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Chitin-Silica Nanocomposites by Self-Assembly™**

Bruno Alonso* and Emmanuel Belamie*

Self-assembly of chemical entities is at the basis of many
biological processes and increasingly in materials synthe-
ses.'™¥ Self-assembled surfactants® and block copolymers®
are widely and successfully used to prepare ordered hybrid
and mesoporous materials with outstanding properties.®” " A
strong interest also rises for energy-saving chemical processes
and reactants from renewable resources."™'! Self-assembled
biomacromolecules and other biological objects have been
used previously as liquid-crystal templates for the formation
of mesoporous silica.'">' Herein we present a novel and
versatile colloid-based approach for the large-scale synthesis
of a new family of hybrid bioorganic-inorganic nanocompo-
sites with an unprecedented control in texture and morphol-
ogy. This approach combines the self-assembly properties of
polysaccharide chitin nanorods,™ with the flexibility of sol—
gel processes involving siloxane oligomers."*!”! The resulting
optical and mechanical properties of the chitin—silica nano-
composites can be tuned by varying the chitin volume fraction
¢cur- Nanorod alignment inside these materials was achieved
under moderate magnetic fields (9 T), generating highly
oriented textures and providing an alternative method to that
developed for surfactant-templated materials.'" Further-
more, sol-gel chemistry is amenable to a variety of processing
techniques such as spray-drying, which allowed us to prepare
micrometer-size chitin—silica particles with variable porosity
in the calcined replicas.

Our approach consists in the formation and processing of
a stable suspension containing two colloids, a-chitin nanorods
and siloxane precursors, both in a dispersed state. This is a
challenging issue owing to differences in stability and
reactivity of the colloids. Chitin nanorods purified from
shrimp shells (L =260 4+ 80 nm, D =23 + 3 nm)!"”! are bundles
of monocrystals (D =3.2 + 0.6 nm) with amino groups at their
surface (Figure 1a). They are stably dispersed in water by
electrostatic repulsions in slightly acidic conditions." The
simple addition of silica precursors would lead to uncon-
trolled chitin/silica precipitation owing to electrostatic inter-
actions and/or rapid siloxane condensation. To avoid this, we
prepared mixed alcoholic suspensions of the chitin nanorods
with siloxane oligomers through repeated solvent exchange
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Figure 1. a) Representation of the siloxane oligomers (upper panel),
and of the chitin nanorods (core: poly[B-(1—4)-2-acetamido-2-deoxy-D-
glucopyranose]) as bundles of monocrystals with amino groups at
their surface (lower panel). The colloid sizes were estimated by DLS
and TEM. b—d) TEM analysis: b) bulk nanocomposite (¢cy =0.28);
spray-dried microparticles (¢c.;=0.28) before (c) and after (d) calcina-
tion (porous replicas).

cycles. The siloxane oligomers were formed by controlled
acid-catalyzed hydrolysis with a hydrodynamic diameter of
about 4 nm and a degree of siloxane condensation ¢ of 0.75
(Figure 1a). The resulting clear to translucent suspensions
(depending on chitin concentration) are stable over a long
period of time (several months).

Upon evaporation, the colloidal suspension shows a
marked increase in viscosity and turbidity, which is accom-
panied by a gradual rise in optical birefringence. In a standard
procedure, the resulting pasty mixture was cast and further
dried overnight (348 K), yielding hard bulk materials with
condensation degrees ¢ in the expected range of 0.8-0.9.1"
Preliminary compression tests show that the elastic mechan-
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ical properties could be enhanced upon addition of chitin in
an intermediate range of ¢y, around 0.3 (see the Supporting
Information). Beyond, the pelleted materials have increasing
plasticity. This evolution of the mechanical properties with
¢cur is consistent with changes in the extent of the chitin
monocrystal coating by siloxane oligomers as discussed below.
In the bulk, the polycrystalline chitin nanorods are preserved
and well-dispersed in the final siloxane network (Figure 1).
The presence of chitin nanorods inside the nanocomposites
was confirmed by “C and "N solid-state NMR, FTIR
spectroscopy, X-ray diffraction, and TEM (representative
micrographs shown in Figure 1b—d; for more details, see the
Supporting Information). These samples exhibit optical
birefringence related to local ordering of the chitin nanorods,
but within small independent domains (ca. 100 pm). By
keeping the samples under a magnetic field B throughout
solvent evaporation and across the sol-gel transition, the
resulting materials showed homogenous long-range (several
centimeter) alignment of the chitin nanorods perpendicular to
B. This preferred orientation, which is most likely related to
cooperative effects previously observed with chitin nanorods
in aqueous dispersions,"! is preserved after calcination
(Figure 2).

Figure 2. Magnetic field alignment: a) TEM micrograph of a mesopo-
rous sample with aligned pores (initial ¢ =0.28). b) Series of
representative polarized-light micrographs of the same sample as (a)
for different orientations with respect to the directions of both the
magnetic field B and the polarizers (crossed arrows: P=polarizer,
A=analyzer). The strong homogenous birefringence of the uniaxially
oriented sample is revealed by a fourfold increase in light intensity
after a 45° rotation (b1—b2). b3) Blue color obtained after introducing
a first-order A retardation plate (y=slow axis direction), indicating
that the structure is aligned along n perpendicular to the magnetic
field direction B.

Spray-dried chitin-silica particles and their related cal-
cined porous replicas have an overall spheroid shape
(Figure 3) and mean diameters in the 2.2-2.5 um range (see
the Supporting Information). Increasing ¢cy; resulted in a
visible roughening of the particle surface, with elongated rods
separated by voids (10-100 nm) visible at high ¢y (Figures 3
and 4). The rods have dimensions (D =26+ 6 nm, L =240+
45 nm) very close to those of the extracted chitin nanorods.
This result suggests that the latter are coated by siloxane
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Figure 3. SEM analysis of spray-dried microparticles, showing varia-
tions in morphology and surface roughness as a function of the initial
chitin volume fraction ¢y, (here porous replicas). The two micro-
graphs on the right correspond to ¢, =0.28 and 0.64, and show the
variations in surface at a higher magnification. For additional data, see
the Supporting Information.

Figure 4. TEM analysis of spray-dried microparticles obtained with
high initial chitin volume fractions (here ¢y, =0.64, porous replica).
The sample is formed by entangled rods of silica (white dashed
rectangles) separated by voids (10-100 nm). These rods come from
the initial chitin nanorods represented by the rectangles

(23x260 nm?). Inside the silica rods, the imprint of the chitin mono-
crystals (2-3 nm wide) can be distinguished (black arrows in the
zoomed area).

oligomers to form hybrid rods, which are transformed into
porous silica structures in the calcined samples (Figures 1c,d
and 4).

Calcination reinforces the siloxane network (¢ > 0.9) and
generates porosity. The porous volume fraction ¢pogr is
essentially proportional to ¢¢y; (Figure 5a), whilst the specific
surface area Sypr shows a gradual increase in the 0-450 m?g~!
range (Figure 5b). The higher porosity of the spray-dried
microparticles compared to the bulk materials probably
comes from the formation of voids as mentioned above. All
N, sorption isotherms are characteristic of mesoporous
samples (IUPAC Type 1V), but changes in the shape of the
hysteresis loop reveal a shift from moderately connected
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Figure 5. N, porosimetry: a) Pore volume fraction ¢por as a function of
chitin volume fraction ¢y, for calcined samples: bulk materials (o)
and spray-dried microparticles (A). b) Specific surface area Sgras a
function of ¢, for calcined samples: bulk materials (0) and spray-
dried microparticles (A). The broken line indicates and corresponds to
modeled Sger values obtained using variable ¢, a density of silica of
2, and dispersed parallelepiped pores of dimensions 10x10x 260 nm®.
c) Typical isotherms (adsorbed volume V,ps versus relative pressure
p/po) obtained for calcined gels, showing a transition from IUPAC type
H2 (¢ <0.3) to H3 hysteresis loop (¢cp > 0.4). No microporosity is
found for any isotherms using the t-plot transformation.

mesopores at ¢y <0.3 to a more complex and opened
porosity at ¢ep; > 0.4 (Figure 5c). At ¢y < 0.3, the estimated
pore diameters (3-5nm) are very close to the lateral
dimensions (2-3 nm) of the straight elongated structures
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observed by TEM (Figure 1d and 4). This strongly suggests
that siloxane oligomers not only cover the external surface of
the nanorods, but actually coat each individual chitin mono-
crystal. Beyond a critical ¢cy,* value, which is tentatively
estimated to be 0.2-0.4, the incomplete coating of chitin
monocrystals would lead to interconnections between pores,
resulting in higher pore diameters as observed for ¢cpy; > 0.4
(4-13nm). To some extent, this may also account for
increased plasticity of the nanocomposites beyond an optimal
chitin volume fraction at around 0.3.

The observed textures and the related properties indicate
a high dispersion level of the chitin nanorods in the initial
alcoholic suspension, which was preserved throughout the
processing steps. 'H spin diffusion studies (¢cy=0.64)
confirm the absence of a phase separation above the 100 nm
scale, and the presence of a chitin-siloxane interface defined
at the nanometer scale (see the Supporting Information).
Furthermore, even after spray-drying, in which fast solvent
evaporation quenches the system out of equilibrium, chitin
nanorods are not aggregated. Converging elements therefore
suggest the existence of a soft attractive interaction between
the siloxane oligomers and the chitin surface, which might
result in the formation of chitin-siloxane particles during the
early stages of the synthesis. This hypothesis is supported by
the presence at chitin surfaces of a high density of amino
groups known to interact with siloxane species and to favor
their condensation,”*?!! and by the possible implication of
chitin in biosilification.” Although the rise in birefringence
during evaporation showed no discernable threshold that is
indicative of a first-order transition, the chitin-siloxane
suspensions clearly behave as a mesophase, with liquid-like
local order comparable to a nematic phase.

In summary, our novel approach takes advantage of the
properties of elongated chitin nanorods in suspension and of
the versatility of sol-gel processes to design chitin-silica
nanocomposites and mesoporous materials. The formation
mechanism is governed by chitin self-assembly coupled with
chitin-siloxane soft attractive interactions, which bears sim-
ilarities with cooperative and dynamical template mecha-
nisms proposed earlier.”?! The stability of the alcoholic
mixed suspensions gives remarkable opportunities to prepare
materials with adjustable volume fractions, spatial ordering,
and morphologies. Further work is in progress, notably to
better describe the structure—texture relationships, and to
fully explore the opportunities in materials processing
(membranes, spheres, fibers).

Experimental Section

Aqueous suspensions of chitin nanorods in 10~*mM HCl were prepared
following a procedure described elsewhere,” based on the hydrolysis
of chitin in 4mM HCI, followed by the purification of the nanorods. In
parallel, an alcoholic solution containing siloxane oligomers was
obtained by mixing and refluxing tetraethyl orthosilicate (TEOS;
0.1 mol), an acidic aqueous solution (0.1 HCI), and ethanol with
molar proportions TEOS/H,O/EtOH 1:2:2 for 4 hours. The chitin
suspension and siloxane solution were then mixed in absolute
ethanol. The reactant proportions were chosen to reach the water—
ethanol azeotrope composition and a given chitin volume fraction
¢cnr in the final nanocomposites. After vigorous stirring, a homoge-
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neous solution was obtained. The mixture was evaporated until a
paste is obtained, and the same initial amount of ethanol was added.
This solvent-exchange cycle was repeated three times for water
removal.

Processing: In a standard procedure, ethanol was further
evaporated and the final paste dried in an oven for about 15 hours
(348 K). For magnetic field alignment, evaporation proceeded slowly
(about 1 month) in vertical tubes placed in a NMR magnet (B=
9.4T). The microparticles were obtained by spray-drying the
suspensions under dry nitrogen in a Biichi 290 mini-spray dryer.
The chitin content estimated from elemental analyses and expressed
as ¢cy; lies within 10 % of the target value. Mesoporous samples were
obtained by calcination (8 hours, 823 K). Siloxane condensation
degrees ¢ were calculated from »Si solution- and solid-state NMR
spectra.
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