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Direct measurements of non-ionic attraction and nanoscaled lubrication
in biomimetic composites from nanofibrillated cellulose and modified
carboxymethylated cellulose
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There is a growing interest to design biomimetic self-assembled composite films from renewable resources aimed at a combination of
high toughness, strength and stiffness. However, the relationship between interfacial interactions of the components and the mechanical
performance of the composite is still poorly understood. In this work we present evidence of the link between mechanical performance of
carbohydrate-based composites with nanolubrication and with direct surface forces between the hard and soft domain in the system. Our
approach was to use nanofibrillated cellulose (NFC) as the major reinforcing domain and to modify it by adsorption of a small amount of
soft polyethylene glycol grafted carboxymethyl cellulose (CMC-g-PEG). The effect of the soft polymer on direct normal and friction
forces in air between cellulose surfaces was evaluated using colloidal probe microscopy. The fibrillar structure of the NFC thin film
affected the frictional behaviour; when decreasing load, the friction between pure cellulose surfaces increased, suggesting partial pull-out
of fibrils, a phenomenon not observed for non-fibrillar cellulose substrates. Adsorption of CMC-g-PEG on both surfaces decreased the
friction considerably but adhesion was still high. The symmetric system, having both cellulose substrates covered with polymer, was
compared to asymmetric systems where only one surface was covered with polymer. Furthermore, a free standing composite film was
prepared by non-ionic self-assembly of NFC and CMC-g-PEG with 99:1 weight-ratio; the mechanical properties of the macroscopic
films were related to the nanoscaled interactions between the components. The composition studied showed excellent mechanical
properties which do not follow the simple rule of mixture. Thus, a synergy in the direct surface forces and mechanical properties was
found. This approach offers a robust path to aid in the efficient design of next generation biomimetic composites.

structures and the final properties.” '® Previous conclusions
regarding beneficial interactions between soft and hard domains
so are, at first sight, contradicting. On the one hand, the ionic
attraction between oppositely charged components'’ and, on the
other hand, repulsion between like charges'® have been found
beneficial. This paradox is most probably due to the very
complex role of the soft domain. The toughening mechanism is a
ss combination of interdomain slippage, reinforcement pull-out,
weak links, sacrificial bonds and deformation of macromolecular
conformations.'”?*  Furthermore repulsive forces between
components are especially important during composite formation,
to ensure an evenly distributed structure, while some degree of
e attraction in dry state is essential for composite strength.

Introduction

There is a strong interest to design low weight materials with
high strength, stiffness and toughness for load-bearing
applications like transportation and construction. Since it is
challenging to achieve both high Young’s modulus and toughness
in man-made composites, many groups have turned to nature for
inspiration." In nature, the hierarchical structure of biological
nanocomposites achieves the desired mechanical properties and
complex biological functions in a synergistic manner.® More
specifically these biocomposites have a common design principle
of hierarchical self-assembly of a high weight fraction of

reinforcing nano-scaled domains promoting stiffness, and a small
weight fraction of soft, organic domain enabling energy
dissipation and suppressing catastrophic crack propagation."”® A
variety of biomimetic composites have been developed
mimicking the brick-and-mortar structure of nacre with a layered
assembly of high fraction of nanopalletes, e.g. nanoclay or
montmorillonite combined with a small amount of various soft
polymers. Promising mechanical properties have been achieved,
and there have been significant advances considering the
composite preparation techniques; however, the focus has been
on finding optimal mixing ratios, developing convenient up-
scalable methods, or characterizing the composite structure.” '
Less attention has been paid to the interphase phenomena,
although they are of pivotal importance for the control of the

In addition to platelet-shaped inorganic reinforcement, Nature
also includes examples of fibrous reinforcing
components, like fibroin in spider silk, and collagen in bone.'
Nanofibrillated cellulose (NFC) has recently gained attention due
to the unique mechanical properties of the cellulose crystal,
including a high Young’s modulus (in range of 140 GPa), high
strength (few GPa) and low density.”* ?* But the natural
abundance of this renewable, nontoxic material also plays a role
because of the recent focus on sustainability. Quite strong films,
or nanopapers, have been prepared from pure NFC,>?’ and thus,
NFC is an attractive candidate for reinforcement of high-
performance materials. In the absence of soft polymer, these
materials are brittle, with low strain-to-failure values.?®>!

numerous
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Whereas, if NFC is added as a minor reinforcing domain in a
polymer matrix, the mechanical properties become a compromise
between the properties of matrix and reinforcement, and the
typical synergy of biomimetic materials cannot be achieved.**>*
However, as a major reinforcing component in biomimetic
composites, NFC has recently shown potential.'> '"-** Despite the
synergistic improvements of mechanical properties, the reported
strength values are still far from what would be expected,
considering the strength of the cellulose crystal.

Uniform dispersion of composite elements, unique interplay
between the components interfaces, and hierarchical structure are
critical and need to be well designed and understood in
nanocomposites.’® *” Yet, there is a lack of experimental studies
of direct forces and nanoscaled-lubrication phenomena that might
explain the role of these interactions for the mechanical
properties of biomimetic composites. Fantner et al.*® were able to
show how sacrificial bonds and hidden length scales contribute to
the toughening of bone in aqueous media by applying single
molecule force spectroscopy. Raj er al*® studied the adhesion
between polylactic acid (PLA) films and flax microbeads by
colloidal probe microscopy, drawing conclusions relevant for
flax/PLA composites. Adhesion experiments complemented with
friction measurements, however, have not yet been accomplished
for man-made composites.

Recently”® we explored the interactions in aqueous media
during composite formation between NFC and
poly(ethyleneglycol) grafted carboxymethylated cellulose (CMC-
g-PEG) and showed that there is an interconnection between
aqueous lubrication and evenly distributed composite structure.
However, no experimental evidence exists on the importance of
nano-scaled lubrication between the components in dry state,
despite the role of lubrication on toughness enhancement.

The aim of this work is to show the link between mechanical
performance and the interactions at molecular level at the
interfaces in biomimetic composites. For this purpose we chose
NFC as the major reinforcing component and CMC-g-PEG as the
soft dissipating polymer. In order to gain insight into the
interactions at the fibril interfaces within the composite, the
surface and friction forces between cellulose microspheres and
NFC films were measured in air. By comparing symmetric
systems, where both cellulose surfaces were covered with CMC-
g-PEG, to asymmetric systems, where only one of the surfaces
was covered, it was possible to understand the effect of CMC-g-
PEG on the interactions at the fibril interfaces within the
composite. The results are discussed in terms of the importance
of boundary lubrication, origin of attraction between the
components, and the possible existence of sacrificial bonds and
fibril pullout. The nano-scaled interfacial interactions were
further related to the mechanical properties of macroscopic
composites and we speculate on how these interfacial phenomena
contribute to crack propagation and toughening of composites.

Experimental section
Materials

Nanofibrillar cellulose (NFC) was prepared by fluidizing never-
dried kraft hardwood birch pulps obtained from Finnish pulp
mills. The pulp was washed to the sodium form according to
Swerin et al*' to control both the counter ion type and ionic
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strength. The washed pulp was disintegrated through a high-
pressure fluidizer (Microfluidics, M-110Y, Microfluidics Int. Co.,
Newton MA) for 6 passes. No chemical or enzymatic pre-
treatment was used prior to disintegration. The charge density of
the pulp used was 0.065 meq/g and the zeta-potential of the
corresponding NFC gel was -3 mV at pH 8.%

All chemicals used were of analytical grade. Carboxymethyl
cellulose (Na-CMC, 250 000 g/mol, DS 0.70, Sigma Aldrich),
was dialyzed and freeze-dried prior to use. The charge density of
dialyzed CMC was determined to be 3.6 mmol/g by direct
polyelectrolyte titration® with 1,5-dimethyl-1,5-
diazundecamethylene polymetho-bromide (8 kDa, 5.35 meq/g,
Sigma Aldrich). CMC-g-PEG was prepared by reaction of CMC
with methoxy polyethylene glycol amine (OMe-PEG-amine;
2kDa) in the presence of EDC and NHS as described before.*

Methods

Preparation of NFC films NFC films were prepared by spin-
coating aqueous NFC dispersions (1.2 g/L) onto muscovite mica
substrates, following the procedure described by Ahola et al.**
and slightly modified by Eronen et al** CMC-g-PEG was
adsorbed on NFC films by depositing drops of 100 mg/L CMC-g-
PEG solution at Ph 4.5 (50 mM acetic acid buffer) on NFC film.
The polymer adsorption took place at room temperature
overnight. After adsorption, the CMC-g-PEG/NFC samples were
rinsed with deionized water and dried under nitrogen flow.

A N

RMS roughness 4.7 £ 0.5 nm RMS roughness 4.9 +0.2 nm
Fig.1 AFM images of NFC films before (a) and after (b) CMC-g-PEG
adsorption . Scale bar: 1 pm; vertical z-scale: 18 nm.

Atomic force microscopy The NFC films deposited on mica
substrates were characterized by atomic force microscopy using a
MultiMode AFM with a Nanoscope V controller (Bruker
Corporation, Massachusetts, USA). Images of NFC films before
and after CMC-g-PEG adsorption were obtained in air using
silicon NSC15/AIBS cantilevers (MicroMasch, Tallinn, Estonia)
with a tip radius below 10 nm, operating in tapping mode.
Research NanoScope 8.15 software (Bruker Corporation) was
used for image analysis. The only image processing applied was
flattening. The RMS roughness of the NFC films was calculated
from images of 25 pm? area. Average RMS values from at least 6
different spots on the same or identically-prepared samples were
4.7 £ 0.5 nm and 4.9 £ 0.2 nm for NFC films before and after
CMC-g-PEG adsorption, respectively (Fig. 1).

Friction and force measurements The surface and friction
forces between NFC films and spherical microparticles of
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amorphous cellulose were measured using the colloidal probe
technique (CPM).** The colloidal probes were prepared by gluing
cellulose spheres with diameters in the range of 15-20 um
(determined with a Leica DM750 optical microscope) at the end
of tipless CSC12 cantilevers (MikroMasch) with the help of a
micromanipulator (Narishige, Japan). An optical adhesive
(Norland Products Inc., Cranbury, USA), cured under UV light,
was used in the preparation of the cellulose colloidal probes.
Force and friction experiments were carried out with the above
mentioned AFM equipped with a closed-loop PicoForce scanner,
following the procedures described by Ralston er ar.*® Briefly,
during normal force measurements the cellulose colloidal probe
approached the NFC substrate at a speed of 1 pm/s until contact,
and then separated. The surface forces obtained from the vertical
deflection of the cantilever and the cantilever normal spring
constant were normalized by the radius R of the cellulose sphere
used as a colloidal probe. In friction force measurements, the
cellulose colloidal probe slid over the NFC film at a speed of 10
pum/s at different applied (compressive) loads. The friction forces
were obtained from the lateral twist of the cantilever and the
cantilever lateral spring constant. Before gluing the cellulose
microparticles, the spring constants of the cantilevers were
determined from the analysis of the cantilever thermal vibrations
with the software AFM Tune IT v2.5 (ForcelT, Sweden) and the
use of Sader’s equations.*” ** Values of about 0.25 N/m and
1.9x10” Nm/rad were obtained for the normal and lateral spring
constants, respectively. CMC-g-PEG was adsorbed either on
NFC film, on the cellulose colloidal probe or on both, from 100
mg/L polymer solution at pH 4.5 overnight, followed by rinsing
with deionized water and drying under nitrogen flow. Subsequent
force and friction measurements were performed at room
temperature and at 35% relative humidity (RH). The humidity
was controlled with a home-made humidity chamber, inside
which a sample of MgCl, saturated solution was placed. RH
inside the humidity chamber was monitored with a HM34C
humidity probe (Vaisala, Vantaa, Finland).

Nanocomposite film preparation: To a 0.84% NFC water
suspension 1% w/w of CMC-g-PEG and 10 ml acetic acid buffer
solution was added. The pH was set to 4.5 with 0.1 M HCIL. The
dispersion was stirred overnight whereupon free-standing
nanocomposite films were prepared by pressurized filtration and
hot pressing for two hours as described previously.?’

Tensile tests were carried out with an Instron 4204 universal
tensile testing machine and Bluehill 2 program. The gauge length,
load cell and crosshead speed were 30 mm, 100 N, and 0.5 mm
min™', respectively. A minimum of five specimens were measured
from each sample. The thickness of each specimen was measured
before the experiments and was 0.055-0.06 mm for NFC and
0.062-0.064 mm for NFC/CMC-g-PEG. The films were
conditioned for seven days in ambient atmosphere at 23 °C and
40 - 50 % relative humidity prior to measurements. Film
specimens of 5.30 mm width were cut from NFC film sheets with
a pair of scissors. The specimens (~50 mm X 5.30 mm) were
secured to rectangular paper strips from both ends using cyano
acrylate superglue (Loctite). The specimens’ shape and
dimensions are presented on Fig. 2.

60

=
&

100

13
0

Fig.2 Dog-bone geometry of specimens used in the tensile testing. The
units are in millimeters.

It is important to notice that the specimen shape was different to
the previously used rectangular shape.”’ The dog bone shape
facilitated less scatter in the results and failure always occurred at
the gauge section, not at the grip, so direct comparison to results
for other sample shapes should be avoided.

Results and discussion

The effect of CMC-g-PEG adsorption on normal and friction
forces between cellulose surfaces.

Recently we found that CMC-g-PEG has a very strong
lubricating effect on NFC in aqueous media. By small addition of
such modified polysaccharide, the friction coefficient between the
NFC film and the amorphous cellulose sphere in CPM decreased
up to 88%.%° Such a notable reduction was mainly due to double
layer repulsion and weakly overlapping highly hydrated polymer
chains. That efficient aqueous lubrication led to the formation of
uniform composites without aggregates. It has been suggested
that frictional sliding between load bearing components in
nanocomposites is important for efficient energy dissipation in
the toughening mechanism of the material.** Sacrificial bond
rupture has also been found to be able to dissipate enormous
amounts of energy, leaving the structural integrity intact.' A
detailed analysis of the interfacial forces and the friction at the
nanoscale between the components of a composite material based
on NFC and CMC-g-PEG is presented in this work. The results
are related to the mechanical properties of free-standing
composites in air.

Fig. 3a shows a typical force curve for the interaction between a
spherical microparticle of amorphous cellulose and a NFC film
deposited on a mica substrate. An attractive force was observed at
short separation, causing the cellulose surfaces to jump into
contact (inset of Fig. 3a). High adhesion was detected when the
cellulose surfaces were subsequently separated (Fig. 3a).
Attractive van der Waals forces and the formation of hydrogen
bonds are probably the origin of that high adhesion.

Fig. 3b presents the friction force between these cellulose
surfaces (cellulose colloid probe and NFC film) as a function of
applied load. Once the surfaces reached contact, the friction force
increased linearly with the applied load (load curve) as predicted
by Amontons’ law:

Feriction = # Froaa (1),

where u is the friction coefficient. In systems with high adhesion
between the surfaces, the adhesive forces contribute significantly
to the total applied load. In those systems, the friction force is not

This journal is © The Royal Society of Chemistry [year]
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zero when the external applied load vanishes, because the
adhesive forces keep the surfaces in contact with an effective
load. Consequently, Amontons’ law has to be modified to
consider a finite value of friction F;y when the external applied

s load Fy,,, 1s zero:
Frriction = M Froad + Fo
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Fig.3 a) The normal force curves for the interaction between a cellulose

colloidal probe and an NFC film on approach (red) and separation (black).
o The inset shows a zoom of the approach curve. b) Friction force between
a cellulose colloidal probe and a NFC film as a function of applied load.
c-e) Friction force between a cellulose colloidal probe and a NFC film as
a function of applied load after adsorption of CMC-g-PEG on: c) only
NEC film; d) only cellulose colloidal probe; and e) both on NFC film and
cellulose colloidal probe. Closed symbols in (b-¢) correspond to load
curves, whereas open symbols represent retract curves. All measurements
were performed at 35% RH.

The load curve in Fig. 3b follows the linear relation described by
equation (2), and the friction coefficient can be obtained from the
slope of the line that fits the experimental data (Table 1). At an
external applied load of about 10 nN the loading cycle was
reversed and the friction force was measured as the load is
stepwise reduced (open symbols in Fig. 3b). A significant
hysteresis was observed. Friction hysteresis has been previously
s observed in cellulosic systems and were ascribed to an increase in
true contact area™ ' or capillary condensation.’ It has been
reported that the effect of capillary condensation on the adhesion
and friction hysteresis between cellulose surfaces is especially
pronounced at RH above 60%.* In this work force and friction
o measurements were carried out at 35% RH, well below the
indicated threshold of 60% for the formation of capillary
condensates. Friction experiments carried out at 8% RH exhibited
friction hysteresis similar to the one presented in Fig. 3b (results
not shown), which discards capillary condensation as the main
s cause of the friction hysteresis in our system. A very interesting

S

feature in Fig. 3b is the remarkable increase of the friction force
when the applied load started to be reduced from the maximum
value of about 10 nN. Considering the high adhesion observed
between the cellulose sphere and the NFC film (Fig. 3a),

40 probably some NFC fibrils were partly pulled out when the

45

separation of the surfaces was initiated by gradually decreasing
the applied load. The partly pulled out NFC fibrils would alter the
roughness and the contact area at the contact spot between
cellulose sphere and NFC film, explaining the initial increase of
the friction force in the unload curve and the subsequent
hysteresis. As a consequence of the high adhesion in this system,
negative applied loads beyond -30 nN were necessary to finally
separate the cellulose surfaces (out of contact in Fig. 3b).

Figures 3c-e show the friction curves between a cellulose

so colloidal probe and a NFC film when CMC-g-PEG was adsorbed
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on one or both surfaces. In general, CMC-g-PEG had a
lubrication effect since lower friction values were observed after
polymer adsorption. For instance, the friction force of 165 nN
between cellulose sphere and NFC film at an applied load of 10
nN was reduced to 65 nN, 7.5 nN or 15 nN when CMC-g-PEG
was adsorbed on the cellulose sphere, on the NFC film or on both
surfaces, respectively. The friction hysteresis observed between
uncoated cellulose surfaces vanished after CMC-g-PEG
adsorption on NFC film (Figs. 3c, e). Although of lower
magnitude, friction hysteresis was still present between pure NFC
fibrils and CMC-g-PEG coated cellulose sphere (Fig. 3d). These
results suggest that the uncoated NFC films are responsible for
the friction hysteresis, supporting the hypothesis that pulling out
of NFC fibrils is the underlying mechanism of that phenomenon.

The friction data can be associated with the strength of the
adhesion between the surfaces, quantified from the pull-off forces
in the separation force curves (Figs. 3a and 4b). Table 1 presents
the average values of pull-off forces for the different cellulose
systems studied in this work. The high adhesion observed
between cellulose sphere and NFC film (-6.3 + 1.4 mN/m) was
dramatically reduced when NFC was coated with CMC-g-PEG
(Table 1 and Fig. 4b). PEG chains hinder the formation of
hydrogen bonds between the cellulose surfaces, considerably
diminishing the contribution of those bonds to the total adhesion.
The adhesion in the system cellulose sphere vs. NFC coated with
CMC-g-PEG (-0.8 + 0.3 mN/m) was too low to provoke a
significant pulling out of the NFC fibrils and, therefore, no
friction hysteresis was observed in Fig. 3c. Intermediate values of
pull-off forces (-2.8 + 0.08 mN/m) were obtained when CMC-g-
PEG was adsorbed only on the cellulose sphere. The high affinity
of CMC to NFC partly compensates for the hindering effect of
PEG chains on the formation of hydrogen bonds. As a
consequence, the adhesion in that system was strong enough to
cause some pulling out of NFC fibrils, giving rise to the friction
hysteresis observed in Fig. 3d. In comparison with Fig. 3b, the
intensity of the friction hysteresis was substantially smaller
because the adhesion was also lower in that system. Finally, a
moderate adhesion (-2.4 = 1.1 mN/m) was also observed when
both surfaces were coated with CMC-g-PEG, significantly higher
than in the asymmetrical system where CMC-g-PEG were
adsorbed only on NFC film. The higher adhesion observed in the
former system could be due to the entanglement of PEG chains
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from both surfaces. In spite of the higher adhesion, no friction
hysteresis was observed in this system (Fig. 3¢), which seems to
point that NFC fibrils coated with CMC-g-PEG were less prone
to be pulled out.

Table 1. Pull-off forces and friction coefficients between different
cellulose surfaces. Mean values of at least 6 (pull-off forces) and 3
(friction coefficients) measurements are presented together with their
standard deviations.

2

S

2:

G

30

35

System Pull-off forces friction
Y (mN/m) coefficients
Cellulose sphere
vs. NFC -63+14 8.44 £2.58
Cellulose sphere
vs. NFC/CMC-g-PEG 08203 0.57+0.07
Cellulose sphere /CMC-g-PEG 28408 3974023
vs. NFC
Cellulose sphere /CMC-g-PEG
vs. NFC /CMC-g-PEG 24l 083+0.20

Table 1 also presents the friction coefficients for different
cellulose systems, calculated from the linear fits of the friction
data corresponding to the load curves in Figs. 3b-e. The
lubrication effect of CMC-g-PEG is reflected in the lower values
of the friction coefficient obtained when the polymer was
adsorbed on one or both cellulose surfaces. The friction
coefficient between the cellulose sphere and the NFC film
decreased one order of magnitude (from 8.44 + 2.58 to 0.57 +
0.07) after the adsorption of CMC-g-PEG on NFC. Since
polymer adsorption did not alter the RMS roughness of the NFC
substrates (Fig. 1), the reduction cannot be explained by a
difference in roughness.** >* The important reduction in the
friction coefficient must be related to the dramatic decrease of
adhesion observed after coating the NFC with CMC-g-PEG, and
the consequent effect on the partial pulling out of NFC fibrils, as
pointed out before. The intermediate value of 3.97 + 0.23 for the
friction coefficient between the NFC film and the cellulose
sphere modified with CMC-g-PEG correlates with the
intermediate adhesion and friction hysteresis in that system. A
low friction coefficient of 0.83 + 0.20 was obtained when the
polymer was adsorbed on both surfaces. Still, the adhesion in this
system was of similar magnitude as when only the cellulose
sphere was coated with CMC-g-PEG. Nevertheless, the friction
coefficient when both surfaces were coated by CMC-g-PEG is
slightly higher than in the case where the polymer was only
adsorbed on NFC (0.83 + 0.20 vs. 0.57 £ 0.07), which could be
probably due to the entanglement of PEG chains from both
surfaces.
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Fig.4 Normal force curves on approach (a) and separation (b) for the
interaction between a cellulose sphere and a NFC film without (black
closed symbols) and with (red open symbols) CMC-g-PEG coating. The
solid line in panel a) represents the theoretical fit according to equation
(3) for van der Waals attraction, using a Hamaker constant of 0.2 x 10
1.

Fig. 4 shows two characteristic normal force curves for the
interaction of a cellulose sphere with an unmodified NFC film
and with NFC modified by CMC-g-PEG adsorption. Similar
attractions at short separation distances were observed in both
systems when approaching the surfaces (Fig. 4a). That attraction
eventually provoked the surfaces to jump into contact from
distances within the range 4-7 nm. Similar attractive forces were
observed when the cellulose sphere was coated with CMC-g-PEG
(Fig. S1 Supplementary information). Considering the conditions
chosen to carry out the force experiments (in air, RH 35%), the
attraction observed at short distances must be due to van der
Waals forces, which can be described by Equation (3) for the case
of interaction between a flat surface and a sphere of radius R,

F A

= 3,
where A is the Hamaker constant of the system and x is the
separation between the surfaces. Using a Hamaker constant of
0.2x10% J, equation (3) fits the experimental data very well
(solid line in Fig. 4a). At distances below 2 nm, when the
gradient of the attractive force exceeded the spring constant of the
cantilever, the surfaces jumped directly into contact. The
Hamaker constant of 0.2x10° J used in this study for cellulose
surfaces interacting in air is about 30 times lower than the value
of 5.8x10%" J previously reported by Bergstrom et al.”® from
spectroscopic ellipsometry experiments. However, it must be
taken into account that their results were obtained with very
smooth regenerated cellulose films with an RMS roughness in the
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range 0.16-0.24 nm. The NFC films used in this work were
considerably rougher with an RMS roughness of 4-5 nm (Fig. 1).
Van der Waals forces are affected by surface roughness,
decreasing as the roughness increases.”® The effect of roughness
in equation (3) is reflected in a lower effective Hamaker constant.

The Mechanical properties of free standing films

The nanoscaled interactions between components discussed
above were further linked to the macroscopic properties of the
composites. We focused on demonstrating the connection
between adhesion and lubrication on mechanical performance,
not on finding optimal ratios between components. Thus, only
one ratio of components was studied. Although there is some
removal of fibrils during film formation,?’ the low concentration
of CMC-g-PEG (1 w/w %) ensures that all added polymer is
adsorbed to the fibrils and the ratio will be unaffected by the
filtration. About 2 w-% of CMC can irreversibly adsorb to
cellulose fibers depending on the polymer charge®” but adsorption
on NFC could be higher due to larger accessible surface area. The
grafting of NFC only slightly decreases the affinity to NFC. *° In
a recent study by Pahimanolis et al,'® increasing the CMC
concentration in NFC/CMC composites above 5% did not
improve the mechanical properties of a composite film prepared
by tape casting. Lower concentrations were not tested. We
speculate that at higher CMC content a non-adsorbed polymer
layer will not take part in enhancing the mechanical properties
because these molecules are not interacting with NFC.

In Fig.5 the stress-strain curve for pure NFC film and
NFC/CMC-g-PEG nanocomposite are compared and in Table 2
the corresponding Young’s modulus, stress, and strain-to-break
values for these samples are listed.

‘© 150
o

M

< 125+
0 NFC
® 100+

S

NFC/CMC-g-PEG
751

50+
25+

Engineering str

0.0 0.5 1.0 15 20 25 3.0 3.5 4.0
Engineering strain (%)

Fig.5 Stress-strain curves for NFC/CMC-g-PEG composite (red) and

100% NFC reference (black)

Table 2. Tensile Properties of films

Young’s Engineering Strain-to- ngl: k-
Sample Modulus stress failure fracture
0,
(GPa) (MPa) (%) (MJ/m’)
NFC
(100%) 10.39+0.14 107.11+1.64 1.5+0.09 1.04
NFC/CMC-
g-PEG 9.49 +0.48 12442 +7.60 2.7+0.56 3.09
(99/1 %)

For pure NFC nanopaper the Young’s modulus can reach a value

4
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of 10.4 GPa. Upon a small addition of CMC-g-PEG the modulus
only slightly decreases to the value 9.5 GPa. However, the stress-
strain curve is different, indicating different interactions between
the components other than those between pure nanofibrils. After
addition of a small amount of CMC-g-PEG more plastic
deformation is observed. The work-of-fracture, estimated by the
area under the stress-strain curve,” was almost three times higher
for the nanocomposite than for unmodified NFC paper. The
work-of-fracture is a measure of material toughness, and the
increased toughness also allows reaching higher engineering
strength, as observed in Fig 5. We speculate that the observed
synergy is related to the surface forces between the components
and to the complex role of the soft polysaccharide layer.

Evans et al.>** suggested that the lubricating effect of the soft
domains in nacre leads to shearing and stretching of the organic
phase within the slipping reinforcing domains, and provides
resistance to deformation. We suggest that the CMC-g-PEG
phase works in a similar way in the NFC/CMC-g-PEG
nanocomposite, as shown by the low friction. Furthermore, the
strong adhesion present at both the NFC vs. CMC-g-PEG
interface, and when both cellulose surfaces are modified with
CMC-g-PEG, (see Table 1) ensures good bonding. Additionally,
hydrogen bond formation and their rupture (Scheme 1) during the
sliding, when load is applied, could further contribute to
toughening.

Scheme 1. Possible kinds of weak bonds (hydrogen bonds and van der
Waals attraction) between NFC and CMC-g-PEG interfaces involving in
gluing the fibrils together, (1) between PEG and CMC, (2) between CMC
and NFC, and (3) between CMC from one chain with CMC from other
chain.

The presence of hydrogen bonds also facilitates sacrificial bonds
and stretching of hidden length as has previously been reported
during deformation of wood,* or in mineralized collagen fibers.*®
The stick-slip mechanism, observed in friction force experiments
could provide, and explain, the plastic response observed during
deformation. We also speculate that partial fibril pullout and
intermixing of phases may enable more effective crack deflection
at the hard/soft (NFC/CMC-g-PEG) interface, converting the
brittle NFC into a more ductile material. However, we
acknowledge that we can only speculate at the moment and more
careful examination of fraction region and the crack dissipation
mechanism would be needed.

Finally, the lubrication in liquid state’® and the improved
dispersibility between modified NFC fibrils obviously benefit the
formation of a more uniform composite and, as a consequence,
improved mechanical properties.
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Conclusions

We have employed a simple, novel and versatile concept to
conjugate nanofibrillated cellulose with soft polymers by non-
ionic interactions. This allows creating a biomimetic
nanocomposite that contains a large ratio of reinforcing NFC
fibrils separated by thin layers of soft polymer. CMC was used as
a binding agent to introduce, via non-ionic interactions, soft
polymers (PEG) to the fibrils, and design the composite with
hierarchically ordered soft/hard architecture. The clear increase in
10 material toughness in the presence of CMC-g-PEG was linked to
experimental verification of the interactions between the
components by employing colloidal probe microscopy. The weak
multiple hydrogen bonds, intermixing of phases and decrease in
friction observed at molecular level contribute to the complex
energy dissipation mechanism during fracture of composites and
leads to enhanced toughness. Direct measurement of the
interfacial forces give information otherwise not available that
enhance our understanding of nanocomposite behaviour. Since
CMC can be widely functionalized with different molecular
architectures and constituents, we expect numerous possibilities
to follow up this concept in order to design biomimetic
nanocomposites based on polysaccharide modification, where
increased fracture toughness as well as high stiffness and strength
of reinforcing NFC components can be achieved. Further studies
related to polysaccharide modification and their role in
toughening mechanism are currently being conducted.
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We utilized colloidal probe microscopy to study the nano-scaled interfacial interactions,
which can be further related to the mechanical properties of macroscopic composites.
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