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Biobased cellulose nanofibrils (CNFs) constitute important building blocks for biomimetic, nanostructured
materials, and considerable potential exists in their hybridization with tailorable polymeric nanoparticles.
CNFs naturally assemble into oriented, fibrillar structures in their cross-section. This work shows that
polymeric nanoparticle additives have the potential to increase or decrease orientation of these cellulose
structures, which allows the control of bulk mechanical properties. Small amounts of these additives
(<1 wt%) are shown to promote the alignment of CNFs, and the particle size is found to determine a tai-
lorable maximum feature size which can be modified. Herein, X-ray scattering allows for the quantification
of orientation at different length scales. This newly developed method of measuring cross-sectional
orientation allows for understanding the influence of nanoparticle characteristics on the CNF network
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structure at different length scales in hybrid cellulose-nanoparticle materials, where previously quantitat-
ive description has been lacking. It thus constitutes an important foundation for further development and
understanding of nanocellulose materials on the level of their nanoscale building blocks and their inter-

rsc.li/nanoscale actions, which in turn are decisive for their macroscopic properties.
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Introduction

Since the advent of the nano-world in the 20th century, the
importance of nanostructures in determining material pro-
perties has become increasingly evident. Controlled assembly
of nanostructures enables materials with remarkable pro-
perties, as seen in natural systems like nacre and wood, where
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toughness arises from precise nanoscale architecture.”* In

synthetic materials, fine-tuning of nanostructures holds sig-
nificant potential for achieving novel properties, where
advanced characterization techniques are key to elucidate
structure-property relationships.**

In recent years, nanomaterials derived from cellulose have
garnered significant attention due to their inherent biobased
nature and advantageous properties such as high strength,
stiffness, durability and chemical functionality, which allow
for versatile design possibilities and applications such as thin
barriers, flexible electronics substrates and optoelectronic
materials.>® Cellulose nanofibrils (CNFs) are fibrous nano-
materials with diameters around 3 nm and micrometer-scale
lengths, dispersed in aqueous media with charged surfaces
ensuring colloidal stability.'" These charges facilitate assembly
strategies such as layer-by-layer adsorption,'” or by mediating
interactions during drying by the addition of small-molecule
or polymeric additives.”*"® Tailored additives are particularly
promising for controlled structure formation and property
tuning through simple methods like evaporation or vacuum
filtration."®"”

Much of the research on CNF-based films focuses on tailor-
ing mechanical properties.’®'® High strength and stiffness are
achieved by dewatering CNFs under conditions that maintain

This journal is © The Royal Society of Chemistry 2025
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colloidal stability,'® while polymeric additives often increase
ductility at the expense of stiffness.”®?! Polymers with room-
temperature glass transition temperatures provide the greatest
improvements in toughness,* while polymers like polyacryl-
amide (PAM) enhance modulus through strong intercompo-
nent bonding.**?*

There is an expanding body of literature where polymeric
nanoparticle additives show synergistic property-improve-
ments, but where the structure-property relationships remain
poorly understood.>®° High loadings (25 wt%) of rigid cat-
ionic particles significantly improve ductility (>200%) through
new energy dissipation modes,”>?° but at low loading (<1 wt%)
the particles have a stiffening effect.”® These nanoparticle
additives are likely to induce major structural changes in cellu-
losic ordering, which may be the driver of macroscopic prop-
erty impact.

Cellulose nanopapers naturally form anisotropic structures,
with nanoscopic fibrils aligning perpendicular to the filtration
direction during assembly.’® These structures are described
with various terminologies such as layered, laminar, aligned,
stratified, or anisotropic, and are widely documented by elec-
tron microscopy (Fig. 1).>'> However, these methods have
limitations, including sample preparation artifacts, limited
bulk visualization and lack of quantitative information. X-ray
diffraction (XRD) and Raman spectroscopy are bulk techniques
used to quantify crystallite alignment, but significant differ-
ences in alignment between different materials are rarely
0bserved'32,33,36738

The hybridization of CNFs with colloidally stable polymeric
nanoparticles likely leads to ordering and disordering on mul-
tiple length scales. To understand this orientation disorder
and its impact on properties, it is necessary to evaluate struc-
tures across multiple length scales. In this study, we employ
wide- and ultra-small-angle X-ray scattering (WAXS and USAXS)
to probe hybrid nanocellulose materials and quantify orien-

filtration direction

Fig. 1 Schematic of the investigated cellulose nanopaper and FE-SEM
images showing (a) the surface and (b) the cryofractured cross-section.

This journal is © The Royal Society of Chemistry 2025
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tation parameters across scales, linking them to bulk mechani-
cal properties.

Experimental
Materials

Never-dried sulfite pulp was kindly donated by Domsj6. N,N-
Dimethylamino ethyl methacrylate (DMAEMA) (98%) contain-
ing 700-1000 ppm monomethyl ether hydroquinone (MEHQ),
and methyl methacrylate (MMA) (99%) containing <30 ppm
MEHQ were purchased from Sigma Aldrich, and the inhibitor
was removed prior to polymerization by passing over basic
alumina. Basic alumina (aluminium oxide 90 active basic
(0.063-0.200 mm) activity stage I) was purchased from Merck
Millipore. Dioxane anhydrous (99%), 4,4'-azobis(4-cyanovaleric
acid) (ACVA) (98%) and 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (AIBA, 97%) were purchased from Sigma
Aldrich and used as received. Acetone and hydrochloric acid
(HCI) (37%) were purchased from VWR and used as received.

Preparation of CNFs

TEMPO-mediated oxidized CNFs were prepared according to
previously described procedures.'”** Never-dried softwood
sulfite pulp (Domsjo) was treated by TEMPO-mediated oxi-
dation at pH 10, and fibrillated in a high-pressure homogen-
izer (Microfluidizer M-110EH, MicrofluidicsCorp, USA) by one
pass through large chambers (400 pm and 200 pm, 800 bar)
and four passes through smaller chambers (200 pm and
100 pm, 1600 bar) to produce a CNF gel with dry content ~10 g
L~". CNF dispersions (~2 g L") were prepared by Ultraturrax
homogenization, tip sonication and centrifugation.*® The total
charge of CNFs was determined by conductometric titration as
448 + 16 pmol g™,

Synthesis of polymeric nanolatex with RAFT-mediated
polymerization-induced self-assembly (PISA)

The chain-transfer agent CTPPA was synthesized according to
previously published protocol.*

The water-soluble PDMAEMA block (macroCTA) was syn-
thesized by solution RAFT polymerization. DMAEMA
monomer (6.74 mL, 40 mmol, 25 eq.), ACVA (44.85 mg,
0.16 mmol, 0.1 eq.), CTPPA (444 mg, 1.6 mmol, 1 eq.) were dis-
solved in dioxane (13.26 mL, [M]pparma = 2.0 M) and degassed
by Argon bubbling for 15 minutes at 0 °C. The reaction pro-
ceeded at 70 °C for 24 hours (conversion ~99% from '"H-NMR).
The crude reaction was precipitated in acetone with concen-
trated HCl (1.6 ml, 20 mmol), decanted and dried under
reduced pressure at 50 °C overnight.

RAFT-mediated emulsion PISA was performed with MMA in
water. The large and small particles were formulated for
degree of polymerization 200 and 500 of the central MMA
block. The PDMAEMA macroCTA (158.7 mg, 0.038 mmol, 1
eq.), AIBA (1.24 mg, 0.0046 mmol, 0.12 eq.) and MMA
(2.01 ml, 18.9 mmol, 500 eq.) were dissolved in distilled water
(total batch size 20 ml). Dry content 10 wt%. The mixture was

Nanoscale, 2025,17, 8712-8723 | 8713
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degassed by Argon bubbling for 15 minutes at 0 °C. The reac-
tion proceeded at 70 °C for 3 hours (gravimetric conversion
>99%). The crude dispersion was purified by dialysis
(12-14 kDa cutoff) in distilled water.

Preparation of hybrid cellulose nanopapers

Phosphate buffer was prepared by 1:1 molar ratio between
K3;PO, and K,HPO,. The polymeric nanoparticles were diluted
to 0.2 wt% in 10 or 100 mM phosphate buffer. The nano-
particle dispersion was added drop-wise under vigorous stir-
ring to a CNF dispersion of 0.2 wt%. After complete addition
the hybrid dispersion was stirred vigorously for 30 minutes,
and then vacuum filtered over PVDF filter membranes over-
night. The wet cakes were dried for 2 days in holders to
prevent buckling in a room conditioned to 50% relative
humidity.

Nuclear magnetic resonance

"H-NMR was used to determine conversion of DMAEMA by
comparing intensity of the residual vinyl peak at 6.0 ppm
versus a polymer peak at 4.0 ppm. '"H-NMR was performed on
a Bruker Avance NMR at 400 MHz using CDCl; as solvent.

Size exclusion chromatography (SEC)

SEC was performed on a TOSOH EcoSEC HLC-8320GPC
equipped with EcoSEC RI detector and three columns (PSS
GRAM 10 pm; Microguard, 100 A, and 1000 A) from PSS GmbH
(resolving range 100-1 000 000 g mol "), using DMF with 0.01
M LiBr as mobile phase, at 50 °C, and with a flow rate of 1 ml
min~'. Calibration was performed using PMMA standards
ranging from 100 to 1000 000 g mol ™", and toluene was used
as flow rate marker.

Dynamic light scattering (DLS)

The hydrodynamic diameter (Dy), polydispersity index (PdI)
and zeta potential ({) of the polymeric nanoparticles were
determined using a Malvern Zetasizer NanoZS at 0.1 wt% in
distilled water at 25 °C. The standard for size correlation was
polystyrene latex.

Polyelectrolyte titration (PET)

PET was performed on a Stabino unit (Particle Metrix GmbH,
Germany). The cationic nanoparticles were titrated against
poly(vinyl sulfate) (KPVS) to find the surface charge.

Conductometric titration

Conductometric titration of TEMPO-mediated oxidized pulp
was performed following the protocol described elsewhere.*!

Table-top small-angle X-ray scattering (SAXS)

SAXS was performed on a Mat:Nordic (SAXSLAB/Xenox) with a
Rigaku 003+ high brilliance microfocus Cu-K radiation source
(4 = 1.5406 A) and Pilatus 300K detector. The nanoparticle dis-
persions (1 wt% in distilled water) were measured in boro-
silicate glass capillaries (1.5 mm diameter, wall thickness
0.01 mm) with an exposure time of 3600 s.
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Field-emission scanning electron microscopy (FE-SEM)

FE-SEM was performed on a Hitachi S-4800. The materials
were fractured in liquid nitrogen or in the tensile testing rig,
mounted and coated with a thin layer of Pt/Pd before imaging.

Atomic force microscopy (AFM)

Diameter and length of CNFs where assessed with an AFM
(Multimode 8, Bruker, USA) in tapping mode in air. A CNF dis-
persion (0.3 wt%) was diluted to 0.0005 wt% and homogenized
for 10 min at 10000 rpm using Ultraturrax (IKA T25D,
Sweden). Remaining aggregates were removed by centrifu-
gation for 1 hour at 4000 rpm. The supernatant was mixed on
a Vortex Genie 2 (Scientific Industries Inc., USA) for 5 min
prior to adsorption. Freshly cleaved mica was treated with
(3-aminopropyl)triethoxysilane for 30 seconds, before adsorp-
tion of the CNF dispersion for another 30 seconds.

X-ray scattering experiments (WAXS and USAXS)

X-ray scattering experiments were performed at beamline
P03** with a sample to detector distance of 9.41 m for USAXS
(PILATUS 2M detector, pixel size 172 pm) and 36.89 cm for
WAXS (Lambda 9M detector, pixel size 55 um). Sample to
detector distances were calibrated using standard calibrants.
The beam size was 22 x 30 pm, as focused on the sample. A
0.3 pm Al absorber was used with 1 s exposure. The nano-
composites were sliced with a sharp scalpel to ~1.5 mm.
Because slices of material are relatively thick in the beam
direction (~1.5 mm), the surface deformation caused by
slicing will give negligible scattering as compared to the bulk
material scattering.

Tensile testing

Tensile testing was performed using an Instron 5944 with 500
N load cell at 23 °C and 50% RH. Strips were cut with a punch
cutter tool to 6 mm in width, and stored under the same con-
ditions for at least 48 h prior to testing. The gauge length was
set to 30 mm and strained at 10% min~'. Minimum 5 speci-
mens per sample were tested.

Results and discussion
Synthesis of hybrid materials

The structure-forming additives in this study are tailored block
copolymers synthesized according to the principles of
polymerization-induced  self-assembly (PISA), employing
reversible addition-fragmentation chain-transfer (RAFT)
polymerization.**** Briefly, poly(2-(N,N-dimethylamino) ethyl
methacrylate) (PDMAEMA) with degree of polymerization 25
was chain extended with methyl methacrylate (MMA) in
aqueous emulsion polymerization. This yielded spherical par-
ticles with rigid PMMA core and tertiary-amine PDMAEMA
functional shell (Fig. 2b). This shell stabilizes the particles in
aqueous dispersion, and acts as anchoring block in the
adsorption to cellulose.*> The rigid core is chosen due to a
hypothesized structure-forming effect, as rigid core-additives

This journal is © The Royal Society of Chemistry 2025
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®

CNF dispersion 2 g/L hybrid dispersion
Fig. 2 To a dispersion of anionic cellulose nanofibrils (CNFs) (a) is added cationic nanolatex particles (b), either large (L) ~90 nm or small (S)
~30 nm. The light blue cloud around particles indicates the size of the extended shell polymer and associated water, as measured by DLS. The
hybrid dispersion (c) is stirred vigorously to ensure component adsorption, and is then vacuum filtered to produce materials with oriented structures

(d). The nanoparticle amount (np) and size (L or S) impact the assembly upon water removal.

have previously shown positive synergistic effects on mechani-
cal properties in cellulose nanocomposites.>®

Two particles of different sizes were synthesized, hence
termed large (L) and small (S) (Table 1). The particle cores
are ~90 and ~30 nm in diameter. The particles are spherical,
with no higher morphologies (worms, vesicles) present as
shown by field emission scanning electron microscopy
(FE-SEM) imaging (Fig. S31). Dynamic light scattering (DLS)
yields the hydrodynamic volume Dy, which takes into
account the size of the extended shell polymer (PDMAEMA)
and its associated water when the nanoparticle is in the dis-
persed state. Both the size of the nanoparticle in dry state
(core size) and in the wet state (Dy) are important character-
istics regarding the structure-forming capabilities. The struc-
ture and charge of the wet particle in dispersion will control
the extent of interaction and potential wrapping with the
oppositely charged CNF. Conversely the dry size (core size) of
the particle will determine which size of naturally-occurring
void space it can occupy in the assembling CNF-matrix. The
two nanoparticles have relatively similar zeta potentials, and
the particles have surface charge of 470 and 950 pmol g™*
respectively. The adsorption of PDMAEMA-functional par-
ticles to cellulose has been found to be strongly dependent
on the size and charge, where smaller size and lower charge
increases adsorption.*’

Anionic CNFs of surface charge 450 pmol g~ ' were used
for this work (Fig. 2a). TEMPO-mediated oxidation of soft-
wood pulp was employed to introduce carboxylate charges on
the nanofibril surface, and the CNFs were separated through
homogenization.*® The block copolymer particles were

diluted to 2 g L™ in 100 mM or 10 mM phosphate buffer,
and adsorbed to cellulose nanofibrils (CNFs) by slow
addition to a 2 g L' CNF dispersion during vigorous stirring
(Fig. 2b) resulting in a homogeneous hybrid dispersion
(Fig. 2c). The buffer is added to avoid localized differences in
pH, which helps in reducing visible aggregation
during mixing. The buffer should also maximize adsorption
of the components, as the increase in ionic strength
decreases the Debye length and thus intercomponent repul-
sion (Fig. 2c).*”*® The hybrid dispersion is then vacuum fil-
tered to produce cellulose-rich nanocomposites with aligned
structures on different length scales (Fig. 2d).

In this work, the nanoparticles were buffered to two
different molarities, to investigate whether buffer impacts
assembly and material properties. The samples are hence
referred to as Ly, or Sp, where S/L denotes small or large par-
ticles, np is the nanoparticle amount in wt%, and B denotes
nanoparticles in 100 (high) or 10 mM (low) phosphate buffer
molarity. B refers to the molarity of buffer in the nanoparticle
dispersions before they are added to CNF. The total buffer
molarities in the hybrid dispersions are thus between 0.4 and
21.9 mM and vary with nanoparticle amount np. Reference
materials without particles are referred to as CNF®. All hybrid
materials are detailed in Table S2.1 No macroscopic aggrega-
tion is seen in these hybrid dispersions, when nanoparticles
are added to CNFs, likely because of the stabilizing effect high
aspect ratio CNFs have on colloidal systems, as shown
earlier.”” With the addition of these particles, it is visible in
SEM images that the assembled layered structure of neat CNF
is altered (Fig. 3).

Table 1 Characteristics of the large (L) and small (S) colloidal nanoparticles used in this study

Name Dspn @ (nm) Dgaxs” (nm) Dy ° (nm) pdI°¢ ¢4 (mv) Surface charge ¢ (pmol g™*)
Dis-Msgo (L) 79 + 13 88 + 0.003 119 + 0.6 0.029 + 0.025 66 = 0.2 470 + 30
Ds-Maoo () 26 +5 27 +0.025 40 +0.1 0.076 + 0.004 54 +3.3 950 + 30

“FE-SEM imaging of nanoparticles adsorbed to plasma-treated silicon wafer. ? SAXS of nanoparticles in dispersion fit to spherical model.
¢ Hydrodynamic diameter by dynamic light scattering (DLS). ¢ Zeta potential. ¢ Surface charge by polyelectrolyte titration.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Cross-sections of hybrid cellulose nanopapers with increasing amounts of PISA nanoparticles. Cross-sections are prepared by cryo-fracture
in liquid N, and imaged by FE-SEM. Left: CNF reference without nanolatexes. Upper row: Hybrid materials with large nanolatexes. Lower row: Hybrid

material with small nanolatexes.

FE-SEM imaging of cross-sections

The classical method of assessing cross-section structuring is
imaging by FE-SEM of cross-sections fractured by different
methods. Fig. 3 shows the cross-sections of hybrid cellulose
nanopapers with increasing amounts of PISA nanoparticles. In
the CNF reference, we clearly see the appearance of layers of
different sizes in the material, most visible at sizes of 100 and
200 nm. Fig. 3 shows representative images of cross-sections
of hybrid materials produced with high buffer. Cross-sectional
images of low-buffer samples (Sg’g" and L}f’g") show no signifi-
cant differences vs. high buffered samples L' and ShE"
(Fig. S5f). The particles retain their spherical shape after
hybridization with CNFs (Fig. S6at).

It is clear that the addition of nanoparticles to CNF has an
impact on cross-sectional structures formed during dewatering
and assembly (Fig. 3). The overall set of images in Fig. 3 shows
that increasing amounts of nanoparticles disorder the CNF
matrix, and at 25 wt% particle content the layered structures
are no longer visible. Surfaces fractured at 50% relative humid-
ity (during tensile testing) also show clearly increased disorder
at the highest additive amounts (Fig. 4). the impact of 25 wt%
large (L) and small (S) particles on the scattering distribution,
indicating differences in material alignment.

However, from these types of images it is not possible to
quantitatively describe the structuring, and thus we cannot
assess well the impact of nanoparticle size and concentration.
Additionally, with these types of images we only visualize

X,y

S1 high

So.s""
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Fig. 4 Fracture surfaces of hybrid cellulose nanopapers with increasing amounts of PISA nanoparticles. Fractured at 50% relative humidity, and
imaged by FE-SEM. Left: CNF reference without nanolatexes. Upper row: Hybrid materials with large nanolatexes. Lower row: Hybrid material with
small nanolatexes.

This journal is © The Royal Society of Chemistry 2025
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ordering of relatively large structures well (>100 nm). In these
images we can clearly see that CNF layering is impacted by the
addition of particles, but to quantify the effects we turn to
WAXS and USAXS.

Scattering in the cross-section of nanopapers

The hybrid nanopapers were sliced to 1.5 mm strips which
were placed in-line to the X-ray beam (Fig. 5a). To ensure that
the incoming X-ray beam is perfectly in-line with the layered
structures inside the material, the specimen was rotated to
find the highest scattering path length, before acquiring
images on the detectors.

The scattering patterns show anisotropic features in WAXS
and USAXS, characterized by increased scattering intensity in
the z-direction versus the y-direction (Fig. 5b and c). The
cross-sectional scattering in WAXS (W,) show distinct crystal-
line cellulose peaks at g ~1.1 and ~1.6 A™* corresponding to
scattering from the (200) and the combined (110) and (1-10)
crystalline planes.>® Conversely, the in-plane scattering (W,)
is low and no crystalline signals are discerned. This is indica-
tive of a highly aligned system on the crystalline scale. The
inclusion of nanoparticles in the hybrid materials does not

/
(a) -
X-raysx —

(d) Radial cuts WAXS

(e) Radial cuts USAXS

View Article Online
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greatly influence the features of the WAXS signals in these
radial cuts, as the nanoparticles themselves are amorphous
and show no crystalline peaks. USAXS cuts in the cross-
section (US;) and in-plane (US,) directions are also indicative
of a highly aligned system on larger length scales (Fig. 5c).
The signal from pure cellulose is smeared/featureless, with
intensity in the US, direction being larger than in the US,
direction. This both indicates some ordering,*" and a rela-
tively high dispersity in feature sizes. From SEM images we
see clearly features of around 100-200 nm, see Fig. 3 and 4.
If these structures were highly well-defined, a plateau region
in the lower g region of this data would be expected. The
data thus suggests that the layers have high dispersity in
feature sizes.

The addition of nanoparticles yields USAXS patterns indica-
tive of monodisperse features, with fringes in the intensity
clearly visible (Fig. 5e). These patterns are in agreement with
particles of sizes ~100 and ~20 nm. The appearance of higher
order oscillations indicates that the particles are well dispersed
in the cellulosic matrix. It corroborates that large-scale agglom-
eration of particles does not take place while mixing and
drying of the cellulose-nanoparticle hybrid dispersion into

(f) Azimuthal cuts USAXS (US™™)

1 q (A 2 0.003

/_\ /_\ N ') 100 -
V200 Uszl Us'o us®us®e| us {.. & DK
;-\ ; 5 ;.: ..'..
S T / : e > s=o,51-.'-°*~j
ey Wz o 2 %‘ ] : : )
= v/ ‘B 5 : 9%
8 | e g 5 Y
< e 3 : "
£ Wy — 8 2
§ EE._M M . § 8
L~ 2 ® CNF° @] 55"9" o Spshien

Fig. 5 Geometry of the scattering set-up in the cross-section direction (a) of hybrid cellulose nanopapers, as studied by simultaneous WAXS (b) and
USAXS (c). The detector images show raw data from the reference CNFO. Radial cuts in the WAXS detector (d) show the cross-section (W,) and in-
plane (W,) scattering response, and the region chosen for azimuthal integration over the (200) scattering plane is indicated as Wq0. Radial cuts in
the USAXS detector (e) show the cross-section (US,) and in-plane (US,) scattering response, with three g-ranges chosen for azimuthal integration;
US100. US20 and US;o, with d-spacing ~100, 20 and 10 nm respectively. (f) Azimuthal integration of the US;00 g-range, showing the impact of 25 wt%
large (L) particles on the scattering distribution, indicating differences in material alignment through the S parameter.

This journal is © The Royal Society of Chemistry 2025
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sheets, but rather that these colloidally stable building blocks
remain discrete through the drying process. This indeed sup-
ports the earlier statement that macroscopic aggregation can
be avoided during mixing of the different components. The
data in Fig. 5d and e shows clearly the need for both WAXS
and USAXS to characterize assembled structures found in the
cross-section of these materials.

To quantify alignment and ordering at different length
scales, cuts for azimuthal integration are chosen for the crys-
talline regions of the (200) plane (Fig. 5d), as well as in
USAXS at size ranges 100, 20 and 10 nm, corresponding to
shaded regions in Fig. 5e. The ¢ ranges are found in
Table S3f and representative image with these cuts in
Fig. S7.1 These cuts are chosen to probe size ranges similar
to the large particles, small particles and CNFs. The azi-
muthal integrations at the chosen g ranges yield distri-
butions that describe the alignment in the material at these
certain length scales. It is obvious from inspection of the dis-
tribution curves that the incorporation of nanoparticles
impacts the alignment throughout the bulk of the material
by a clear broadening of I(y) (Fig. 5f). In the literature,
several different mathematical strategies have been used to
reduce these distributions to orientation values.*> The
most commonly employed calculates the Herman’s order
parameter S, which is generated from the orientation distri-
bution function (ODF) according to the second Legendre
polynomial (eqn (1)), where y is the scattering angle. S is
computed from the integration over background-subtracted
two-dimensional WAXS and USAXS according to eqn (2) and
normalization according to eqn (3).

The orientation parameter S is a value between 0 and 1 that
describes the alignment of structures in the field of view.
When S = 0 the structures are anisotropic with no alignment,
and when S = 1 the structures are perfectly aligned. Some rele-
vant values of the S parameter are schematically illustrated in
Fig. 6b. It is crucial to remember that in this experiment the S
parameter only describes alignment in the field of view of the
incoming X-ray beam (see Fig. 5a), and does not describe
alignment in 3 dimensions.

S= <%cos2 ¥ — %> (1)
S = E I(y) (gcos2 7 — %) siny oy (2)
L I(y) siny 6y = 1 3)

Influence of nanoparticles on orientation parameters

The extracted S-parameters for all produced materials
provide valuable insight into material structuring on
different length scales. The alignment at different length
scales is seen for the pure CNF material in Fig. 6a. Firstly, S
for WAXS equals 0.26 for the pure CNF material, which corre-
lates well to XRD literature values (0.12-0.34).>>¢ In the
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USAXS cuts we see that anisotropy occurs in all investigated
length scales, but alignment is highest at a length scale of
100 nm. This corroborates SEM imaging, where layering at
length scales 100 nm and above is observed, see Fig. 3. Thus,
our results in Fig. 6a provide a quantitative and bulk descrip-
tion of the ~100 nm structures reported via SEM imaging in
the literature. These trends are also corroborated in a CNF-
drying study where the orientation index is found to be
larger in the low g-region.”® In Fig. 6b we visualized the
arrangement of high aspect ratio particles (such as CNFs)
organized according to relevant S-parameters.

The impact of nanoparticles on the alignment of cellulosic
structures is shown in Fig. 6c and d. For large particles (dia-
meter ~90 nm), there is an increase in alignment with low
(0.5 wt%) nanoparticle content (Fig. 6c). This effect is mirrored
with small nanoparticles (diameter ~30 nm), and is seen up to
1 wt% (Fig. 6d). We have previously found that addition of
such small amounts of these nanoparticles in CNF-networks
leads to stiffening of the material, an effect that was attributed
to nanoparticles acting as cross-linking points when they are
few and far apart.”® These new findings instead indicate that
the stiffening effect stems from the particles inducing an
increased alignment of cellulosic structures during assembly.
The dehydration effect is further corroborated by a sharp
increase in density of the nanopapers containing low amounts
of nanoparticles (Fig. S107).

The increase in alignment that is attained by colloidal
nanoparticle additives is an effect that is very interesting to
probe further, as it provides a way to tailor material structure
by modification of additives rather than fabrication method.
One way to understand these results is to visualize that col-
loidal polymeric nanoparticles can fit into naturally occurring/
forming pores inside the CNF network. The nanoparticle addi-
tives could pull CNFs closer during water removal, leading to
an increased packing and alignment. Cationic nanoparticles
are known to dehydrate cellulose model surfaces, as electro-
statically driven adsorption between anionic CNFs and cationic
nanoparticles release counterions and bound water at the
adsorbing surfaces.”® Calorimetry has shown that adsorption
of various species to cellulose is generally driven by release of
bound water at the surface.”® This dehydration effect could
allow the tighter packing of CNFs in a hybrid mixture where
polymeric nanoparticles can fit inside naturally forming pores.

CNF-networks are known to be nanoporous and with a
broad distribution of pore sizes around an average value of
40 nm.'®® Our results indicate that the larger nanopores
which can accommodate nanoparticles of size ~90 nm (L) are
filled between 0.5 < np < 1 wt%. Such a nanopore is visible in
Fig. 3 for the pure CNF (see also Fig. S6bt). Conversely, nano-
pores suitable for accommodating nanoparticles of size
~30 nm (S) are filled between 1 < np < 5 wt%. We thus show
that with the addition of polymeric nanoparticles of well-
defined sizes, it could be possible to block pores of certain
size and size ranges. Additional to tailoring mechanical pro-
perties of the composites, this might be relevant for appli-
cations where CNF films are used as filtration membranes or

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Orientation parameters (S) for neat CNF® describing orientation

at four different size ranges, (b) schematic representation of some rele-

vant values for S, (c) orientation parameter (S) changes with nanoparticle addition (np) when adding large nanoparticles (L), (d) orientation para-
meter (S) changes with nanoparticle addition (np) when adding small nanoparticles (Syp).

barrier materials.”>”*®

Np.ric is shown as a dashed line in Fig. 6¢ and d.

At nanoparticle content above npei;, alignment is reduced
as particles that cannot fit into natural pores act as steric bar-
riers for CNF assembly. For large nanoparticle additives, S
decreases on all length scales at np > np;. For small nano-
particles however, alignment is not impacted at 100 nm but on
all smaller length scales. This indicates that the small particles
can fit inside the 100 nm features formed during assembly
and drying, so that these structures can still form. To con-
clude, large particles (90 nm) are large enough to hamper
structure formation at all length scales, but small particles
(30 nm) are not (schematic in Fig. S8%). Low buffered materials
(L}SF‘,” and Sh’gv) result in nearly identical values for S, corrobor-
ating that the buffer does not impact alignment, as seen in
SEM images (Fig. S97).

The critical nanoparticle concentration

Influence of buffer in neat CNF

The full range of hybrid materials discussed above were fab-
ricated with nanoparticles buffered in 10 or 100 mM phos-
phate buffer, and compared to CNF® with no added buffer.
To investigate whether the buffer alone can have an impact
on cellulosic alignment we prepared neat cellulose materials
with buffer concentrations equal to L% and LSE" (1.1 and
21.9 mM). The corresponding S-parameters calculated from
these materials show that the structuring in cellulose is

indeed impacted by buffer concentration when no nano-

This journal is © The Royal Society of Chemistry 2025

particles are added (Fig. 7a). On the crystalline scale (W>*°

and US'%), significant increases in alignment cannot be con-
cluded. However, at larger size scales of 20 and 100 nm (US>°
and US'°), we see an increase in alignment with increased
buffer concentration. These results are mirrored in the struc-
tures observed in cryo-fractured cross-sections in the FE-SEM
(Fig. 7b).

It is known that the assembly of CNFs during drying is
impacted by colloidal stability. Charges on the CNFs surface
repel one another, and thus as water is removed during drying,
their continued repulsion prevent aggregation to produce
homogeneous nanofibrillar material.>® Increase in ionic
strength has been linked to a decrease in viscosity and
increase in dewatering rate as a result of a decreased colloidal
stability.®® If charges are neutralized/protonated or shielded by
the increase of ionic strength, CNFs are expected to associate
earlier in the drying process.®’ When the CNF concentration is
high enough the fibrils will form gels or colloidal glasses due
to their large anisotropy and macroscopic aggregation are
avoided. The buffer concentrations applied here are not high
enough to aggregate the CNFs at the initial concentration of
2 ¢ L™'. However, as CNF dry content increases during water
removal, one can visualize that the onset of association is
reached earlier in the drying process, giving rise to more well-
defined layers and increase in alignment of these. Our results
indicate that the layer formation and alignment characterized
in this work is formed by a concentration-driven association of

Nanoscale, 2025,17, 8712-8723 | 8719
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Fig. 7 (a) Impact of added buffer, in neat CNF samples, on orientation

parameters and (b) cryo-fractured cross-sections imaged by FE-SEM
show the increased appearance of oriented layers when higher concen-
tration of buffer is used.

CNFs during water removal, which is tightly linked to the col-
loidal stability of CNFs.°>

Within the hybrid materials with CNFs and polymeric
nanoparticles however, buffer does not impact material align-
ment (Fig. S97). This shows that addition of the nanoparticles
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dominates the colloidally-driven nanostructuring detected in
neat CNFs. These ‘structure-forming’ additives thus seem to
function via a steric mechanism rather than a mechanism
based on charge or van der Waals driven interactions.

Impact of CNF alignment on tensile properties

The range of hybrid nanopapers Lﬁi,gh and sﬁ}f‘"‘ were subjected

to standardized tensile testing (50% relative humidity, 23 °C).
Representative curves (Fig. 8a and b) show the plasticizing
effect at high nanoparticle addition. Nanoparticle addition
reduces the elastic (E) and plastic (P) moduli (Fig. 8c and d).
Similarly, the nanoparticle addition reduces alignment (Fig. 6¢
and d). Hence, mechanical properties and alignment show
similar trends to nanoparticle addition. Especially in the
plastic modulus, we observe a slight increase in resistance to
strain at low nanoparticle addition (0.5 wt%). These effects
corroborate our previous findings, where small amounts of
similar additives were associated with increases in both elastic
and plastic moduli.*®

Hence, we investigate a potential correlation between
stiffness and alignment. When plotting E and P versus align-
ment, we see clear correlations (Fig. 8e and Fig. S11f). To
further assess correlation strength, the Pearson’s correlation
coefficient r is calculated and plotted in Fig. 8f.

The elastic modulus (E) describes small-strain deformation
behaviour. For the range Lf{%’h strong correlation (>0.5) is
observed on all length scales. Orientation of structures on all
length scales is thus responsible for small-strain deformation
behaviour. Interestingly, the hybrid materials with small par-
ticles Sﬁi,gh shows very poor correlation at the 100 nm range.
This indicates that the structures at this size range are not
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Fig. 8 Representative stress—strain curves show plasticizing effect of (a) large and (b) small particles. The elastic (c) and plastic (d) moduli are
extracted from the entire datasets, showing qualitatively the plasticizing effect. (e) The plastic modulus (P) looks correlated to the orientation para-
meters (S) on different length scales. (f) The Pearson’s correlation coefficient r shows high correlation between elastic modulus and orientation on

all length scales.
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responsible for small-strain deformation behaviour in these
materials. The plastic modulus (P) describes large-scale defor-
mation behaviour. Plastic behaviour in CNF-materials is often
described by interfibrillar sliding, which is dominated by the
friction coefficient between fibrils.®* Correlations between S
and P appear similar to S and E, but the plastic modulus
shows consistently stronger correlation (Fig. 8f). This indicates
that large-scale deformation behaviour has an even stronger
dependency on cross-sectional orientation.

The dependency of modulus on orientation in the crystal-
line size range has been shown using XRD in cold-drawn nano-
cellulose materials.*® Cold-drawing of cellulose wet-cakes led to
increase in crystallite alignment both in the cross-sectional and
in-plane directions. This behaviour was associated with
increases in both modulus and strength. Our work reports the
correlation between modulus and alignment also on much
larger size scales (<100 nm). We can thus propose a method for
tuning cross-section alignment by the use of tailored additives.

Conclusions

Cellulose nanofibrils assemble into oriented structures upon
dewatering, and it is shown that a polymeric nanoparticle
additive can be used to control alignment of these structures
to impact bulk mechanical properties. A method is developed
for quantifying orientation in the cross-section of CNF
materials on different length scales using WAXS and USAXS.
Small amounts (<1 wt%) of cationic polymeric nanoparticles
are found to increase alignment, which lead to increased resis-
tance to plastic deformation. Larger amounts of particles misa-
lign CNF-structures at length scales of the particle diameter
and smaller. Calculated orientation parameters correlate well
to bulk moduli. This work constitutes an important step
forward in the understanding of structure-property relation-
ships in CNF materials hybridized with structure-forming
additives, which is useful in barrier, filtration and advanced
optoelectronic applications.
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