular polarized
lights and calculated as the difference in the intensity of left- and right-polarized light absorbance

).% From these calculations, we observed that g-factor decreased more

(see methods for details
than ten times from very high value of 1.0 (for pure CNC film without electrolyte) to 0.04 for the
SmM CNC film (Fig. S8). For the 10 mM CNC film g-factor drops to near zero, close to
background values, 2x10™*, confirming untwisting of the helicoidal organization as concluded from
microscopic and spectroscopic measurements discussed above (Fig. S8). Note that despite the g-
factor for traditional biological chiral systems known to be low, the value of 2x10* is very low for

common CNC films and is close to the spectrophotometer sensitivity, especially considering
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extreme broadening and far UV position of the CD peak (Fig. S7). Next, we consider how changes
in interparticle interactions derived from primary charged states can be related to and explain

structural transformations discussed in previous sections.
Nanocrystal organization and interparticle interactions

Next, we will discuss how observed and confirmed changes in orientation ordering and optical
properties can be related and explained by the variation of the interparticle interactions. As known,
total interparticle interaction energy U(h) between rod-like particles, can be presented as the sum

of the attraction forces Va(h) and repulsion forces V:(h), according to:*°

U(h) = Va(h) + Vr(h) = 64nk,Ty2Skte™ — —_s (6)

where n- is the number density of ions in the medium, k; — is Boltzmann constant, T is the
temperature, y = zeW/k, T (e is the elementary charge and z is the valency of the ions in solution),
Y is the surface potential, S is surface area of the rod, k is the inverse Debye charge screening

length, A is Hamaker constant and / is the separation distance (see SI for details).

First, the calculated repulsive energy vs distance between nanocrystals drops dramatically with
increasing electrolyte concentration (Fig. 9a). On the other hand, the calculated attractive energy
showed very modest changes across all electrolyte concentrations (Fig. 9b). Finally, the total

energy shows common potential barrier around 5 nm with fast drop at shorter distances (Fig. 9c).

Overall, higher electrolyte concentration decreased the potential energy barrier dramatically and
the barrier was completely suppressed at 5 mM making attraction forces dominant at any distances
between nanocrystals (Fig. 9c). Correspondingly, the experimentally derived Debye charge
screening length drops to below 5 nm in the same range accompanied by increase in effective
charge density and significant increase in ionic strength (Fig. 1c-e). In addition, the shift in the
repulsive energy shows us that the energy barrier is not only reduced due to shrinking of electrical
double layer thickness (left shift of the curve), but also by lowering particles charge (down shift
of the curve), confirming synergistic effect of the ionic strength in suspension and charge density
of nanocrystals on integrated interparticle interactions. Certainly, self-assembly of the CNCs is
affected by several interactions: van der Waals forces, electrostatics, hydrophobic interactions,
hydrogen bonding, therefore, we cannot claim that that the resulting chirality is a direct

consequence of the long-range Coulomb forces. Yet it is remarkable that our results can describe
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qualitatively and quantitatively chiral organization of the CNCs based on the electrostatic

interactions alone as supported by DLVO theory.
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Figure 9. Repulsive Coulombic energy (a); attraction van der Waals interaction energy (b); and total
potential energy of interaction (¢) between two cellulose nanocrystals obtained from DLVO theory and
plotted as a function of interparticle distance.

CONCLUSION

The question if Coulombic interactions can control chiral organization beyond other physical
factors such as twisted shape and surface group chirality is frequently debatable. As we have
discussed above, the variation in the solvent ionic strength results in dramatic changes of the
effective charge density and electrical double layer thickness measured experimentally (Fig. 1)
and interparticle interaction energy calculated from DLVO theory (Fig. 9). We take into
consideration the limitations of the DLVO theory and its applicability to describe high aspect ratio
nanocrystals minute orientation-dependent interactions until they start twisting. In fact, minute
misalignment of nanocrystals during initial random contact in solution creates complex,
heterogeneous energy landscape with counter-balanced trends of different contributions. Thus, we

suggest empirical model of the assembly process that take into account our detailed quantitative
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characterization of local orientation ordering of nanocrystals and its variation revealed in this study

(Scheme 1).
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Scheme 1. Suggested assembly of individual nanocrystals with different effective charges in the suspension
and during aggregation (top) and preferential packing of nanocrystals in different scenarios from parallel
packing to misaligned nanocrystals and further to random organization with local cross-packing (from left
to right). Light blue areas show evolution of the physical contact area during initial misaligned contact.

First, by absorbing the counter ions from the bulk, the increase of the effective charge density of
cellulose nanocrystals results in decrease in electrostatic layer capacitance and therefore leads to
its gradual shrinkage. We suggest that effective reduction in effective Debye charge screening
length leads to short-range attraction forces dominance in local contact area upon initial contact in
solution, and such counter-balanced interaction variation can explain the resulting gradual
untwisting of nanocrystal orientation ordering observed here. Overall, lower Debye charge
screening length promotes direct intimate physical interaction in the limited contact area between
two neighbor nanocrystals in un-favorable non-parallel contact during random bumping in diluted

suspension of high aspect ratio nanocrystals.

Secondly, concurrent increase in surface charge density causes reduction of the facet-to-facet
interactions that will promote small, controlled twisting in nearly co-aligned nanocrystals (Scheme

1). Thus, contribution of direct physical contact into twisted arrangement between two neighboring
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nanocrystals along with increased repulsion between the separated ends of nanocrystals, far from
the contact point, force them to twist more, effectively increasing twisting power and twisting

angle and, eventually, reducing the pitch length (Fig. 7).

Finally, at high electrolyte concentrations, drastically diminishing effective contact area and
stronger repulsions between misaligned nanocrystal portions far from the contact area causes
complete loss of the ability for correlated twisting, compromise parallel twisted packing of
nanocrystals, and, eventually, destroy the helicoidal organization at larger scale (Scheme 1). The
resulting distraction of the orientation ordering leads to complete loss of the chiral organization
and unique photonic properties and results in clear films with highly porous amorphous
morphology. We suggest that at critical Debye charge screening length of below 3nm, the final
nanocrystal organization is completely random as primary caused by long-range repulsive

interactions outside of the intimate contact areas of high aspect ratio nanocrystals.

In conclusion, we suggest that final chiral organization critically depends upon balance repulsive
long-range interparticle interactions as reflected by Debye charge screening length and surface
charge density and attractive short-range interactions such as hydrophobic-hydrophobic and
hydrogen bonding, playing in opposite directions. Considering that the effective charge and
counter ions absorbance alter the electrostatic double layer of the nanocrystal surface are reflected
in the Debye charge screening length, we suggest that final chiral optical properties of the films

can be predicted by assessing nanocrystals Debye charge screening length in the suspension.

Finally, this research is based upon unique comprehensive and quantitative characterization of the
molecular orientational order of cellulose nanocrystals in terms of their azimuthal distribution
function and 2D orientation order parameter as combined with corresponding evaluation of other
quantitative macroscopic ordering characteristics such as pitch length, twisting power, and twisting
angle, rarely evaluated or even considered for CNC films. This analysis was conducted for CNC
films obtained at identical processing (drying) conditions with the only variable condition being
electrolyte concentration in initial CNC suspension. This research offers insights on tuning the
orientation organization of CNC based composites by suggesting that the Debye charge screening
length is a universal parameter that can predict the assembly trends and can be extended to other
polysaccharides nanocrystals assemblies, such as chitin, due to their close chemical nature and

interparticle interaction balance as should be further studied in future research.
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SUPPORTING INFORMATION

Contains details on DLVO and surface charge density calculations and additional experimental

results. This material is available free of charge online at [].
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TOC Graphic

Schematic of the change in nanocrystals orientational organization with increase of electrolyte’s

concentration and corresponding orientational-colore-coded AFM images.
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