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Assembly of bio-based nano-sized particles into complex architec-
tures and morphologies is an area of fundamental interest and
technical importance. We have investigated the assembly of sulfo-
nated cellulose nanocrystals (CNC) dispersed in a shrinking levitat-
ing aqueous drop using time-resolved small angle X-ray scattering
(SAXS). Analysis of the scaling of the particle separation distance
(d) with particle concentration (c) was used to follow the transition
of CNC dispersions from an isotropic state at 1-2 vol% to a com-
pressed nematic state at particle concentrations above 30 vol%.
Comparison with SAXS measurements on CNC dispersions at near
equilibrium conditions shows that evaporation-induced assembly
of CNC in large levitating drops is comparable to bulk systems.
Colloidal states with d vs. ¢ scalings intermediate between isotro-
pic dispersions and unidirectional compression of the nematic
structure could be related to the biphasic region and gelation of
CNC. Nanoscale structural information of CNC assembly up to very
high particle concentrations can help to fabricate nanocellulose-
based materials by evaporative methods.

Introduction

Assembly of nano-sized building blocks into complex architec-
tures is both a promising route for the fabrication of func-
tional materials and also a design principle in nature.”™ With
the significant advances during the last decades in tailoring
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assembled structures and functionalities of synthetic nano-
particles,™® there is a rapidly growing interest to utilise nano-
particles from renewable sources in sustainable materials.
However, producing sustainable nanomaterials with tailored
and hierarchical structures is challenging and requires better
understanding on how to exercise the structural control of
assemblies of bio-based nanoparticles.”®

Nanocellulose is a fibrous nanoparticle that can be readily
extracted from wood and other sources (e.g. cotton, ramie and
bacteria).” The helical orientation of nanocellulose in plant
cell walls has been shown to contribute to both the mechani-
cal strength of wood,'®"* as well as the brilliant colour of
different organisms."*™** Rod-like cellulose nanocrystals (CNC)
with a high aspect ratio produced by e.g., sulphuric acid hydro-
lysis are colloidally stable in aqueous dispersions and form a
chiral nematic (cholesteric) liquid crystalline phase at relatively
low concentrations.'®'® Drying of CNC dispersions results in
films with a helically arranged structure and iridescent optical
appearance with potential applications as sensors and
coatings.>” ™ Studies of the assembly and compression of
the chiral nematic structure during film formation are sparse
and restricted to relatively low particle concentrations.?’

The helical assembly (e.g., the chiral nematic pitch) of CNC
as a function of the particle concentration has been studied
in both bulk phase and in constrained spherical
geometries.'®*'2° However, recent studies on emulsion drops
and micro-drops generated by microfluidics were restricted to
a relatively narrow concentration range of CNC and were
invariably performed on aqueous drops dispersed in
organic solvents containing surfactants or surface active
copolymers,*>* which may have a significant influence on
the nucleation of the cholesteric phase.*’

Acoustic levitation of aqueous drops is a convenient
approach which has been used to study the crystallization and
agglomeration of proteins as well as the assembly of
nanoparticles.”®*° Levitating drops that slowly shrink as the
water evaporates constitute a system that does not require the
addition of surfactants and allows assembly to be studied
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without the presence of a solid substrate. Here, we have quan-
tified the nanoscale assembly of cellulose nanocrystals in an
acoustically levitating drop by time-resolved small angle X-ray
scattering (SAXS). The volume change of the surfactant-free
drop was continuously monitored as the water evaporated, and
we probed the structural features of CNC dispersions from
1 vol% to ~38 vol%, which is significantly higher than pre-
vious studies have investigated. The changes in scaling of the
separation distance as a function of particle concentration
were related to the transition of CNC dispersions from an iso-
tropic phase to a compressed nematic state and the effect of
gelation.

Results and discussion

We have followed the evaporation-induced assembly of CNC in
aqueous levitating drops using in situ SAXS. Fig. 1a shows a
schematic illustration of the experimental set-up, where the
levitating drop was confined between two pressure nodes of an
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Fig. 1 Scheme of the experimental set-up, the evolution of drop
dimension and concentration and representative SAXS curves. (a)
Illustration of a levitating CNC drop between two pressure nodes of an
ultrasonic wave that is illuminated by an incident X-ray beam. (b)
Change of the drop dimension [equatorial (a) and polar (b) radius,
respectively] and calculated CNC concentrations as a function of the
evaporation time. The fluctuation around 200 s and 1900 s is due to a
momentary oscillation of the drop. The inset images show the shrinkage
of the CNC drop. (c) Representative Kratky plots of the time-resolved
SAXS data of the shrinking drop. The time lapse, At, between each SAXS
profile is 145 s.
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ultrasonic wave. The shrinkage of the drop was recorded using
a USB camera (Fig. 1a), and the drop volume and particle con-
centration were estimated from the measured equatorial and
polar radius (Fig. 1b). The CNC drop displayed a constant
water evaporation rate of ~10 x 10™* mm?® s~ until ~1000 s
(Fig. S17), where the evaporation rate decreased. Hindered
water evaporation of CNC dispersions was recently studied and
related to the formation of a particle network.> ™ Fig. 1c
shows representative SAXS curves of the shrinking CNC drop,
which covered a particle concentration range from 1.5 vol% to
25 vol% (referring to the top and bottom curves, respectively).
The growth of the primary peak in the SAXS curves is directly
related to the time-dependent shrinkage of the drop and thus
the increase of CNC concentrations. The primary scattering
peak is related to the center-to-center separation distance
(d = 21/gpeax center,  is the scattering vector) between neigh-
bouring particles.’® The shift of the scattering peak towards
higher g with increasing particle concentrations in Fig. 1c indi-
cates a decreasing proximity between CNC particles, which is
also observed in the development of the structure factors with
increasing particle concentrations (Fig. S2f). The scattering
curves also displayed a secondary peak, which previously has
been related to the formation of anisotropic 2-dimensional
CNC aggregates.**

The structural features of the CNC dispersion in a levitating
drop with an initial diameter of ~1.5 mm was analyzed by
power law scaling of the separation distance with CNC concen-
tration. Fig. 2 shows that the separation distance continuously
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Fig. 2 Center-to-center separation distance (d) between CNC particles
as a function of the particle concentration (c). The error bar results from
the standard deviation of the fitted Gaussian peaks. The solid curves
describe a power law relation (d « c™) with exponents of; 1/3 (red); 1/2
(green); 2/3 (blue) and 1 (orange), respectively, dividing the CNC assem-
bly process into 3 sequential stages. All the fitting show an adjusted
R-square value above 0.98 (see fitting details in Fig. S41). The gelation
threshold around 6 vol% of the CNC dispersions was determined from
the gravity-driven flowing ability in tilted vials.
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decreased from 50 nm to 5 nm as the CNC concentration
increased from 1 vol% to more than 35 vol%. The reproducibil-
ity of the retrieved concentration-dependent separation dis-
tances from the SAXS measurements was confirmed by a
repeated measurement on the other levitating drops with the
same initial CNC concentration, as shown in Fig. S3.7

The scaling of the CNC dispersion at low concentrations
(between 1 vol% and 2 vol%) followed d « ¢~*"* (Fig. 2, Stage I),
which is characteristic for isotropic contraction of randomly
aligned particles. Indeed, this concentration range coincided
with the isotropic state of the CNC dispersion, as shown in the
phase diagram of Fig. S5a.1 '® The isotropic state is also con-
firmed by the absence of any birefringent regions when the
dispersion was placed between crossed polarizers (Fig. S67).
The scaling for unidimensional compression of the nematic
phase (d « ¢ ') was obtained only at very high concentrations
(above 23 vol%, Stage IIT). Hence, there is a significant concen-
tration range (between 2 and 23 vol%) where the structural
change of CNC drop displayed transitional scaling exponents
from —1/3 to —1. At particle concentrations above 2 vol% up to
~6 vol%, the CNC dispersion followed a scaling of d « ¢/,
The concentration dependence of the separation distance in
the levitating CNC drops within this concentration range was
in good agreement with the previous study of Schiitz et al.
(Fig. S5b7),"® where biphasic CNC dispersions with concen-
trations between 1.9 vol% and 5.2 vol% were measured in
sealed capillaries (near equilibrium conditions) by SAXS. The
close correspondence in scaling behavior of these two data
sets suggests that the geometrical constraints of the relatively
large levitating drop (with a diameter between 1.2 mm to
0.8 mm) have an insignificant influence on the structural evol-
ution of CNC assembly,”"** and thus implies that the power
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law scaling of d « ¢~ is characteristic for the biphasic state
of bulk CNC dispersions. In addition, no characteristic peaks
of a hexagonal packing structure (expected peak position ratio
of 1:4/3:2) were observed in Fig. 1¢,**~” which indicates that
the scaling power of —1/2 excludes the packing of the CNC par-
ticles into a hexagonal lattice.

Chiral nematic assembly of CNC is always accompanied
and competing with gelation at high concentrations (above 6-9
vol%).>'*3% The competition between gelation and self-assem-
bly is still poorly understood, but of significance for producing
CNC-based materials with controllable helical orientation and
chiral nematic pitch.»'® Investigation of the gravity-driven
flowing ability of CNC dispersions in tilted vials at different
concentrations suggests that the gelation threshold of CNC
used in this study was around 6 vol% (Fig. S77). It is interest-
ing to note that a change of the scaling relation from d o« ¢~/
to d « ¢~ occurred at a CNC concentration of 6 vol%, which
indicates that the scaling of d « ¢~ may reflect the compe-
tition between gelation and unidirectional compression of the
fully nematic phase. Fig. S8 shows that the Porod invariant
Q x p-c-(1 — ¢), where p and ¢ are the average electron density
difference between CNC and the solvent and CNC concen-
tration, respectively,®® increased until a maximum value is
obtained around an evaporation time of ~2000 s, which corres-
ponds to a CNC concentration of ~20 vol%. This particle con-
centration corresponds to the onset of the unidimensional
compression, and the increase of the scattering power (i.e. the
magnitude of Q) may thus reflect the fusion and rearrange-
ment of the cholesteric tactoids in the viscoelastic dispersion,
similar to a recent study using electron microscopy.>® Fig. S9f
shows that the order parameter (F) increases with increasing
CNC concentrations and reaches a maximum value at a CNC
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Fig. 3 Structural characterization of the dry CNC bead. Scanning electron microscopy (SEM) images of the cross-sectional surface in the; (a) core,
(b) intermediate layer and (c) outer layer of the CNC bead with a distance from the bead surface of 5 um, 60 pm and 130 um, respectively. Inset
images show a magnified view. The dry CNC bead was ultramicrotome-sectioned through the center. (d) Polarized optical microscopy image of the
CNC bead (crossed polarizers). (e) Schematic illustration of the helicoidal structure within the dry bead.
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concentration of ~20 vol%. The decrease of Q and F at higher
particle concentrations (i.e., longer evaporation time) is likely
related to the formation of defects, cracks and possibly also
voids, similar to previous findings in studies on assembly of
iron oxide nanoparticles in levitating drops.*® In addition, we
have evaluated the ionic strength effect on the assembly of
CNC. The separation distance was always larger than the
corresponding Debye length (Fig. S10%), which suggests that
agglomeration of CNC is of minor importance in this study.

The SEM images of the internal structure in Fig. 3a-c
shows that the dry CNC bead displayed a layered microstruc-
ture, which is characteristic for the chiral nematic struc-
ture.>'"'” The chiral nematic structure of the CNC bead was
further evidenced by the birefringent appearance under
crossed polarizers. In contrast to previous studies on CNC
assembled in small drops in surfactant-containing
systems,”*>* we did not observe any significant structural
differences between the core (Fig. 3a) and outer shell (Fig. 3c)
of the assembled bead beyond the pitch value. The helical
pitch, measured on SEM micrographs (Fig. 3a—c) within the
bead ranged from 410 + 60 nm to 220 = 30 nm from the outer
layer to the core of the bead, which is significantly smaller
than the pitch of CNC assembled in small, confined droplets
(pitch of ~1.3 pm),** but similar to the pitch (~200 nm)
observed in CNC films prepared by drop casting a dispersion
on the substrate in Fig. S11.7

Conclusions

The structural evolution of CNC dispersions during evapor-
ation have been quantified using a substrate-free levitating
setup combined with SAXS, covering a very wide concentration
range; from 1 vol% up to 38 vol%. The nanoscale assembly
was evaluated by analyzing the scaling of the separation dis-
tance as a function of the particle concentration, and the
scaling relations was related to the transition from an isotropic
state to a compressed chiral nematic structure. Complemented
by the phase diagram, a scaling relation of d « ¢ from
2 vol% to 6 vol% was characteristic for the structural features
of biphasic dispersions, while the change of scaling into
d « ¢*? around 6 vol% correlated well with the gelation
threshold of CNC. The dry CNC beads displayed chiral
nematic structures of e.g., similar pitch values compared to
the casted planar CNC films. This study provides a quantitative
tool to study assembly at very high particle concentrations in
drops that are sufficiently large to resemble bulk systems, of
relevance for fabricating CNC-based photonics.

Experimental section
Preparation and characterization of cellulose nanocrystals

CNC with an average length of 178 + 76 nm and an average dia-
meter of ~4 nm were fabricated using a sulfuric acid hydrolysis
protocol.'® The sulfate half-ester groups on the CNC surface
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provided a charge of 0.23 mmol g~*, as determined by poly-
electrolyte titration. The initial volume fraction of CNC, ¢,, was
calculated in the following equation:

Pwater * PCNC
Co =
Puwater - @eNe T Pene - (1 — @enc)

where p is the density (1.6 g cm™ and 1 g em ™ for CNC and
water, respectively),” @cnc the CNC mass fraction (1 wt%).

Drop levitation

Generally, a 1.5-3 pL drop of aqueous CNC dispersions
(1 vol%) was placed into the acoustic field of the levitator
(TEC5, model 13K11, f, = 100 kHz) where the drop was stabil-
ized by adjusting the distance between the reflector and trans-
ducer, as well as the acoustic power. The acoustic levitator was
encapsulated in a glass chamber with four opening sides, for
the X-ray beam going through and a USB camera (1.3 M pixels,
magnification up to 200x) recording, respectively. Image J and
Origin 2015 were used to analyze the shrinkage of drop
volume, and the average particle concentration as a function of
the evaporation time was calculated using following equations:

Varop(t) = 4/3ma’b
Vene = €o Vo,drop

C(t) = Vch/Vdrop(t)

where ¢ is the evaporation time, V the volume, a the equatorial
radius and b the polar radius of the levitating drop.

Small angle X-ray scattering

SAXS experiments were performed on the beamline 1911-4 at
MAX-lab, Sweden. The beamline applies a multipole wiggler
where the Si (111) monochromator provides X-ray with a wave-
length of 0.91 A. The beam size was 0.2 x 0.3 mm?. A hybrid
pixel CCD detector Pilatus 1 M (pixel size 172.0 um) was used
to obtain the 2-dimensional SAXS patterns and the distance
from the sample to the detector was set to 1921.8 mm after
calibration with silver behenate. The exposure time for each
measurement was 10 s. The background scattering of de-
ionized water was subtracted prior to the radial integration
using bli9114.%° The scattering intensity I(g) of CNC disper-
sions reflects a combination of form factor P(q) and structure
factor S(gq).
1(q)

5(q) 0

—

P(q) solely depends on the shape and dimension of CNC
particles, while S(g) reflects how the nanoparticles are arranged
with respect to each other. The structural peaks in the SAXS
curves were Gaussian fitted and used to determine an average
center-to-center particle separation distance by the equation:

d— 21

{peak center

where gpeak center 1S the scattering vector at the peak center.

This journal is © The Royal Society of Chemistry 2018
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Porod invariant calculation

The Porod invariant, Q, of CNC drops during evaporation was
calculated by the equation:

Gmax

Q= J I(q)q*dq
Gmin

where I (g) is the scattering intensity and g the scattering

vector.

Order parameter calculation

The scattering intensity was plotted as a function of azimuthal
angles along the crystalline cellulose (200), and the full width
at half (FWHM) was obtained by Gaussian peak fitting. The
order parameter, F, is calculated by the equation:

5 180 — FWHM
- 180

Scanning electron microscopy

CNC bead was mounted on a silver pin using epoxy resin
(Epoxy embedding medium, Fluka) and sectioned using ultra-
microtome Leica EMFC7 equipped with a diamond knife
(Diatome). The sample was sputter coated with a thin layer of
platinum (Cressington 308R). The cross-sectional surface of
CNC beads was characterized by scanning electron microscope
(Hitachi S-4800).

Polarized optical microscopy

The polarized optical image of the CNC bead was taken in the
reflection mode of a Nikon Eclipse FNI light microscope and
then recorded by an inline camera with a CCD sensor (2 M
pixels).

Calculation of Debye length

The Debye length, x~', was calculated using the following

formula:
1 EreokB T
K =4—
2N el

where ¢, is the dielectric constant, ¢, the permittivity of free
space, kg the Boltzmann constant, T the temperature in Kelvin,
N, the Avogadro number, e the elementary charge and I the
ionic strength.
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