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Abstract: Even though nanocomposites have provided a ple-
thora of routes to increase stiffness and strength, achieving
increased toughness with suppressed catastrophic crack growth
has remained more challenging. Inspired by the concepts of
mechanically excellent natural nanomaterials, one-component
nanocomposites were fabricated involving reinforcing colloi-
dal nanorod cores with polymeric grafts containing supra-
molecular binding units. The concept is based on mechanically
strong native cellulose nanocrystals (CNC) grafted with glassy
polymethacrylate polymers, with side chains that contain 2-
ureido-4[1H]J-pyrimidone (UPy) pendant groups. The inter-
digitation of the grafts and the ensuing UPy hydrogen bonds
bind the nanocomposite network together. Under stress, UPy
groups act as sacrificial bonds: simultaneously providing
adhesion between the CNCs while allowing them to first
orient and then gradually slide past each other, thus dissipating
fracture energy. We propose that this architecture involving
supramolecular binding units within side chains of polymer
grafts attached to colloidal reinforcements opens generic
approaches for tough nanocomposites.

I n recent years, low-density natural nanocomposite materials
such as silk, animal bone, and nacre have acted as an
inspiration for material scientists, as they demonstrate
remarkable toughness combined with stiffness and strength,
which have been challenging to obtain with man-made low-
density materials.'” This is achieved through their self-
assembled nanoscale structures where hard reinforcing
domains are bound together by soft energy-dissipative
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domains involving hidden lengths and sacrificial bonds, all
balanced and working together in synergy. Various types of
biomimetic materials have been described combining “hard”
nanoscale sheet-like or fibrillar reinforcements with classic
“soft” synthetic polymers.* ¥ This architecture typically
leads to high modulus and strength values. In some cases,
distinct yielding and high strain can also be observed in the
stress-strain measurements.'? However, direct studies to
control the crack growth and pronounced toughening have
been less addressed in biomimetic materials.''"7! In this
respect, novel molecular engineering approaches towards
biomimetic toughness are needed to mimic sacrificial bonds
and molecular architectures of biological matter to achieve
suppression of catastrophic crack growth. Feasible tools are
offered by advances in polymeric supramolecular chemis-
try,® as well as in tailored polymers!"! and soft matter.[*")

Nature has provided materials scientists with numerous
hard nanoscale materials that can be used to mechanically
reinforce biomimetic composites. Especially interesting are
rod-like cellulose nanocrystals (CNC).?* They demonstrate
exceptional mechanical properties, with high modulus values,
up to 140 GPa, and high tensile strengths, in addition to being
widely available from sustainable resources. CNCs have high
aspect ratios with lateral dimensions in the range of a few
nanometres and lengths ranging from 50 nm to 300 nm.
Recently, they have been blended within polymeric matrices
yielding nanoreinforced composites leading to improved
stiffness and strength.”1%228] With such materials, in order
to attain the full benefit of stress transfer between the yielding
phase and the hard reinforcing phase, as observed in nature,
all components should be fully compatible. Any aggregation
or flocculation of the hard phase can have an adverse effect
on both the mechanical and optical properties. In this regard,
chemical modification of the predominantly hydrophilic CNC
surfaces enhances the stress-transfer process due to increased
compatibility with synthetic polymers as well as allowing for
the possibility of adding specific functionalities into the
interface between the hard and soft domains.”>2*%’]

While the improved stiffness and strength have amply
been demonstrated in CNC composites and, in more general,
biomimetic composites, the mechanisms that allow fracture
energy dissipation for promoted toughening are considerably
less understood, as they involve subtle nanomechanics. The
hidden lengths and sacrificial bonds in tough biological matter
lead to suppression of catastrophic crack growth due to
increased process zones near the crack tips, thus distributing
the stress concentration to larger volumes.®"*! This promoted
toughening can manifest in stress-strain curves as a distinct
maximum or even in a series of them, indicating sequences of
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major plastic yieldings.”! For example, animal bone is formed
from hard mineralized collagen fibres bound together by
a soft organic physically cross-linked protein matrix.[**! Tt
demonstrates remarkable mechanical properties through
a synergy between the energy-dissipative deformations in
the yielding protein phase with ensuing stress-transfer to the
hard phase. Ligaments and tendons are also formed from
hierarchical structures based mainly on elastin and collagen
fibres.”! Ligaments and tendons demonstrate remarkable
elastic properties with high ductility and the ability to transfer
stress until the maximum stress. Silk is another nanocompo-
site material, formed from reinforcing nanocrystalline (-
sheets bound to a soft protein matrix, consisting of less
ordered nanodomains involving sacrificial hydrogen bonds
and hidden lengths.**>% Therefore, to create a next gener-
ation CNC-based biomimetic nanocomposite, the material
should, in addition to having nanosized reinforcing domains
tightly connected to the soft phase, also contain sufficient
amount of sacrificial bonds along the yielding polymer
backbone to dissipate the fracture energy upon mechanical
deformation. This should manifest as crack blunting and
distinct yield maxima in stress strain curves, not yet shown in
CNC-based supramolecular materials. Therefore new
approaches and architectures are called for.

In accordance to the aforementioned biological architec-
tures, our present concept was designed as follows: All
polymer chains forming the soft “matrix” phase should be
covalently connected to the hard phase, as suggested, for
example, by silk where the soft yielding chains encompass the
reinforcing B-sheets. This grafting also facilitates stress trans-
fer to the hard phase. In other words, blends of CNCs and
separate matrix polymers were explicitly excluded from the

present concept. Consequently, we investigated a one-com-
ponent system. The matrix polymer should also contain a set
of physical interaction sites to form a system of sacrificial
bonds. These sacrificial bonds were constructed according to
supramolecular construction principles. They also provide
mutual connectivity between the CNCs, thus increasing the
mechanical strength and, most importantly, lead to fracture
energy dissipation via the gradual cleavage of the sacrificial
bonds upon progressing deformations (see later Figure 3 for
a scheme). Therefore, we investigated rod-like CNCs grafted
with long polymer brushes, which also formed the matrix
polymer (Figure 1a,b), as this one-component system would
inevitably yield a homogeneous dispersion. The subsequent
graft incorporated 2-ureido-4[1H]-pyrimidone pendant
groups (UPy) (Figure 1c) to act as sacrificial binding
sites.® In more detail, a UPy-based methacrylate
(UPyMA) was examined, as UPy has a high dimerization
constant due to the four hydrogen bonding sites (greater than
10°M~" in CHCl;). UPy has been utilized for numerous
advanced applications, including self-healing materials®*3
and shape-memory polymers.”®! Supramolecular CNC-based
materials have been recently shown by attaching UPy
moieties to the CNC surfaces using small-molecular linkers.”®!
By blending these UPy-modified CNCs with a soft rubbery
telechelic poly(ethylene-co-butylene) matrix, which was
functionalized with UPy endgroups, supramolecular UV-
healable nanocomposite rubbers were fabricated. However,
plastic toughening was not observed. Note that our architec-
ture is conceptually different, as we do not have a separate
matrix phase. Moreover, we suggest that the long polymer
grafts form a favourable architecture of binding between the
CNCs via interdigitation of the grafts and potentially allowing

Figure 1. a) Transparency of a heat-pressed film of CNC-g-P(MMA-r-BMA-r-UPyMA). The film outer borders are visualized with red dashed line.
b) Chemical composition of CNC-g-P(MMA-r-BMA-r-UPyMA). c) The dimerization of UPy by four hydrogen bonds.
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“stick-slip” mutual sliding between the UPy-functionalized
grafts (Figure 1a and Figure 3).

In more detail, a grafted architecture CNC-g-P(MMA -r-
BMA-r-UPYyMA) was formed containing random copolymer
grafts consisting of methyl methacrylate (MMA), butyl
methacrylate (BMA) and 2-ureido-4[1H]-pyrimidone meth-
acrylate (UPyMA) monomers polymerized on CNCs by
surface-initiated atom transfer radical polymerization (SI-
ATRP) in DMF (see the Supporting Information for details).
This work focuses solely on the brush composition MMA 69.0
mol. %, BMA 30.3 mol. %, and UPyMA 0.7 mol.%, as
determined by 'H NMR (Figure S1), as it allowed the most
distinct yield phenomena (for other compositions, see
Table S1). Feasibility of (meth)acrylic polymerization by SI-
ATRP on CNCs is known from previous studies.*"*¥ To
remove the Cu'-based catalytic component after the brush
polymerization in DMF, the CNC-graft was precipitated in
methanol at room temperature (21°C) in order to leach out
the copper residues (see the Supporting Information). The
mean concentration of CNCs was estimated to be 2.5+£0.5
wt. % within the final composition based on the overall yield.
According to dimethylformamide GPC, the weight-averaged
molecular mass was 357 kgmol ™' (Figure S2). Also, due to the
high insolubility of UPyMA at room temperature (21°C),
there were still some monomer impurities locked within the
nanocomposite matrix that could not be fully extracted after
purification. Based on these parameters, a mean grafting
density of 0.2 & 0.04 chainsnm 2 was calculated, according to
a method described earlier.’! Further qualitative confirma-
tion of the presence of UPy within the brushes was achieved
by UV-Vis spectrometry. Here, a distinct signal was observed
at 282 nm, corresponding to the previously published data on
UPy?l—signifying that the UPyMA had successfully been
embedded within the methacrylic brush (Figure S3). In
summary, we suggest that the structural units for the ensuing
nanocomposite consisted of “hard” CNC cores bound
together via “yielding” P(MMA-r-BMA-r-UPyMA) shells
involving an assembly of “sacrificial” UPy pendant groups
(Figure 1).

According to differential scanning calorimetry (DSC), the
onset of glass transition (7,) for CNC-g-P(MMA--BMA-r-
UPyMA) was determined to be 63 °C (Figure S4). It should be
noted that CNCs do not show any thermal transitions before
degradation. Also, dynamic mechanical analysis (DMA) of
CNC-g-P(MMA-r-BMA-r-UPyMA) indicated an onset of
glass transition at roughly 63 °C with the storage modulus (E’)
dropping two orders of magnitude thereafter from 400 MPa at
60°Cto 2 MPa at 100°C (Figure S5). Therefore, the side chain
brush shell is in the glassy state at room temperature (21 °C).

According to DMA, tand (E"/E’) demonstrates a max-
imum near 95°C (Figure S6). Indeed, at 100°C the material
turned soft enough to be heat-pressed into macroscopically
homogeneous transparent films (Figure 1a). Curiously,
a closer look at tan 9, in fact, suggests an overlapping bimodal
thermal transition (Figure S6). This might be explained by
two processes working together: first the thermal cleaving of
the hydrogen bonds between UPy motifs, closely followed by
the promoted thermal motion of the P(MMA-r-BMA-r-
UPYMA) grafts.’! These observations indirectly suggest
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that UPyMA had indeed been successfully embedded as
a physical cross-linker into the yielding phase.

The present one-component nanocomposites behaved in
a similar fashion to thermoplastic polymers by not being
susceptible to phase separation. Tensile deformation of the
heat pressed 100 pm thick films revealed pronounced plastic
behavior in the shape of the stress-strain curves and directly
showed how the cracks propagated. The stress-strain curves
indicate an existence of major plastic deformation as a distinct
yield peak at about 3% strain (Figure 2), unlike other
supramolecular CNC materials, which have demonstrated
only limited plastic deformation, typically in the form of
a slope change in the stress-strain curve.?*?! The maximum in
the stress-strain curve at 29.0 4+ 3.0 MPa indicates pronounced
yielding, with a Young’s modulus of 1.5+ 0.2 GPa. The low
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Figure 2. Examples of tensile stress-strain curves from parallel meas-
urements for CNC-g-P(MMA-r-BMA-r-UPyMA) films, demonstrating
occurrence of several sequential steps, see the arrows, also indicating
sequences of dissipative noncatastrophic growths of the cracks.

Deformation-driven |
localized optical
anisotropy

Figure 3. Examples of tortuous crack shapes and birefringence of
CNC-g-P(MMA-r-BMA-r-UPyMA) test piece after tensile deformation.
The left sides of panels (a—c) show optical micrographs from different
positions of a sample undergoing a fracture process, and the scheme
in the center shows their positions in the particular test specimen.

a and b) Polarized optical micrographs demonstrate localized birefrin-
gence at sites of high deformation. c) However, the undeformed parts
remained optically isotropic. Upper right, the suggested concept for
two CNC-g-P(MMA-r-BMA-r-UPyMA)s sliding past each other with the
complementary brushes slowly unzipping leading to mechanical cleav-
ing of the UPy motifs (suggested stick-slip mechanism).
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strength did not come as a surprise when taking into
consideration the low weight fraction of the CNC in the
final composition (2.5 + 0.5 wt. %) as well as the supramolec-
ular nature of the graft. The maximum strain was relatively
large and demonstrated large variability from 8 to 24%
between parallel samples; see Figure 2 for examples. Another
indication of fracture energy dissipating plastic behavior was
that in some samples, the fracture took place in sequences
(see arrows in Figure 2), as seen in some biological materi-
als.”! Plastic deformations should also manifest as hysteretic
behavior in cycled stress-strain curves. This hysteresis can be
seen in cycled stress-strain deformations, even at small strains
in the linear region before the main yield point (Figure S7).
This is further evidence of the presence of dissipative
processes upon deformation.

To illustrate the roles of the hydrogen bonding UPy
groups had on the nanocomposite material’s plastic deforma-
tion, a reference sample of CNC-P(MMA--BMA), without
UPy, was prepared under the same synthetic conditions
(Figure S8). Although the resulting reference sample without
UPy physical cross-links had a relatively high tensile strength
(10-38 MPa) and Young’s modulus (2.7 +1.9 GPa), it was
highly brittle (max strain: 0.4-1.6 %) and did not demonstrate
any plastic deformation.

Direct visualization of toughening was obtained by
following the crack growth at the strain levels of 8-24%
beyond the yield point. The cracks propagated slowly and not
catastrophically (Figure 3), as accompanied by a strong stress
whitening next to the cracks, as resolved visually and using
polarized optical microscopy (POM) (Figure3 and Fig-
ure S9). The stress whitening extended macroscopic distances
(millimetres) beyond the crack tip, which signals extended
process zones to distribute the stress concentration. This
would indeed be expected with such toughened materials, and
is also observed in hydrated nacre.'? POM showed that the
material was optically isotropic far from the crack tip,
whereas the strongly deformed areas near the crack tip
exhibited clear birefringence (Figure 3). We suggest that the
UPy-based physical cross-links kept the yielding phase from
fracturing, and allowed the CNCs to first mutually align and
then gradually slide past each other, constantly working
against the deformation by dissipating energy (Figure 3 upper
right).

Finally, the cracks were investigated using electron
microscopy. First, scanning electron microscopy (SEM)
demonstrates rough crack surfaces, and near the crack tips
evidence of aligned CNCs can be observed on the crack
surface (Figure 4 a, Figure S10). In addition, sets of extended
voids are observed to open roughly in the parallel direction to
the slowly progressing crack surface (Figure 4a). These voids
are also expected to dissipate fracture energy. Furthermore,
a closer look at the fracture surfaces demonstrate serrated
surfaces, indicating pull-out mechanisms associated to nano-
reinforced materials (Figure 4b,c).!'” Finally, TEM images of
uniaxially elongated 500 nm thick films, as prepared by the
fragility test methodology (see the Supporting Information
for additional information), highlighted the crack mechanics.
Figure 4c demonstrated the serrated crack surfaces, further
emphasizing the reinforcing pull-out mechanisms of the
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Figure 4. a) SEM image of fracture surface after uniaxial stress. Note
that aligned fibrillar structures are observed near the crack tips,
suggesting aligned CNCs. See Figure S10 for a larger image on the
insert. b) Serrated surface features within the fracture surfaces indicat-
ing pull-out mechanisms based on SEM. c) TEM images of micron-
sized cracks after uniaxial elongation of 500 nm thick slices of CNC-g-
P(MMA-r-BMA-r-UPyMA) films, showing pull-outs (see arrows).

d) Crack end demonstrating numerous filaments of plastic deforma-
tions spreading away from the crack end to extend the process zone
(TEM micrograph).

colloidal CNCs (see arrows for pull-outs bridging the cracked
surfaces). At the ends of the formed micron-sized cracks,
numerous filaments of plastic deformation propagated paral-
lel to the formed void to extend the process zones (Fig-
ure 4d). This observation indicates a distribution of fracture
energy, meaning that the applied stress is partially diverted
away from the fracture end.

In conclusion, we have demonstrated one-component
biomimetic nanocomposites, consisting of reinforcing colloi-
dal CNC cores and acrylate polymer shells, involving a set of
hydrogen bonding UPy-moieties to form sacrificial bonds
within the grafted brush architecture. This system demon-
strated pronounced yields, non-catastropic growth of cracks,
and dissipative deformation under tensile stress. We suggest
that upon tensile deformation, the brush-modified CNCs first
orient parallel to each other; and then the UPy motifs act as
sacrificial bonds between the sliding CNCs, thus dissipating
mechanical deformation energy. The grafted architecture, in
general, also allows for large amounts of sacrificial bonds to
be embedded into the system in addition to yielding
a homogeneous dispersion of CNCs bound together by the
interdigitation of the supramolecular grafts. We be believe
that a one-component core-shell approach with polymer
grafting approach involving a set of supramolecular sacrificial
bonds is a feasible generic approach for the next-generation
synthetic tough bio-nanomaterials.
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