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Two-dimensional crystalline cellulose oligomers with
surface-reactive azide groups were successfully synthesized
by environmentally friendly enzymatic reactions and were
covalently post-functionalized with alkyne-containing
fluorescent dye molecules through copper(i)-catalyzed
Huisgen cycloaddition reactions.
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Two-dimensional (2D) nanomaterials have gained considerable
attention due to their unique structural and physicochemical pro-
perties. Herein, we synthesized 2D crystalline cellulose oligomers
with surface-reactive azide groups through enzymatic reactions and
covalently post-functionalized them with 1-ethynyl pyrene through
copper(i)-catalyzed Huisgen cycloaddition reactions.

Motivated by the development of 2D inorganic nanomaterials,
such as graphene,' layered metal chalcogenides,>* and layered
metal oxide,’ 2D “organic” nanomaterials have gained consider-
able attention due to their unique properties, such as lightweight,
structural control and flexibility, and tailored reactivities.* 2D
organic nanomaterials are synthesized either by covalent or non-
covalent approaches using well-defined building blocks and
include 2D polymers,’ covalent organic frameworks,® and supra-
molecular and/or crystalline organic layers.” They typically have
sizes with thicknesses of sub-ten nanometers, which are several
orders of magnitude smaller than the lateral dimensions. Due to
their porous structure and physicochemical properties they have
potential application in the fields of membranes, storage, sensing,
catalysis, and devices.? Precise synthesis and subsequent function-
alization of regularly structured 2D organic nanomaterials are
meaningful and challenging targets.

Nanocellulose has recently been focused on as a naturally
abundant sustainable nanomaterial due to its unique morpho-
logical, mechanical, and chemical properties.® To avoid too much
dependence on natural resources, organic’ and enzymatic'*"*
syntheses of cellulose have been investigated. Such processes are
expected to allow for better control of the chemical and crystal-
line structures. The enzymatic process is significant for the
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one-step sustainable synthesis of cellulose oligomers (so-called
“cellodextrin””) under aqueous and mild conditions and is
typically performed by glycosylation reactions using cellulase*
and cellodextrin phosphorylase (CDP),">™** respectively. 2D crystal-
line cellulose oligomers with sheet-like morphologies were suc-
cessfully synthesized by the latter phosphorolytic reactions. In
particular, when o-p-glucose 1-phosphate (xG1P) monomers
were propagated to B-p-glucose primers by CDP isolated from
Clostridium thermocellum, 2D crystalline cellulose oligomers with
4.5 nm thickness were obtained."” The synthesized oligomers had
an average degree of polymerization (DP) of 9 and formed the anti-
parallel cellulose II allomorph, in which the oligomers were aligned
perpendicular to the nanomaterial surface, thus endowing lamella
structures. Therefore, the termini of the cellulose oligomers could
be periodically accumulated on the nanomaterial surface.

Considering previous knowledge on the phosphorolytic
synthesis of cellulose oligomers,'>'*'® CDP has poor recognition
capability against anomeric substitutes of primers. In fact, 4-O-f3-
p-glycosyl-p-altrose, sophorose, and laminaribiose were also
applied to the phosphorolytic reactions for the propagation of
cellulose chains,">"* similarly to cellobiose* and B-p-glucose."®
Therefore, we hypothesized that diverse design and synthesis of
surface-functionalized 2D crystalline cellulose oligomers would
be achieved using B-p-glucose derivative primers with the desired
anomeric substitutes. Herein, 2D crystalline cellulose oligomers
with surface-reactive azide groups were synthesized by applying
1-azide-1-deoxy-B-p-glucopyranoside (B-glucosyl azide) primers to
the CDP-catalyzed phosphorolytic reaction with «G1P monomers
(Fig. 1a), and subsequently, as a proof-of-concept for post-
functionalization, 1-ethynyl pyrene was covalently conjugated
to the azide groups through copper(i)-catalyzed Huisgen cyclo-
addition reactions (Fig. 1b). Environmentally friendly and one-
step synthetic processes under aqueous and mild conditions
were used to synthesize 2D surface-reactive nanomaterials for
post-functionalization with small organic molecules.

When aG1P (200 mM) and B-glucosyl azide (50 mM) were
incubated with CDP (0.2 U mL ") in 500 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer solutions (pH 7.5)
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Fig. 1 (a) Synthetic scheme of cellulose oligomers with azide groups at the
reductive end through enzymatic reactions by CDP using «G1P monomers and
B-glucosyl azide primers. (b) Schematic illustration of the post-functionalization
of surface-azidized 2D crystalline cellulose oligomers with 1-ethynyl pyrene
through copperf(i)-catalyzed Huisgen cycloaddition reactions.

at 60 °C for 3 days, colorless dispersions composed of water-
insoluble products were obtained (Fig. S1, ESIt) (Experimental
details are summarized in the ESIf). '"H nuclear magnetic
resonance (NMR) spectra of the product dissolved in 4%
NaOD-D,O0 showed signals assigned to repeating glucose units
(Fig. S2, ESIf). Compared with the "H NMR spectrum for
cellulose oligomers synthesized using reference p-glucose primers
instead of B-glucosyl azide under the same conditions (Fig. S3,
ESIT), peaks corresponding to anomeric carbons were not observed
for the product. Attenuated total reflection-Fourier transform infra-
red (ATR-FTIR) spectra of the product showed a peak at 2120 cm™*
assigned to the stretching vibration band of the azide groups,
whereas the other typical peaks were almost the same as those for
cellulose oligomers (Fig. 2a and Fig. S4, ESIt). These observations
suggested successful synthesis of oligomeric cellulose derivatives
with azide groups at the reducing end. The average DP of the
product was approximately 10 based on the elementary analysis
(Table S1, ESIT). The conversion of aG1P was estimated to be 30%
using the collected amount and average molecular weight of
the product.

Wide-angle X-ray diffraction (WAXD) measurements of the
product showed diffractions assigned to d-spacings of 0.721,
0.444, and 0.401 nm, which corresponded to (1 1 0), (1 1 0), and
(0 2 0) of the cellulose II allomorph, respectively (Fig. 2b and
Fig. S5, ESIt)." In addition, the sharp peaks of OH vibration
bands at 3441 and 3488 cm™~ ' in the ATR-FTIR spectra supported
the formation of the cellulose II allomorph (Fig. 2a).'® Transmis-
sion electron microscopy (TEM) observations revealed sheet-like
morphologies with several hundreds of nanometer to several
micrometer lengths and several hundreds of nanometer widths
(Fig. 2¢). Atomic force microscopy (AFM) observations confirmed
the 2D nanostructures with an average thickness of 5.5 £+ 0.5 nm
(Fig. 2d). The thickness was consistent with the chain length of
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Fig. 2 (a) ATR-FTIR spectra, (b) WAXD profiles, (c) TEM images, and (d) AFM
images of 2D crystalline cellulose oligomers with surface-reactive azide
groups. The insets of (c) and (d) show the dispersion in DMF and the cross-
sectional analysis, respectively.

cellodecaose in the cellulose II allomorph (5.2 nm, see Fig. S6,
ESIt), strongly suggesting that the cellulose chains were aligned
perpendicular to the nanomaterial surface. These observations
indicated that 2D crystalline cellulose oligomers with surface-
reactive azide groups were successfully synthesized by CDP-
catalyzed phosphorolytic reactions using «G1P monomers and
B-glucosyl azide primers.

Functionalization of 2D nanomaterials with fluorescent dye
molecules opens new opportunities for imaging, sensing, and
device applications.” To perform the post-functionalization of the
present 2D reactive nanomaterials based on versatile chemical
reactions, 1-ethynyl pyrene, as a model of fluorescent dye mole-
cules, was conjugated with the azide groups through copper(i)-
catalyzed Huisgen cycloaddition reactions (Fig. 1b). Although the
2D crystalline cellulose oligomers were enzymatically synthesized
in aqueous solutions, they were stably dispersed, even in various
organic solvents. In fact, solvents were readily exchanged by
centrifugation/redispersion processes. This solvent-dispersible
capability is a great advantage to effectively post-functionalize
them with water-insoluble hydrophobic molecules through
chemical reactions in desired solvents. Therefore, DMF was
selected for the click reaction because it is a good solvent for
1-ethynyl pyrene (also see the inset of Fig. 2¢ for the dispersion
of the 2D crystalline cellulose oligomers in DMF).

When the 2D crystalline cellulose oligomers (0.45% (w/v))
were incubated with 1-ethynyl pyrene (4.5 mM) in DMF in the
presence of copper(u) sulfide (0.45 mM) and ascorbic acid
(1.1 mM) at ambient temperature for 1 day under a nitrogen
atmosphere, an orangish product that was well-dispersed in DMF
was obtained (the inset of Fig. 3a). The orangish color could not
be removed even after washing the 2D crystalline cellulose
oligomers with DMF by centrifugation-based solvent exchange.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Normalized fluorescence spectra (lex = 343 nm) and (b) CD
spectra of pyrene-conjugated 2D crystalline cellulose oligomers dispersed
in DMF. The fluorescence intensity shown in (a) was normalized based on
the intensity at 386 nm.

The reaction in the absence of copper(u) sulfide did not result
in a color change. The ATR-FTIR spectra of the product showed
peaks at 710 and 835 cm ™' assigned to the C-H deformation
vibration bands for pyrene units (Fig. S7, ESIt)."” The TEM
images (Fig. S8, ESIT) and OH vibration bands of the ATR-FTIR
spectra (Fig. S7, ESIt) for the product indicated the preservation
of the 2D structures and the cellulose II allomorph, even after the
click reaction, respectively, suggesting that the 2D crystalline
cellulose oligomers were stable platforms for click reactions.
Elementary analysis estimated the percent amount of 1-ethynyl
pyrene conjugated to the total cellulose oligomers to be approxi-
mately 30% under the present synthetic conditions (Table S2,
ESIt). Accordingly, it was found that pyrene was successfully
conjugated to the 2D crystalline cellulose oligomers through
copper(i)-catalyzed Huisgen cycloaddition reactions.

The pyrene-conjugated 2D crystalline cellulose oligomers were
then characterized spectroscopically. The ultraviolet-visible
(UV-vis) absorption spectra in DMF (0.0034% (w/v)) showed
typical peaks for pyrene units at 330-400 nm (Fig. S9, ESI{),'®
confirming the presence of pyrene molecules on the nano-
material surface. The fluorescence spectra obtained upon excita-
tion at 343 nm in DMF (0.0034% (w/v)) showed two main peaks at
386 and 406 nm assigned to the emission of pyrene monomers
(Fig. 3a)." Those peaks were slightly red-shifted compared with
those of 1-ethynyl pyrene molecularly dissolved in DMF (Fig. S10,
ESIT), suggesting that the fluorescence of pyrene units was
influenced by the formation of covalent bonds with cellulose
oligomers through the click reaction.

The pyrene-conjugated 2D crystalline cellulose oligomers
dispersed in DMF showed broad fluorescence emission above
450 nm (Fig. 3a), which was different from that of reference
1-ethynyl pyrene (Fig. S11, ESIt). This observation suggested
that certain amounts of pyrene units formed excimers on the
nanomaterial surface. Although the ideal distance between
pyrene units (at least 0.8 nm) on the nanomaterial surface is
too large to form excimers (Fig. S12, ESIt),?° they were formed by
partial contact of the 2D crystalline cellulose oligomers in DMF.
The fluorescence emission derived from the excimers relatively
increased with increasing concentration of pyrene-conjugated 2D
crystalline cellulose oligomers (Fig. 3a), supporting the contribution
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of the concentration-dependent formation of the contacted pyrene
units. When the pyrene-conjugated 2D crystalline cellulose oligo-
mers were excited at 440 nm, which did not correspond to the
absorption of pyrene monomers, broad fluorescence emission
above 450 nm was observed (Fig. S13, ESIt), confirming the
presence of static excimers,"®*' which were already formed in
the ground states. More significantly, the circular dichroism
(CD) spectra in DMF (0.034% (w/v)) showed a negative Cotton
effect at 368 nm, which corresponded to the absorption of pyrene
units (Fig. 3b and Fig. S9, ESIt). This observation suggested that
the pyrene units existed in twisted arrangements between two
2D nanomaterials.>” It was therefore found that 2D crystalline
cellulose oligomers have the potential to induce CD activities to
covalently conjugated achiral dye molecules.

The fluorescence spectra of pyrene-conjugated 2D crystalline
cellulose oligomers were measured in a variety of solvents and
were different in each solvent (Fig. 4a). The monomer peaks
were independent of the solvent species; however, the broad
excimer peaks changed. Because the spectra of 1-ethynyl pyrene
dissolved in the same solvents, except for water, were almost
the same, independent of solvent species (Fig. S11, ESIt), the
spectral difference was derived from the slight difference in the
contacting states of pyrene units on the nanomaterial surface.
Meaningfully, the color of the dispersions under UV light of
365 nm was dependent on the solvent species (Fig. 4b), demon-
strating the solvatochromic properties. The color gradually
changed from blue for toluene to green for water with increas-
ing dielectric constant. These observations suggested that
2D crystalline cellulose oligomers behaved as novel plat-
forms for controlling the excimer formation of conjugated
dye molecules. To the best of our knowledge, this is the first
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Fig. 4 ) Normalized fluorescence spectra (lex = 343 nm) of pyrene-
conjugated 2D crystalline cellulose oligomers dispersed in seven solvents.
The fluorescence intensity was normalized based on the intensity at 386 nm.
The left and right graphs represent the fluorescence spectra dispersed in
solvents with lower and higher dielectric constants, respectively. (b) Photo-
graphic images of pyrene-conjugated 2D crystalline cellulose oligomers
dispersed in seven solvents under UV light (365 nm). The dielectric constant
for each solvent is shown in parentheses.
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demonstration of solvatochromism using dye-conjugated 2D
organic nanomaterials.

In conclusion, it was demonstrated that 2D crystalline
cellulose oligomers with surface-reactive azide groups were
synthesized by one-step CDP-catalyzed phosphorolytic reactions
of G1P monomers and B-glucosyl azide primers under aqueous
and mild conditions and were post-functionalized with 1-ethynyl
pyrene through copper(i)-catalyzed Huisgen cycloaddition reac-
tions in DMF. The chemical, crystal, and morphological struc-
tures of the reactive and post-functionalized 2D crystalline
cellulose oligomers were characterized by spectroscopy and
microscopy. The fluorescence spectra revealed that the pyrene
units conjugated on the nanomaterial surface partially formed
excimers on the nanomaterial surface, followed by broad fluores-
cence emission, induced CD, and solvatochromism. Although
post-functionalization of surface-azidized 2D crystalline cellulose
oligomers with 1-ethynyl pyrene was performed as a model
system, diverse combinations of other reactive primers and
functional small molecules are applicable. We will develop
such diverse and versatile 2D organic nanomaterials from the
viewpoints of sustainability and biocompatibility.
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