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Published online: 22 March 2018 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose nanofibers (TOCNs), which have

a high-density of exposed carboxylic acid groups on their crystalline surfaces, effectively act as acid
catalysts in acetal hydrolysis. Carboxy-free cellulose nanofibers, polymeric carboxylic acids, and
homogeneous acetic acid do not show significant catalytic activity under the same reaction conditions.
. Mercerized TOCNs differing from the original TOCNs in a crystalline structure were also ineffective,
. which suggests that the unique nanoarchitectural features of TOCNSs, such as regularly aligned
: carboxylic acid groups, large specific surface areas, and structural rigidity, must be major factors in the
. acceleration of acetal hydrolysis. Kinetic analysis suggested that substrates and/or acid catalyst species
. were concentrated on the TOCN crystalline surfaces, which significantly enhanced the catalytic activity.

. Cellulose nanofibers (CNFs) are promising natural nanomaterials for achieving a sustainable society because of
- their abundance, renewability, and attractive physicochemical properties for advanced materials applications!~.
© Native cellulose consists only of 3-1,4-linked anhydro-p-glucose repeating units, and assembles to form highly
© crystalline cellulose microfibrils of width ca. 4nm, which form bundles of micrometer-scale fibers in wood cell
. walls”®. In vitro nanofibrillation of these in vivo-formed bundled fibers affords CNFs. Various methods for CNF
. production have been reported, including mechanical, enzymatic, and chemical treatments®. CNFs have excellent
. physical properties such as high mechanical strength, transparency, and thermal dimensional stability; they are
used in various high-performance materials such as gas barrier films'’""%, composite fillers'*'*, aerogels'®", and
electronic devices?*?!.
: Heterogeneous catalysis has inherent advantages in green and sustainable chemistry because of their ease of
. handling in practical applications**~**. However, they are generally less active than the corresponding homoge-
- neous catalysts because of poor accessibility of substrates to active sites and negative impacts on the chemical
: microenvironment around the active centers. CNFs are attractive supporting materials for heterogeneous cata-
o lysts, especially for metal nanoparticles, because of their designable functions, large surface areas, and high chem-
. ical resistances®. Furthermore, the structural rigidity of CNFs significantly prevents aggregation of nano-sized
catalysts, resulting in excellent catalytic efficiency in a wide range of reactions®*?’. Among reported CNFs,
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-oxidized cellulose nanofibers (TOCNs) are one of the most inter-
esting supporting materials. TEMPO-mediated oxidation selectively converts primary alcohols to carboxylates
© at the C6-position of glucopyranose units on the surfaces of native cellulose I microfibrils®. The resultant car-
. boxylates are exposed on the outer faces of crystalline cellulose I, providing ideal scaffolds for supporting metal
. nanoparticles. The use of highly dispersed TOCNs on which bare metal nanoparticles as catalysts in a number of
reactions were supported has been reported*-*>.
Although a number of catalytic reactions have been performed with metal nanoparticles immobilized on
CNFs, few attempts have been made to use CNFs themselves as catalysts, despite their designable functionalities.
. Serizawa and co-workers used the abundant hydroxy groups on the surfaces of whisker-shaped CNFs to catalyze
. hydrolysis reactions of esters, monophosphates, and peptides. However, several days were required for the reac-
* tion to proceed to a significant level*>*”. Chitosan and surface-deacetylated chitin nanofibers, which are amino
analogs of CNFs, are also useful platforms for functional moieties. Aerogels of these nanofibers successfully cata-
. lyze Knoevenagel condensation®® and aldol reactions*>*. TOCNS have never been explored as Bronsted acid cat-
: alysts, to the best of our knowledge, although they have high-density carboxy groups on their crystalline surfaces.
The development of TOCNS as heterogeneous acid catalysts is a promising approach, particularly in view of the
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Figure 2. Hydrolysis of dimethoxymethylbenzene using various acid catalysts.

increasing importance of solid acid catalysis*' ¢, because cellulose potentially provides green and sustainable
catalysts derived from biomacromolecular resources such as wood.

In the present study, protonated TOCNs were prepared and their use as Bronsted acid catalysts (Fig. 1) in
the acid hydrolysis of various acetals was investigated. Acetal hydrolysis was conducted in semi-aqueous media,
and the catalytic activity of the TOCNSs was better than those of homogeneous or other conventional polymeric
carboxylic acids. The kinetic profiles of the reaction and the effect of the carboxylate density of the TOCNs on the
catalytic performance are discussed in terms of enhancement of the catalytic efficiency in the interfacial hydrol-
ysis reactions of acetals.

Results and Discussion

Acid hydrolysis of dimethoxymethylbenzene by TEMPO-oxidized cellulose nanofibers. The
acid hydrolysis reactions of dimethoxymethylbenzene were performed in a 1:1 (v/v) mixture of water adjusted
to pH 4.0 and dioxane at room temperature. Benzaldehyde was the sole product in all cases (Fig. 2). The reac-
tion proceeded rapidly in the presence of protonated TOCNs (COOH = 1.57 mmol g~! of TOCNSs, 17 mol% of
carboxylic acid with respect to dimethoxymethylbenzene), and the substrate was consumed almost completely
within 2 h. In contrast, neither an HCI solution of pH 4.0 nor the supernatant of pH 4.0 obtained by complete
removal of TOCNs from the mixture was effective in the hydrolysis reaction, clearly suggesting the unique fea-
tures of TOCNS as a heterogeneous acid catalyst. The difference in conversion was far significant at pH 4.4, where
the effect of the residual HCl is almost negligible in this case (Figure S2a). Furthermore, physically pulverized
CNFs with no carboxylic acid groups also showed low catalytic efficiency. These results presumably indicate
that the dense interfacial carboxy groups on the TOCN crystalline surfaces play a crucial role in accelerating
the hydrolysis reaction. The performance of the TOCN catalyst was superior to that of homogeneous acetic acid
at the same pH. The comparison between TOCNSs and acetic acid with the same molar catalyst loading also
revealed higher catalytic efficiency of TOCNs, where the consequent pH values were 4.0 for TOCNs and 3.2
for acetic acid (Figure S2b). Therefore, the catalytic efficiency of the TOCNS is regarded as being much higher
than that of homogeneous acetic acid. Some polymeric carboxylic acids were also examined for comparison.
Carboxymethylcellulose (CMC) and poly(acrylic acid) (PAA) were used as typical water-soluble polymers with
flexible molecular structures having carboxylic acids; neither of them was effective in this hydrolysis reaction.
The low catalytic efficiencies of CMC and PAA can be attributed to aggregation of active acid sites susceptible
to hydrophobic solvents such as dioxane. In contrast, TOCNs are crystalline nanofibers consisting of bundled
cellulose chains. The rigid and high-aspect-ratio structures of TOCNS, often forming stable network structures
in solvents, prevent undesirable aggregation®?, resulting in effective contact of the surface carboxy groups with
the reactants to enable such high catalytic performance. Furthermore, mercerized TOCNs, which have a typical
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Figure 3. Plot of In(C,/C,) versus reaction time for dimethoxymethylbenzene hydrolysis at pH 4.4 and 20°C.

cellulose II crystalline structure (COOH = 1.12mmol g ! of TOCNS; see Figure S3a for detailed characterization),
were less effective in the present hydrolysis than the original TOCNSs, which have the cellulose I crystalline struc-
ture. This result shows that the crystalline structure and/or crystallinity of the TOCNs would have a significant
impact on the catalytic performance. We assume that the dense acidic centers on the rigid cellulose I crystalline
surfaces possibly make some positive contribution to such unique catalytic enhancement, although it cannot be
completely denied that the other carboxylic acids in the amorphous region contributed to the catalysis. It is worth
noting that the TOCN crystallinity remained almost unchanged after the hydrolysis reaction; the 3-1,4-glycosidic
linkages in TOCN, which are also acetal functionalities, were not affected under the acidic reaction conditions
used in this study (Figure S4).

Kinetic study of TOCN-catalyzed acetal hydrolysis. Further information on the catalytic behavior of
TOCN:S in the present hydrolysis reaction was obtained by examining the time course of the reaction at various
pH values and temperatures (Table S2 and Figure S5). The results show a linear correlation between In (C,/C,)
and the reaction time, where C, and C,; are the concentrations of dimethoxymethylbenzene at the initial and
designated times, respectively. These results clearly indicate that dimethoxymethylbenzene hydrolysis follows
pseudo-first-order kinetics. As shown in Fig. 3, the rate constants for the reaction with the TOCNSs, which were
calculated from the slopes, are up to 12 times higher than that with HCl at pH 4.4 (5.9 x 107> and 5.0 x 10~*
min~! respectively). However, despite the large increase in the apparent rate constants in the presence of TOCNS,
the activation energies of the reactions with TOCNs and HCI were similar (88.8 and 84.1k] mol !, respectively;
Figure S6 and Table S3). The rate constants derived from the activation energies are therefore also comparable,
regardless of the presence of TOCNS. The reaction rate v is expressed as v=k[H"][C,]; hence the increase in the
reaction rate caused by the TOCNs is attributed to an increase in the apparent concentrations of the reactants
and/or acid catalyst species. The increase in the apparent concentrations indicates that the reactants are adsorbed
to get together on the TOCN surfaces, where they are in direct contact with the carboxylic acid catalyst. In this
regard, attractive interactions between cellulose and small aromatic compounds, including dimethoxymethylb-
enzene, were investigated in detail by using a combination of gas chromatographic analysis and molecular mod-
eling®>*. Furthermore, aromatic amino acids such as tyrosine and tryptophan play an essential role in binding
various glycohydrolases to cellulose surfaces?’~*. In this study, such possible interactions could increase [C], and
the accumulated carboxylic acids on the TOCNs could increase [H*] at the interface, eventually contributing to
acetal hydrolysis. Although the precise mechanism at a molecular level is still unclear, kinetic analysis and the
previously reported results described above suggest that attractive interactions between the reactants and the
crystalline TOCN acid sites must be crucial in the present catalytic system.

Effects of carboxy contents of TOCNs on the catalytic efficiency. Our results show that carboxylic
acids on TOCNSs provide an effective acid catalyst, therefore the effects of the amount and density of carboxy
groups on the catalytic performance were investigated. A series of TOCNs with different carboxy contents were
prepared from physically pulverized CNFs by TEMPO-mediated oxidation. TOCNSs with carboxy contents rang-
ing from 0.39 to 1.81 mmol g~! of TOCNs were successfully prepared (Table S1). Transmission electron micros-
copy confirmed complete individualization of the cellulose microfibrils (Figure S7). The hydrolysis reactions of
dimethoxymethylbenzene (Table 1) were carried out using the prepared TOCNSs; the TOCN dosage was fixed,
i.e., the molar amount of carboxy groups was different in each case. The reaction gave moderate conversion in the
presence of TOCNs with a high carboxy content (Table 1, entry 1). When the carboxy content was decreased to
1.21 mmol g ! of TOCNS, the catalytic efficiency clearly increased, leading to a higher conversion, although the
acid loading in the reaction system was lower (Table 1, entries 1-3). This is probably because some hydrophobic
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1 1.81 110 0.19 76
2 1.55 110 0.17 86
3 1.21 110 0.13 98
4 0.94 110 0.10 95
5 0.39 110 0.04 93
6 121 140 0.17 99
7 0.94 181 0.17 99
8 0.39 436 0.17 99

Table 1. Effect of TOCN carboxy content on catalytic efficiency.

OMe OMe OMe OEt
OMe OMe OMe OEt
Br OoN MeO
1 2 3 4
(PH 4.0, 40°C, 4 h) (pH 4.0, 60°C, 11 h) (pH 4.4, rt, 4 min) (PH 4.4, rt, 40 min)
88% 97% 88% 90%
19% 14% 29% 42%
O/é OMe MeO OMe OMe
(o) MeO OMe
@ © OMe
5 6 7 8
(pH 4.4, 60°C, 5 h) (pH 4.4, 60°C, 40 h) (pH 4.4, rt, 10 min) (pH 3.7, 60°C, 24 h)
96% 83% 87% n.d.
40% 13% 5% n.d.

Figure 4. Substrate scope of acetal hydrolysis catalyzed by TOCNS (red) and HCI (blue). n.d.: not detected.

interactions between dimethoxymethylbenzene and the TOCNs became relatively predominant as the amount
of hydrophilic carboxy groups on the TOCN surfaces decreased. As mentioned before, attractive interactions of
aromatic compounds with crystalline cellulose surfaces have been extensively studied*~*°. Besides, it has been
widely reported that the adsorption of the substrates to the catalyst surfaces is a critical factor in the catalytic per-
formance in hydrolysis reactions catalyzed by solid acids such as zeolites and sulfonated carbon catalysts®*->*. In
other case, it was reported that amphiphilicity of TOCNs allowed the stable formation of oil-in-water Pickering
emulsion®**°, implying the functionality of TOCNSs for hydrophobic interactions in mixed solvents. Therefore,
such possible interactions would be significant in interfacial catalysis, including the TOCN-mediated hydrolysis
in this study. Further decreases in the carboxy content diminished the catalytic efficiency because the number of
catalytically active acid sites was critically decreased (Table 1, entries 4 and 5). These results indicate that there is
an optimal carboxy content, being closely related to the balance between catalyst loading on TOCN surfaces and
their affinity with substrate molecules, which is suitable for acceleration of the reaction. The conversion remained
high even at lower carboxy contents when the acid loading was kept constant (Table 1, entries 6-8). These results
also confirm the importance of the TOCN surfaces and the amount of active catalytic sites on the TOCNs.

Substrate scope of TOCN-catalyzed hydrolysis of acetals. Once we had established that proto-
nated TOCNs are a promising acid catalyst, we explored the substrate scope of the present TOCN-catalyzed
hydrolysis reaction (Fig. 4). The TOCNs showed good catalytic efficiency in reactions with substrates bearing
electron-withdrawing and electron-donating groups at the para position (1, 2, and 3). Diethylacetal 4, cyclic
acetal 5, aliphatic acetal 6, and ketal 7 were also smoothly hydrolyzed under mild reaction conditions in the pres-
ence of TOCNs, showing clear contrast against the TOCNSs-free systems. Whereas, the hydrolysis reaction little
proceeded for glucopyranoside 8, being in agreement with the fact that the TOCN crystallinity remained almost
unchanged after the hydrolysis reaction, although the TOCNs have the 3-1,4-glycosidic linkages (Figure S4).
These results again suggest that TOCNS are an outstanding catalyst in acid hydrolysis of various aromatic acetals.
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Conclusion

In summary, we showed that surface-carboxylated CNFs, i.e., TOCNS, greatly enhance acetal hydrolysis. The cat-
alytic efficiency of the heterogeneous TOCN catalyst was far superior to those of other polymeric carboxylic acids
or homogeneous acetic acid. Mercerized TOCNS, which have the cellulose II crystalline structure and amorphous
zone, were less effective than the original TOCNSs, which have the cellulose I structure with high crystallinity. This
enhanced catalytic activity is attributed to the physicochemical properties and nanoarchitecture of the TOCNSs:
high-density catalytic sites, a large specific surface area, and structural rigidity, which prevents aggregation. The
interfacial concentrations of reactants and/or acid catalyst sites would be significant in the catalytic mechanism.
The present findings will open up a new phase in the investigation of novel functions of CNFs in green sustainable
chemistry.

Materials and Methods

Materials. Softwood-derived TOCNs (1.1 wt%, COONa, 1.57 mmol g~ of TOCNs) were supplied by Nippon
Paper Industries Co., Ltd. (Tokyo, Japan). Carboxylate-free CNFs that had been physically pulverized with a high-
speed water-jet machine (BiNFi-s, WMa-10002, 2.1 wt%) were purchased from Sugino Machine Limited (Uozu,
Japan). The TOCNSs supplied by Nippon Paper Industries Co., Ltd. were used in the acetal hydrolysis reactions
shown in Figs 2, 3 and 4; the reactions used to obtain the data in Table 1 were performed using TOCNs with
various carboxy contents, which were prepared in our laboratory by TEMPO-mediated oxidation of physically
pulverized CNFs (BiNFi-s). Dimethoxymethylbenzene was purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan) and used without further purification. Other chemicals and organic solvents were purchased
from Sigma-Aldrich Japan (Tokyo, Japan), Wako Pure Chemical Industries, Ltd. (Osaka, Japan), and the Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan), and used as received. The water used in this study was purified with
an Arium Ultrapure Water System (Sartorius Co., Ltd., Tokyo, Japan). Full list of materials and chemicals with
their grades and purity is shown in the Supplementary Information.

Preparation of TOCNs. A series of TOCNs with different carboxy contents were prepared from physi-
cally pulverized CNFs (BiNFi-s WMa-10002, 2.1 wt% of water suspension, Table S1 and Figure S1). In brief,
CNFs (6.0g by dry weight) were suspended in water (300 mL) containing TEMPO (96 mg) and sodium bromide
(600 mg). TEMPO-mediated oxidation was started by adding 2.0 M aqueous sodium hypochlorite solution to
the suspension. The pH of the suspension was maintained at 10 by step-wise addition of 0.5 M aqueous NaOH
solution, using an automatic pH titrator (Mitsubishi Chemical Analytech, Yamato, Japan). The oxidation was
quenched by adding ethanol (6 mL) when the pH became constant. The oxidized CNFs were thoroughly washed
with 0.1 M aqueous HCl solution and then water, by repeated centrifugation at 4170 ¢ for 10 min (three times).
The TOCNSs were re-suspended in 500 mL of water and neutralized with 0.5 M aqueous NaOH solution until the
pH was greater than 10. The suspension was subjected to the aqueous counter collision method®® at 245 MPa,
using a high-pressure water-jet system equipped with a dual-nozzle chamber with nozzles of diameter 0.1 mm
(Star Burst Labo, Sugino Machines Limited, Uozu, Japan). The concentration of the TOCN suspensions ranged
from 0.4 wt% to 0.7 wt%. The carboxylate contents of the TOCNs were determined by electrical conductivity
titration®’. The resultant transparent dispersions of TOCNs were used in the acetal hydrolysis reactions after
protonation.

Hydrolysis reactions of acetals catalyzed by protonated TOCNs. A water suspension of TOCNs in
sodium carboxylate form (1.1 wt%, 110 mg by dry weight) was mixed with 0.1 M aqueous HCl solution (20 mL);
the mixture was shaken several times, followed by centrifugation at 4,300 ¢ for 10 min. The supernatant was
removed, the TOCN precipitate was washed with water, and the mixture was centrifuged again. This treatment
was repeated until the supernatant pH reached a designated value (3.7, 4.0, and 4.4). The protonated TOCN was
recovered quantitatively as the sediment after centrifugation, and used for catalytic reactions in Figs 2-4. The
prepared protonated TOCN suspension (15mL, 110 mg by dry weight of TOCN) was mixed with dioxane (15mL;
the final concentration of TOCNs was 0.37 w/v%), and then the hydrolysis reaction was started by adding acetal
(1.0mmol). The resultant mixture was continuously stirred at a designated temperature. The conversions of 1-7
were monitored by analyzing aliquot samples, using a supercritical fluid chromatography system (ACQUITY
UPC? system; Nihon Waters, Tokyo, Japan) equipped with a Torus 2-PIC column. The conversion was calculated
from the peak areas of acetals and aldehydes in the supercritical fluid chromatograms on the basis of calibration
curves. The reaction of 8 was monitored by thin layer chromatography. The pH values of the other acid catalysts
were adjusted by adding 0.1 M aqueous HCl or 0.1 M NaOH solution, and then the same reaction was performed
for comparison. The detailed sample preparation for Table 1 is described in the Supplementary Information.

Data availability statement. All the data generated and/or analyzed during the current study are included
in this article and the Supplementary Information file, and are available from the corresponding author on rea-
sonable request.
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