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Abstract

Chitin nanocrystals (ChNCs) were prepared by partial cleavage of glycosidic bonds in
chitin with concurrent oxidation of chitin C6 primary alcohols to produce carboxylate
groups on the surface of the ChNCs. Following alkaline deacetylation of the ChNCs in the
presence of NaBHa to inhibit “end-peeling” afforded chitosan nanocrystals (ChsNCs) with
a degree of deacetylation (DDA) >80%. Transmission electron microscopy (TEM), X-ray
diffraction (XRD) and Fourier-transform Infrared (FTIR) spectroscopy were used to
determine the morphology and composition of these carboxylated ChNCs and ChsNCs.
Subsequently, two methods were used to deposit Au onto the nanocrystals, and the
catalytic activities of the resulting biomass-based nanocatalysts were tested for the 4-
nitrophenol reduction and the aldehyde-amine-alkyne (A%) coupling reaction. In particular,
Au nanoparticles over ChsNCs featured the highest turnover frequency value for the 4-
nitrophenol reduction reported to date. Spectroscopic and imaging techniques confirmed
the importance of controlling precisely the redox state of Au as it is being deposited to

afford highly disperse active site on the bio-nano-support.
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Introduction

Research into bio-based nanomaterials has seen major advancements in the past decade
for a multitude of disciplines ranging from energy, electronics, medicine, sustainable
packaging, environmental remediation, and coatings.’® This effort was pioneered by
research on cellulose nanocrystals (CNCs), a material readily accessible via cellulose
acid hydrolysis. CNCs are non-toxic materials with large surface area, high mechanical
strength, and tunable colloidal and self assembly behaviour in aqueous media, making
them suitable for a number of downstream applications in nanomedicinal drug delivery,
food packaging, or papermaking industry, to name only a few.*’ Their small size and the
presence of coordinating groups on their surface, such as hydroxyls, sulfate half esters
and carboxylates, make them ideal candidates for the stabilization of metal nanoparticles
(NPs), which have been further utilized in catalysis.®'# In particular it was shown that
CNCs were excellent stabilizers for Au NPs applied to nitrophenol reduction, Ru NPs for
arene hydrogenation, Ag for carbonyl hydrogenation, Pd for phenol hydrogenation and
even for highly effective chirality transfer from the CNC surface in a Pd-catalyzed carbonyl

hydrogenation reaction.® 1518

While cellulose in its nanocrystalline form was undergoing these exciting developments,
chitin, on the other hand, had been scarcely explored in this form, despite the presence
of nitrogen-containing functionalities as a handle for further manipulations.® Chitin serves
as a core structural material in crustaceans, fungi, and certain insects, in a similar manner
to cellulose for trees and plants. With shrimp and crab shells as primary sources, the

annual availability of chitin is in the range of 1 to 100 billion tons.?° Currently in the seafood
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industry, shell waste is often discarded back into the sea or in landfills, causing disposal
costs as well as environmental concerns.?! Crustacean shells are mostly composed of
proteins, calcium carbonate and chitin, which are all potential sources of valuable
chemicals and the basis for a “shell biorefinery,” analogous to the forestry biorefinery
where conversion processes and equipment are integrated to produce fuels, power, heat,
and value-added chemicals from lignocellulosic biomass.?? Challenges to establishing a
shell biorefinery including the sustainable fractionation processes to separate the
components of shell waste, to establish chemical methods to produce value-added
chemicals, and to identify downstream applications for these materials that lead to

consumer products.?3

Chitin possesses a number of perceived beneficial properties for downstream
applications including high bioavailability, antimicrobial properties, and high tensile
strength. However, its limited solubility in aqueous and organic media have constrained
actual deployment of chitin in applications.?*28 In lieu of this, the increased solubility of
chitosan and its amino functional groups leads to greater reactivity compared to chitin in
applications development, yet green methods for the conversion of chitin into chitosan
are still highly sought after.26: 22 Chitosan has been reported as a bio-based support for
metal NPs for use in catalysis.?%3? However, in order to increase surface area and affinity
for binding ability to metals, chitosan should be processed into nanoscale dimensions like
CNCs so as to maximize the potential of this biomaterial. The production of chitin
nanocrystals (ChNCs) and related chitin nanofibrils is known.®3-3% Typically, strong

mineral acids are used to hydrolyze the amorphous regions of chitin to yield highly
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crystalline nano-chitin materials. In another case, Isogai and co-workers used TEMPO-
mediated oxidation to produce carboxylated chitin nanofibrils.®* However these methods
rely on the use of harsh and/or corrosive chemicals. Our group (Lam) has recently
patented the procedure for producing carboxylated ChNCs from chitin using ammonium
persulfate as a mild oxidant,3® and other groups have followed suited and used similar
methods.®-*®* From ChNCs, a major goal is the formation of chitosan nanocrystals
(ChsNCs) by deacetylation, since the amine functionalities will impart surface charges to
the nanocrystals and thus improve dispersibility in polar solvents. We (Lam group)
reported that the use of concentrated NaOH to directly deacetylate ChNCs does lead to
the formation of ChsNCs.3¢ However, the process had severe limitations as attempts to
further deacetylate ChNCs above 70% degree of deacetylation (DDA) leads to
uncontrolled depolymerization of the chitin structure, resulting in the production of
spherical NPs with non-uniform size distribution. A challenge exists in fabricating ChsNCs
with the expressed goals of creating biomaterials with high DDA, retention of nano-rod
structure to minimize aggregation, and uniform size distribution to minimize un-necessary
downstream separation steps. Aside from the development of clean ChNCs and ChsNCs
syntheses, hybridization of ChNCs and ChsNCs with metal NPs remains largely
unexplored, despite the expected advantages of nitrogen-containing groups presence at
their surface as compared to their CNCs counterparts, in particular in terms of long-term
stability and chemical reactivity. Herein, we first provide a facile and scalable procedure
for fabricating carboxylated ChNCs and ChsNCs from chitin. After physicochemical
characterization, two methods were then used to immobilize Au onto both carboxylated

ChNCs and ChsNCs. Au NPs were selected as our initial targeted catalyst material due
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to its relatively low toxicity, along with having heightened catalytic ability for specific
reactions such as the reduction of olefins and nitro-containing compounds.“® ChsNC-
supported Au was tested as catalysts for the reduction of 4-nitrophenol and for the
aldehyde-amine-alkyne (A3%) coupling reaction. For the reduction of 4-nitrophenol, we
observed the highest turnover frequencies (TOFs) ever reported, and suggest that this
high activity is caused by the high dispersibility of the Au NPs on ChsNCs as a support.
For the A2 coupling reaction, it was found that high activity was linked to the ability of
ChsNCs to effectively stabilize highly disperse Au in the +1 oxidation state. We hope to
provide an initial framework for the design and synthesis of carboxylated ChsNCs, as well
as demonstrate the remarkable applicability that this biomass material has in stabilizing

active metal species for other catalyst systems.

Results and Discussion

Synthesis of ChNCs and ChsNCs

The synthesis of nano-polysaccharides (CNCs and ChNCs) typically use high
concentrations of strong acids (H2SOs or HCI), where hydrolysis occurs through
protonation of the glycosidic oxygen units in the biopolymeric chain, yielding fragments of
shorter chain biopolymers while preserving the glucopyranosic backbone.*: 42 |t is
accepted that amorphous regions in native cellulose or chitin are more accessible to
acidic hydrolysis attack, leaving the crystalline regions intact. We have demonstrated that
dilute solutions of ammonium persulfate (APS) could act as green reagents to afford
similar selective hydrolysis reactions with either cellulose or chitin.3é 43 Specifically, in

acidic media, persulfate radicals along with hydrogen peroxide are released and act in
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concert to degrade the amorphous regions of the biopolymer chain, via free-radical
propagation and oxidation of the glycosidic bond. The oxidative environment also explains

the oxidation of surface primary alcohol functionalities into carboxylic acids.*3

Carboxylated ChNC Carboxylated ChNC Carboxylated ChsNC

e
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HO 18 h, 117°C

Scheme 1. Schematic depicting the two steps of fabrication from bulk chitin to

carboxylated chitosan nanocrystals

Bulk chitin from shrimp shells were treated with APS at 60°C for 16 h to afford
carboxylated ChNCs as shown in Scheme 1. The ChNC morphology was analyzed by
low voltage TEM (LV-TEM, Figure 1a). The average size of the nanorod ChNCs is 239 +
7 nm in length, and 4.60 + 0.06 nm in width (n=400). AFM images confirmed these results
(Figure Sla). FTIR analysis of ChNCs (Figure 1c) was used to identify the chemical
transformations caused by APS treatment (full assignment in Table S1). Overall, FTIR
spectra of bulk chitin (blue line) and synthesized ChNCs (orange line) are similar, with the
exception of a peak centred at 1743 cm present only in ChNC, attributed to the C=0

stretching band. It confirmed that chitin C6 alcohols were oxidized into carboxylic acids in

—NH,

—NH,
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ChNCs (Figure 1c, Figure S2). Bulk chitin and ChNCs were characterized by X-ray
diffraction (XRD - Figure 1d). Characteristic diffraction peaks located at 9.6°, 19.6°, 21.1°
and 23.7° are consistent a-chitin polymorph for ChNCs.#44¢ The crystallinity index (CRI)
of ChNCs was estimated to be 75.9%, similar to bulk a-chitin of 82.2%.4” This result is
comparable to other crystalline chitin nanomaterials, such as an 86% literature value

reported for chitin nanowhiskers.*®

/
ChsNC IJ‘J‘ ‘ ‘
/\\ J » \
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Figure 1 LV-TEM micrographs taken at 5600x magnification of (a) ChNCs and (b)
ChsNCs. (c) FTIR spectra of bulk chitin (blue), ChNCs (orange), and ChsNCs (black). (d)

XRD spectra of bulk chitin, ChNCs, and ChsNCs.

In order to deacetylate ChNCs into ChsNCs, ChNCs were suspended into a 40% (w/w)

aqueous solution of NaOH at 117 °C for 18 h. Novel to this report is the addition of 10%
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(w/w) NaBHs as a crucial reagent to prevent depolymerization previously reported.3¢ This
method has been developed to control the similar “end-peeling” phenomenon of cellulosic
materials in alkaline environments.*® Specifically, NaBHa selectively reduces the terminal
alditols of the polymer chains.®® LV-TEM analysis of ChsNCs confirmed the desired
retention of nano-rod structure across the sample (Figure 1b), where the average size of
the ChsNC is 182 + 2 nm in length and 2.68 + 0.02 nm in width (n=1048), with further
evidence in the AFM imaging (Figure S1b). Retention of the carboxylic acid COOH stretch
is apparent in FTIR (Figure 1c), which validates that NaBH4 does not reduce the
carboxylic acid functionality in the process. It is noted though that spectral features within
the peaks are lost in the FTIR spectrum of ChsNCs in comparison to both ChNCs and
bulk chitin, notably in the O-H and N-H stretching peaks in the 3500-3000 cm™ region
(Table S1). This phenomenon is attributed to a loss of crystallinity within the ChsNCs.
The amide peak intensities found at 1560 cm™ and 1030 cm™ can be used to determine
the DDA using a previously reported method.? 5! In all cases, the DDA was measured to
be higher than 80% for ChsNCs. In contrast, in the absence of methods to control end-
peeling, the direct deacetylation of ChNCs to ChsNCs led to the formation of variably-
sized, spherical chitosan NPs, which can be seen in both AFM (Figure Slc) and TEM

(Figure S3).

XRD analysis confirmed ChsNCs (Figure 1d) were amorphized during deacetylation
treatment, in agreement with the FTIR data (Figure 1c). The CRI value for ChsNCs was
estimated to be 23.6%, a major decrease from 75.9% measured for ChNCs. This

crystallinity decrease was accompanied by a small shift towards higher angles and a large
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intensity decrease of the 020 reflection at 9.6°. A similar, yet much more intense, shift of
this peak all the way to 11° had been previously reported by Chirachanchai and was
associated with the formation of a webbed scaffold, distinct from the discreet crystals we
observed for ChsNC.5? Also, previous studies reported that the decrease in intensity of
the 020 reflection correlated linearly with DDA value.®3 The peak at 12.5° is attributed to
the 021 reflection and remained fairly intense as chitin was converted from ChNCs to
ChsNCs, although a direct comparison between peaks intensity is misleading because of
the large difference in signal-to-noise ratios in the various XRD spectra. Interestingly for
the ChsNCs XRD spectrum, a high degree of convolution is seen in the reflections that
envelope the chitin peaks found at 19.6°, 21.1° and 23.7°, which are the 110, 120 and
101 reflections, respectively, as a consequence of amorphization. Similar amorphization

effects were observed in many other chitin to chitosan deacetylation procedures.53 5

DLS and ¢ potential measurements were also conducted for both ChNCs and ChsNCs
and presented in Table 1. The negative ¢ potential value of -36.9 £ 3.1 mV for ChNCs in
water is consistent with the presence of negatively charged carboxylate groups at the
nanorod surface. Conversely, a positive value of 47.3 = 1.0 mV for the { potential is
indicative of the positive surface charge on ChsNCs from the protonated amino groups

dispersed in water at pH ~6.5.

Table 1: DLS and ¢ potential measurements of ChNCs and ChsNCs at pH 6.5
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Sample Apparent Particle Polydispersity Z Potential (mV)
Size (nm) Index (PDI)

ChNC 99.0+1.9 0.189 £ 0.016 -36.9+3.1

ChsNC 149.8 +0.3 0.187 + 0.004 +47.3+1.0

As both amines and carboxylates are pH active functional groups, the pH-responsive
behaviour of ChsNCs was investigated by using DLS and ¢ potential measurements and
compared with bulk chitosan (Figure S4).% Different concentrations of ChsNCs in acetic
acid were prepared in the range 1-0.1% (w/w) and the pH was adjusted from 1-12 by
adding either HCI or NaOH solutions. At pH 2, ChsNC amino groups are protonated,
resulting in dispersed ChsNC solutions with positive ¢ potentials beyond 50 mV. As the
pH was decreased to under pH 2, a decrease in the absolute value of the ¢ potential was
reported, likely because of the high ionic charge resulting from the strong HCI
concentrations in these conditions, resulting in surface charge shielding. As the pH of the
ChsNC solutions was increased from 2 to 7, the absolute value of the ¢ potential
decreased steadily to <20 mV, consistent with the gradual deprotonation of the quaternary
ammonium groups. As the solutions became very basic (pH >10), the ¢ potential dropped
below 0 mV to a few units mV in the negative scale, revealing the negative charges of the
carboxylate groups. The apparent particle size was measured by DLS. Under acidic
conditions and up to pH 6.5, the apparent particle size of ChsNCs remained constant
around 120 nm, a value consistent with AFM and TEM measurements. Beyond 6.5
though, the patrticle size increased rapidly as a function of pH, as a result of the drop in
surface charge. This justifies that acidic conditions were kept while exploring the

properties of ChsNCs for catalysis in the following.

10
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The physicochemical characterization of the carboxylated ChsNCs confirmed that the
developed process afforded crystalline, nanorod-shaped ChsNCs with DDA consistently
above 80%. The scalability of the process presented in Scheme 1 has been demonstrated
in which ChNCs have been produced at the 200 L batch scale, while ChsNCs have been

produced at the 5 L batch scale, as shown in the supporting information.

Deposition of Au onto ChNCs and ChsNCs

We then explored the use of these nanoscale biomaterials as supports for Au NPs owing
to their unique chemical functionalities and higher overall surface area compared to their
bulk counterparts. In order to pave the way as initial frameworks for metal NP deposition
onto ChsNCs domains, two separate strategies of Au NP immobilization were

investigated as outlined in Scheme 2.

11
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Scheme 2: Synthetic routes to deposit Au NPs onto the ChsNCs. The two fabrication
routes presented are the layer-by-layer method (LBL, top) and hydrogen reduction

method (HR, bottom).

The first method investigated the “layer-by-layer” (LBL) method, a two-step process
previously developed by Lam et. al for CNC functionalization.® This method enables the
immobilization of pre-fabricated, carbonate-stabilized Au NPs of small size (<5 nm) onto
CNCs. The positively charged polymer poly(diallyldimethylammonium) PDDA was coated
onto ChsNCs, before Au NPs were immobilized over this hybrid, resulting in the formation
of a light purple solid, Au@ChsNC-LBL. TEM imaging (Figure 2a) showed Au NPs
deposited onto ChsNC with an average size of 3.7 £ 0.8 nm (Figure S5) with many of

them aggregated in discrete locations along the nanorods. UV-Vis absorption

12
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corroborated this aggregation (Figure S6). A red shift of the localized surface plasmon
resonance (LSPR) peak of the ready-made 3 nm Au NPs at 510 nm to 525 nm for

Au@ChsNC-LBL was observed, which is a well-known effect of aggregation.>6:57

Pt

LBL

9‘4 9:‘! 9'0 8'8 8'6 8l4 8]2 8'0 9‘4 9'2 9'0 8'8 8'6 8’4 812 8lO
Binding Energy (eV) Binding Energy (eV)

Figure 2 Brightfield TEM micrographs at 25000% magnification for (a) Au@ChsNC-LBL

and (b) Au@ChsNC-HR, stained with 1 mM uranyl acetate. The insets for both (a) and

(b) depict photographs of the two nanocomposites as dried powders. (c) Normalized Au

4f XPS spectra comparing the compositional profiles of nanocomposites fabricated in

various conditions: (black line) Au@ChsNC-HR and (blue line) Au@ChsNC-LBL, with the

13
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theoretical binding energy of metallic Au at 84.0 eV shown as the dotted line. The inset
depicts the deconvolution of the Au@ChsNC-HR Au 4f XPS spectrum. (d) The

deconvolution of the Au@ChsNC-HR Au 4f XPS spectrum found in (c).

This aggregation is consistent with the fact that ChsNCs feature a strongly positive
surface charge, repulsing the positively charge PDDA-covered Au NPs. This is contrasted
by the uniform distribution of Au NPs on CNCs using the same LBL method, since the

CNCs in this case featured carboxylate anionic functionalities on their surface.'®

Alternatively we used a one-pot deposition-precipitation technique, via hydrogen
reduction (HR), in which the Au salt precursor was reduced by hydrogen gas in situ within
a suspension of ChsNCs, inspired by work done to access PA@CNCs.'” As seen in
Figure 2b and Figure S7, while the HR method created larger Au NPs (6.6 + 1.8 nm), they
were far less aggregated for Au@ChsNC-HR than the immobilized Au NPs found using
the LBL method. Moreover, all Au NPs were located on the surface of ChsNCs, with no
“free” Au NPs unattached to a ChsNC. We hypothesized that the carboxylate
functionalities on the ChsNCs could promote a suitable coordination environment for Au
salts, which were then subsequently reduced in situ into NPs, favoring good dispersity

and interaction with the support.5®

Along with the contrast in morphology created between the two fabrication procedures,
the resulting Au species immobilized on ChsNCs from the two processes were also
chemically dissimilar. X-ray photoelectron spectroscopy (XPS) was used to analyze the

oxidation state of Au from both LBL and HR methods, as found in Figure 2c. The two

14
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peaks in the normalized Au 4f high-resolution XPS spectra are the Au 4fs2 and Au 4f7:2
spin-orbit split peaks. For the Au 4f72 binding energies of the Au@ChsNC-LBL seen in
Figure 2c, the peak was at 83.1 eV, which is a lower binding energy than the theoretical
binding energy of metallic Au of 84.0 eV, marked by a dotted line in Figure 2c. This could
be attributed to the lower cluster size of the Au being in a NP form, which has been
reported by other groups, as well as electron transfer from the stabilizing carbonate ligand

to the Au NP itself.59. 60

As for the Au4f spectrum of Au@ChsNC-HR (black line, Figure 2c), the Au 4f72 peak was
at a higher binding energy than 84.0 eV. Deconvolution of this peak (Figure 2d) revealed
it enveloped two sub-peaks at 83.0 and 84.9 eV, attributed to Au® and Au', respectively.5*
62 XRD spectra further corroborated this observation of the partial reduction of Au using
the HR method, contrary to the LBL method (Figure S8). No reflection planes for metallic
Au were found in the Au@ChsNC-HR, while broad reflections at 38.1° and 44.3° in the
Au@ChsNC-LBL material were indicative of the presence of elemental Au.%% 6 This
further validated the incomplete reduction of Au within the Au@ChsNC-HR material. The
influence of pH during the HR reduction of Au on ChsNCs was investigated and is
provided in the supplemental information (SI) section below Figure S9. Low pH conditions

favoured the formation of Au®, while at higher pH the formation of Au' was evident.

Catalvtic reduction of 4-nitrophenol

The catalytic performance of Au@ChsNC-LBL and Au@ChsNC-HR for the 4-nitrophenol

reduction were evaluated by UV-vis spectroscopy (Figure 5).6567
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Figure 3. Representative time-dependant UV-Vis absorption spectra for the reduction of
4-nitrophenol to 4-aminophenol from 0 to 10 min using Au@ChsNC-LBL. The insets
depict the reaction equation (top right) along with the plot of In (A/Ao) vs. time (bottom

right) depicting the pseudo-first order kinetics of the reaction

After addition of the catalyst to the reaction mixture, a decrease in the intensity at 400 nm
from the 4-nitrophenolate anion was accompanied by a slight increase in absorption at
295 nm, corresponding to the absorption of 4-aminophenolate anion. The reaction with

either catalyst system reached 99% completion within the first 10 min. All 4-nitrophenol

16
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reduction reactions were done at room temperature (298 K) unless otherwise specified.
The activation energies for Au@ChsNC-LBL and Au@ChsNC-HR were 28.4 and 36.7
kJ/mol, respectively, as calculated from the Arrhenius plots shown in Figure S10. Table
2 shows the calculated rate constants and turnover frequencies (TOFs) for various

catalysts made in this work.

Table 2: Rate constants and turnover frequency values for the reduction of 4-nitrophenol
to 4-aminophenol for various catalysts and supports.

Entry Synthesis method Catalyst Support Au loading (%) Rate Constant (s?) TOF (h?)
1 3 nm Au NP - 1 (2.04 £ 0.76) x 10-3 352 + 139
2 HAuCl4 - 1 (3.36 £ 0.43) x 10-4 320+ 18
3 LBL ChsNC 0.2 (4.47 £0.73) x 10-4 616 + 61
4 LBL Bulk chitosan 1 (9.97 £2.4) x 10-5 41 + 12
5 LBL ChNC 1 (5.74 £ 0.20) x 10-4 153 +0.3
6 LBL Bulk chitin 1 (3.55+0.11) x 10-4 1061
7 HR ChsNC 0.2 (4.75+£0.77) x10-3 8557 +1117
8 HR Bulk chitosan 0.2 (7.80 + 2.0) x 10-5 152 + 24

Firstly, free 3 nm carbonate-stabilized Au NPs — the one used in the LBL method - proved
to be active in the catalytic reaction, serving as a positive control for the reaction
conditions (entry 1). The ability for in situ reduction of Au during the catalyst experiment
is proven by testing HAuCls as a catalyst (entry 2), where NaBH4 acts to reduce HAuCl4
to metallic Au which serves as the catalyst site, as the 4-nitrophenol reduction reaction
cannot proceed without an active metallic site for adsorption of substrates, illustrated by

the Langmuir-Hinshelwood model.58-’0 The comparison between the performance of
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Au@ChsNC-LBL and Au NPs supported on bulk chitosan revealed the importance of
bringing chitosan down to the nanoscale. Au@ChsNC-LBL featured a TOF value over
an order of magnitude higher than Au NPs supported by chitosan (entries 3 and 4). This
is also seen for chitin as well, in which Au supported on ChNCs has a higher TOF value
(entry 5) than Au supported on bulk chitin (entry 6). It is also important to note that the
ChsNCs support for Au NPs (entry 3) outperformed the ChNCs support (entry 5). A
possible explanation lies in the fact that ChsNCs being positively charges overall, may
interact favorably with borohydride anions and accelerate reaction accordingly.
Furthermore, by comparing the two methods for producing catalysts on ChsNCs, the HR
method (entry 7) was superior to the LBL method with a TOF value (8557 h!) an order of
magnitude greater than the LBL method (entry 3, 616 ht). From prior characterization of
the material, the HR method yielded a catalyst with a significant portion of the metal in
the +1 redox state, likely stabilized by carboxylate functionalities on the surface of
ChsNCs. These are presumably reduced in situ under the catalytic conditions to yield
highly dispersed active sites. On the other hand, the LBL method results in aggregation
of Au NPs present on the ChsNCs. This may explain the superior activity observed with
the HR made nanocatalysts. We attempted XPS analysis post-catalysis, unfortunately too
much noise inhibited valid understanding of the Au oxidation state. Finally, negative
control tests without the catalyst substrate, along with reactions containing only ChsNCs,

PDDA/ChsNCs and PDDA/ChNCs, yielded no observable conversion.

Au-ChsNC nanocatalysts exhibited superior catalytic activity compared to literature

values for other Au-based catalysts immobilized on carbon-based supports (Table S2).
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This nanocomposite system even outperformed Pd-based catalysts for the nitrophenol
reduction. This assessment clearly depicts that through the combined characteristics of
nanoscale dimensions and unique amine and carboxylate functionalities, ChsNCs are a
viable, biomass-based support capable of outperforming the current CNC-based supports

popularly utilized.

By using the 4-nitrophenol model reaction as a framework for demonstrating catalytic
ability of these nanomaterials, we have concluded the efficacy of using nanoscale chitin
and chitosan over their bulk counterparts. Moreover, we establish the ability of chitosan
as a much better support for Au NPs in lieu of chitin, as well as develop a one-pot
synthesis to immobilize Au onto the ChsNC structure with control of the Au oxidation
state. From this framework, we studied the activity of these nanocatalysts for another

important chemical transformation.

A3 Coupling Catalysis

The A3 coupling reaction is an atom-economical reaction for the multi-component
synthesis of propargylamines.’! It serves as alternative to the less sustainable reaction of
using stoichiometric quantities of organometallic reagents such as butyllithium to activate
the highly acidic terminal hydrogen of an alkynyl to form a metal acetylide, before
subsequent addition to an imine.”> 7> Much work has been performed to understand its
mechanism, along with developing more effective catalysts for this reaction in terms of
TOF, stability, and recyclability.”* More specifically, the usage of Au as a transition metal

catalyst has been studied extensively within the field.”> Both metallic Au NPs’* as well as
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Au salts in the form of Au'/Au" have the ability to catalyze this reaction.’ 76 77 For
example, Li and coworkers have shown that Au' salts are effective catalyst for the
synthesis of propargylamines in water.”® Work has also been done on using biomaterials
such as CNCs to support Au catalysts for A3 coupling, albeit with lower activity than their
homogenous counterparts.” Spurred by the heightened catalytic ability of Au@ChsNC-
HR, where the highly dispersed gold exists as Au® and Au', we explored the ability of this

nanomaterial to catalyze the A2 coupling reaction.

In a standard procedure, we used model substrates, benzaldehyde, piperidine, and
phenylacetylene, keeping the benzaldehyde as the limiting reagent in order to favour
formation of the imine intermediate. From Table 3, it can be seen that by using the free
carbonate-stabilized Au NPs, negligible amounts of product was formed, evidencing that
metallic Au may not play a major role as the active catalyst in the A3 coupling reaction
(entry 9). In contrast to this, using the HAuCls salt is seen to have full conversion to the
proparglymine product in 24 h (entry 10). The inability for Au® to catalyze the reaction is
further seen by using Au@ChsNC-LBL (8%, entry 11), which was confirmed previously
to feature pure Au®. In contrast, substantial conversion and yield can be seen using
Au@ChsNC-HR with only 0.1 mol% Au loading (91%, entry 12). By increasing the Au
loading to 0.5 mol% Au, full conversion was reported (entry 13). Lower yields of 69% and
40% were reported at 6 h for 0.5 mol% (entry 14) and 0.1 mol% (entry 15) Au loading,
respectively. The effects of temperature were examined as well in which >90% yield was
achieved at 50 °C (entry 16). However, when the temperature is increased to 100 °C, a

substantial decrease in yield is seen (56%, entry 17). This may be caused by potential
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degradation of the catalyst at this temperature, which would inhibit the formation of the

final product.

Table 3. A3 coupling reaction table. All reactions listed are done using 1 mmol
benzaldehyde, 1.2 mmol piperidine, and 1.5 mmol phenylacetylene, with no solvent. Yield
was determined through 'H NMR. 2Reaction done using water as the solvent.

()

O AUNP@ChsNC \
. . \ -
N 24 hr, 80°C T

Ph
Entry ?g,;m?is gs;?al)cﬁtt Au loading (%) Temperature (°C) Time (h)  Yield (%)
92 3nmAuNP - 1 80 24 2
102 HAuCl4 - 1 80 24 >99
11 LBL ChsNC 0.1 70 24 8
12 HR ChsNC 0.1 70 24 91
13 HR ChsNC 0.5 70 24 >99
14 HR ChsNC 0.5 70 6 69
15 HR ChsNC 0.1 70 6 40
16 HR ChsNC 0.5 50 24 92
17 HR ChsNC 0.5 100 24 56

Conclusions

In this work, we present the first method to produce carboxylated ChsNCs from bulk chitin.

Using ammonium persulfate as a mild oxidant, cleavage of the chitin amorphous regions

with concurrent oxidation of the C6 alcohol groups leads to the formation of carboxylated

ChNCs. Moreover, through a facile procedure using NaBHa in alkaline conditions to limit
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uncontrolled depolymerization, deacetylation of ChNCs occurs to produce ChsNCs with
high DDA, retention of the nanorod structure and surface carboxylic acid functionality.
Two different methods were used to create Au-immobilized ChsNC catalysts in which the
composition and topography of these nanomaterials can be directly altered through the
reaction conditions. The catalytic properties of the nanomaterial were then investigated
in the reduction of 4-nitrophenol and the A3 coupling reaction. We have shown that
nanoscale chitin and chitosan have a clear advantage in activity over bulk chitin and
chitosan as support materials for heterogenous catalysis. A highly dispersed dual Au'/Au®
nanocatalyst (Au@ChsNC-HR) fabricated by direct hydrogen reduction of HAuCls on
ChsNC showed significant activity for both model catalyst reactions. To the best of our
knowledge, the Au@ChsNC-HR nanocatalyst exhibits the highest reported TOF for the
classical 4-nitrophenol reduction reaction on carbon based-supports. From this work, we
hope to show the potential of deriving high value products from chitinous waste streams
obtained from the seafood industry, as well as exhibit the unique physicochemical
properties of ChsNCs conferred by the both different functional groups and its nanorod-
structure. This work provides a prospective of ChsNCs as a new bio-nanomaterial that

can compete with and possibly overcome CNCs in terms of applicability and efficacy.
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Experimental procedures depicting the syntheses of ChNC and ChsNC and their scale-
up, fabrication methods for Au@ChsNC, standard catalytic reaction protocols, and
additional characterization information including AFM, FTIR peak assignments, UV-Vis
spectra, DLS, TEM, XRD, XPS, as well as a table comparing rate constant and turnover
frequency of the 4-nitrophenol reaction obtained in this study with other works (PDF).
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