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Abstract Clean energy and green solvents have
attracted wide attention due to their non-toxic, bio-
degradable, and recyclable properties. Deep eutectic
solvent (DES), as a green solvent, has advantages in
the formation of nanocellulose. To reveal the forma-
tion mechanism during cellulose nanocrystal (CNC)
preparation, different carboxylic acid DESs are com-
pared in the optimal experimental conditions. Experi-
mental observations show that oxalic acid (OA) DESs
can fabricate CNCs with higher yield, higher crys-
talline index than that of citric acid series. Moreo-
ver, crystal water molecules in DESs promote the
reaction activity of DESs in the CNC formation. To
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understand the interaction among the DES/cellulose
complex, molecular dynamics simulations and quan-
tum chemical calculations were applied to investigate
the arrangement of CNCs in the atomic scale. The
radial distribution function and intermolecular inter-
actions indicate that the non-covalent intermolecular
interactions between DESs and cellulose are strong,
which could be further enhanced by the crystal waters
in DESs. Reaction pathways during the formation of
CNCs were revealed by computational simulations,
which show that OA is more prone to react with cel-
lulose in esterification and acidolysis reactions. Both
computational and experimental results demonstrate
that the OA DESs are more beneficial in the produc-
tion of CNCs. The synergistic effects of chemical
reactions and non-covalent interactions favor the for-
mation of CNCs by DESs.

Keywords Cellulose nanocrystal (CNC) - Deep
eutectic solvent (DES) - Molecular dynamics (MD)
simulations - Quantum chemical calculation - Non-
covalent interaction

Introduction

Over the past decades, nanocellulose has attracted
rapidly growing interest due to its excellent perfor-
mance, such as high tensile strength, high elastic
modulus, large specific surface area, and low density
combined with biodegradability and renewability
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(Moon et al. 2011; Rajinipriya et al. 2018). Accord-
ing to the morphology and formation techniques,
cellulose nanomaterials mainly include cellulose
nanocrystals (CNCs), cellulose nanofibrils (CNFs),
and bacterial nanocellulose (BNC) (Du et al. 2019).
Among all the formation methods of CNCs, strong
acid hydrolysis is indeed a simple, common, and
time-saving method (Cheng et al. 2017). However,
problems such as harsh corrosion of equipment,
severe environmental pollution, large water consump-
tion, and relatively low production yield need to be
well addressed (Xie et al. 2018). Some sustainable
and environmentally friendly methods based on the
replacement of the recyclable chemicals have been
put forward recently to address the above drawbacks,
such as solid acid hydrolysis (Liu et al. 2014; Tor-
lopov et al. 2017), organic acid hydrolysis (Chen
et al. 2016; Du et al. 2016; Xu et al. 2017), ionic
liquid (Miao et al. 2016), or deep eutectic solvent
(DES) treatment (Lim et al. 2021; Liu et al. 2017a, b;
Selkili et al. 2016; Sirvio et al. 2016).

Deep eutectic solvent has shown quite excellent
performance in the nanocellulose formation. DES is
composed of hydrogen bond donor (HBD) and hydro-
gen bond acceptor (HBA). Due to the strong hydro-
gen bond interaction between HBD and HBA, DES
can easily form a uniform liquid at a relatively low
temperature (Abbott et al. 2004). Among all kinds
of DESs, acidic DESs possess the most advantage
in preparing CNCs. Many researchers chose choline
chloride as HBA, while oxalic acid, lactic acid, tolue-
nesulfonic acid, and levulinic acid as HBD to prepare
varieties of acidic DESs (Liu et al. 2017a, b; Sirvio
et al. 2016). These DESs can effectively produce cel-
lulose nanocrystals with diameters range from several
to tens of nanometers. Previous works reported that
the DES composed of oxalic acid/choline chloride
could destroy the hydrogen bond network of cellulose
by forming competing hydrogens bonding between
DESs and cellulose (Liu et al. 2021; Liu et al. 2017a,
b). However, this inference is a qualitative description
based on experiment, the mechanism of the CNC for-
mation by DESs has not been studied thoroughly yet.
During the preparation of nanocellulose by DESs,
two main reactions occurred. The one is esterification
between carboxylic acid and hydroxyl group at the
C6 position on cellulose, which makes cellulose fib-
ers split into finer fibril. The other is acidolysis reac-
tion under acidic conditions as f-1,4 glycosidic bond
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breakage, which makes cellulose fibers break along
the longitudinal direction. Recently, fundamental
research analyzed the interaction between DESs and
cellulose molecules at the molecular level by quan-
tum chemistry (Fu et al. 2020) and molecular simu-
lations (Smirnov et al. 2020). Results demonstrated
that the hydrogen bond interactions of the cellulose
hydroxyl groups with the chloride ions were the key
factors of the destruction of cellulose in the process
of solvation. In addition, it has been shown that the
interactions within the studied DESs are strengthened
when low amounts of water existing (Kalhor et al.
2020). Moreover, Ahmadi et al. (Ahmadi et al. 2018)
found that the hydrous DESs systems favored the for-
mation of more hydrogen bonds by molecular dynam-
ics simulations.

The properties of DESs would be changed by a
few crystal water molecules in HBD so that the abil-
ity of CNC formation will also be affected. How-
ever, the effect of water molecules existing in DESs
on CNC formation has not been studied in depth. It
is necessary to investigate the differences between
hydrous DESs and anhydrous DESs in the nanocel-
lulose formation and the effect of water molecules
during the formation process. In this work, two kinds
of organic acid (with and without crystal water) were
chosen to mix with choline chloride. The DESs were
applied to the jute noil pretreatment and CNC forma-
tion. The non-covalent interaction and chemical reac-
tion between DESs and cellulose was investigated by
experiment and molecular simulations to reveal the
effect of different DESs and water molecules on CNC
formation.

Materials and methods
Experimental methods
Materials and chemicals

Jute noil fibers (the fibers wasted during the spin-
ning process) were obtained from Xiangnan Jute
Co.Ltd., Chenzhou, Hunan Province, China. All
the chemicals including benzene, ethanol, sodium
hydroxide (NaOH), sodium chlorite (NaClO,), ace-
tic acid (HAc), choline chloride (ChCl), oxalic acid
(OA), oxalic acid dihydrate (OA-2H,0), citric acid
(CA), and citric acid monohydrate (CA-H,0O) were
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purchased from Sinopharm Group and RON reagent,
which were of analytical grade.

Pretreatment of jute noil fibers

Jute noil fibers were firstly treated by benzene/etha-
nol extraction to remove oil and wax. Then, further
treated with 17.5 w/v% NaOH solution to remove
hemicellulose and pectin. Subsequently, the treated
samples were bleached with 0.7 w/v%. sodium chlo-
rite (NaClO,) to remove lignin, and treated at pH=4
(HAc buffer solution) boiling for 2 h under a fiber
to liquor ratio of 1:50 and then treated with 5 w/v%
sodium hydrogen sulfite solution. Filtering, washing
with distilled water, and drying at 60 °C in a vacuum
oven until constant weight. The bleached jute fibers
were preserved as raw materials for producing CNCs.

Formation of DES

The hydrogen bond donor (organic acid) and hydro-
gen bond acceptor (ChCl) were weighed at a molar
ratio of 1:1. The DESs were prepared by mixing the
HBA and HBD and heated over the eutectic point
with a 500 rpm magnetic stirring until a transparent
liquid formation. The molecular structures of HBA
and HBD are shown in Fig. 1.

Hydrogen bond accepter

Anhydrous citric acid

Formation of cellulose nanocrystals (CNCs)

The 1 wt% raw material (bleached jute fibers) were
added to each DES and react at 90 °C for 5 h. After
the DES treatment, the mixture of raw cellulose and
DESs was dialyzed (dialysis tube with 8000 D cut-
off) to neutral in deionized water. Then, the mixture
was treated in an ultrasonic cell crushing apparatus
(JY92-IIDN) for 30 min under the power of 600 W.
After that, the mixture was centrifuged at 5000 rpm
for 10 min and the supernatant contained CNCs was
taken out. Finally, CNC suspensions were obtained,
as shown in Fig. S1.

Characterizations

Yield rate of CNCs

The prepared CNC suspensions were dried and the
weight of solid CNCs was measured. The yield rate
was obtained as the average value of the sample
measured three times.

Degree of polymerization

The average degree of polymerization (DP) of raw

materials and CNCs was evaluated from the limiting
viscosity, measured in copper ethylenediamine (CED)
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Fig. 1 The molecular structures of HBA and HBD
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solution according to ISO 5351 standard. The DP was
calculated by Eq. (1),

1.111
DP — <1.65[;1]C— 116H> 0

where [#] was the limiting viscosity, C was the mass
fraction of the sample, and H was the mass fraction of
hemicellulose. For CNCs, H was assigned as 0.

Transmission electron microscopy (TEM)

TEM was used to observe the resulting nanocel-
luloses under a Transmission Electron Microscopy
(JEM-2100, Japan) at 200 kV. A 5 pL aliquot of the
diluted slurry was dropped on a carbon-coated elec-
tron microscopy grid (400 mesh). The sizes of the
nanocelluloses were measured from the TEM images
using the imageJ analysis system.

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was used to test
the crystallinity of the raw materials and CNCs. The
samples were analyzed using a Bruker D8 Advance.
XRD patterns were recorded from 260=5~60° with
a D/max-RB diffractometer equipped with a graphite
monochromator and Cu Ko radiation at A=0.154 nm
(40 kV, 40 mA). Reflection mode and fixed slits were
adopted in the test. The relative crystalline index (Crl)
was estimated using peak fitting method by MDI Jade
6. Linear fit was used for background processing,
while the threshold 6=4.0 and K-al/02 ratio=2.0.
The peak deconvolution was adopted to calculate the
Crl with pseudo-Voigt function (1.5 Exponent and 0.5
Lorentzian). The fitting peaks of 26 ~ 18° and 38°
were defined as the amorphous region of cellulose.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using a Nicolet 6700
spectrometer (Thermo Fisher, America) with a dia-
mond attenuated total reflectance (ATR) attach-
ment. The data were recorded over the range
400~4000 cm™! in absorbance mode with 32 scans
per spectrum and with a resolution of 4 cm™".

3C CP/MAS Nuclear Magnetic Resonance Spec-

trum (CP/MAS 3C-NMR).
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13C CP/MAS NMR analysis on the raw materials
and CNCs have carried out at room temperature with
the AVANCE400 (Switzerland) spectrometer. Spec-
tra were acquired with a 4 mm MAS probe using a
combination of CP, MAS, and high-power proton
decoupling methods. A total of 800 scans were accu-
mulated for each sample.

Computational simulations
Details in molecular dynamics simulations

Models of cellulose in four DESs were constructed
by Packmol package (Martinez et al. 2009), contain-
ing 400 DES molecules and 2 cellulose chains with
the consistent-valence forcefield (CVFF) (Dauber-
Osguthorpe et al. 1988). The system was obtained by
geometry optimization, followed by an equilibrium
process in an NPT ensemble in 5 ns with the time
step of 1 fs when the temperature was set as 333 K
by Materials Studio 6.0. The productions were car-
ried out in the NPT ensemble, when the pressure was
0.0001 GPa during a total simulation of 5 ns. The
radial distribution function (RDF) between different
particles was analyzed according to the trajectories,
which were collected every 1 fs.

Computational details in non-covalent interaction

Kohn—Sham DFT has become one of the most pop-
ular tools in electronic-structure theory due to its
excellent cost-performance ratio (Kohn et al. 1996).
DFT was employed to further investigate the interac-
tions between cellulose and DESs in this work. Since
cellobiose was the element of the polysaccharide cel-
lulose, it was chosen to estimate the non-covalent
interactions among the cellulose and its interaction
with solvents in a simplified model. B3LYP func-
tional (Becke 1988; Lee et al. 1988) with 6-311G(d,p)
(Hariharan et al. 1973; Hehre et al. 1972) basis set
was used to fully optimize the structures of DESs and
cellobiose with the dispersion correction (Grimme
et al. 2010). By comparing electronic energies of
several initial structures, the most stable geometry
was obtained, confirmed by the following frequency
calculations. To investigate the polarizability of the
DES/cellobiose complexes, electrostatic potential
(ESP) was further plotted onto the isosurface with the
electron density of 0.001 a.u. (Cao et al. 2016), shown
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in Fig. S7. M062X functional (Zhao et al. 2008) with
6-311+G(2d,p) (Frisch et al. 1984) basis set was
used to calculate the electronic energy of DES/cel-
lobiose complexes, which have correctly described
non-covalent interactions, especially hydrogen bond
interactions (Fu et al. 2020). Based on the optimized
structures, reduced density gradient (RDG) and atoms
in molecules (AIM) analyses were applied to dem-
onstrate the non-covalent interactions of the DES/
cellobiose complex (Tognetti et al. 2008). All DFT
calculations were performed using the Gaussian 09W
Revision D.01 software package (Frisch et al. 2016).

Binding energy analysis

The initial configuration of the complex was con-
structed according to the equilibrium state obtained
from MD simulations. The calculation was accom-
plished at the level of MO062X/6-311+G(2d,
p)//B3LYP/6-311G(d,p)  with  the  dispersion
correction(GD3).

The binding energy between DESs and cellobiose,
AE can be defined as the following equation,

AE = E¢_pgs — Ec — Epgs 2)

where E g is the electronic energy of the DES/cel-
lobiose complex, E and Epyi are electronic energies
of cellobiose and DESs, respectively.

Atoms in molecules (AIM) analysis

AIM theory elucidates that the electron density (p),
and laplacian density (V?p) can describe the prop-
erties of the hydrogen bond. Molecule plots are
depicted by Multiwfn (Lu and Chen 2012) and
VMD program (Lu and Chen 2021). According to
the Espinosa-Molins-Lecomte equation (Espinosa
et al. 1998), the relationship between Vp and Eyy is
Eyp=Vp/2, where V- is potential density.

Reduced density gradient (RDG) analysis

In the aspect of the intermolecular interactions, the
RDG method is a powerful tool to investigate the
intermolecular interactions in DES/cellobiose com-
plexes, including hydrogen bond, halogen bond, and
z-7 stacking, even the steric hindrance (Johnson et al.
2010). To present the intensity of these interactions, a
scatter diagram of RDG with sign(4,)p projected onto
the RDG isosurfaces was applied to illustrate the non-
covalent interactions using Multiwfn and VMD pro-
grams (Lu and Chen 2021).

Reaction mechanism of cellulose in DESs

The Nudged Elastic Band (NEB) method (Mills and
Jonsson 1994) is an algorithm to search the mini-
mum energy path (MEP) in potential energy surface
(PES) based on the interpolation between two energy
minima. To identify reaction paths along esterifica-
tion and acidolysis reactions, NEB method with sem-
iempirical implementation GEN2-xTB(Bannwarth
et al. 2019) was employed, which was carried out by
ORCA 5.0 program(Neese 2012, 2022). The corre-
sponding reactant, product, and transition state geom-
etries were further optimized to obtain the reaction
barrier at the B3LYP-D3BJ/cc-pVDZ level.

Results and discussion
Characterization of CNCs

The yield rate of CNCs is the main index to evaluate
the performance of DESs in CNC formation, as pre-
sented in Table 1. It is obviously shown that the yield
rate of CNC1 and CNC2 (producing by OA DESs)
are ten times higher than that of CNC3 and CNC4
(producing by CA DESs). This result shows that OA
DESs is more efficient in CNC formation. In addition,

Table 1 Composition of

. Serial of DESs HBA/HBD Eutectic Pka of HBD  Serial of CNCs  Yield rate of
DESs and yield rate of point (C) CNCs (%)
prepared CNCs
DESI1 ChCI/OA 28 1.23 CNCl1 71.25
DES2 ChCI/OA2H,0 —42 CNC2 76.3
DES3 ChCl/CA 69 3.13 CNC3 5.35
DES4 ChCI/CA-H,O 54 CNC4 8.35

@ Springer
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hydrous DESs can obtain a little more CNCs than that
of anhydrous DESs. This result indicates that the type
of HBD and the crystal water of HBD have an impact
on the preparation of CNCs. The key of the prepara-
tion of CNCs using acidic DESs lies in two aspects:
the disruption of cellulose hydrogen bonds by DESs
leading to fibrillation, and the chemical reaction
between the acid in DESs and cellulose (Liu et al.
2021). OA has a lower pka than CA so that the H*
of OA can release easily. Therefore, cellulose hydro-
lyzed by OA is more vigorously. This may be one
of the reasons for the high yield of CNCs produced
by OA series DESs. And the presence of water mol-
ecules promotes the release of H* from HBD, which
catalyzes acidolysis and esterification reactions to get
higher yield rate.

TEM images and diameter distribution of cellulose
nanocrystals produced with different DESs are shown
in Fig. 2. The diameters of the CNCs are mostly
ranged from 10 to 35 nm as well as the CV value is
all around 30%. It is shown that the CNCs made by
anhydrous DESs (DES1, DES3) get a finer diameter
(19.5 nm) than that of hydrous DESs (DES2, DES4).
The results show that although hydrous DESs are
beneficial to increasing the yield rate of CNCs, it
might be not profitable to get CNC diameter refine-
ment. As to anhydrous DESs, the hydrogen bond dis-
sociation effect is stronger, so the cellulose fiber is
more significantly defibrillated to get finer diameter.
The H* on the organic acid in the hydrous DESs is
more easily released due to the exiting of water, so
the catalytic hydrolysis reaction of cellulose is more
significant. Under this effect, the diameter of the
CNCs made by the anhydrous DESs is smaller.

The WAXD diffractograms presented in Fig. 3a
indicate that the cellulose I and II crystalline structure
all exist in the raw materials and CNCs. The main 260
diffraction angles close to 14.9°, 22.6° and 34.8° are
associated with cellulose I, while 12°, 20° and 22.1°
are associated with cellulose II (French 2014). The
fitting peaks of 260~ 18° and 38° were defined as the
amorphous region of cellulose (French 2020). Peak
deconvolution is used to calculate crystallinity with
pseudo-Voigt function. Detailed peak fitting process
were shown in Fig. S2-Fig. S6. Besides, the crystal-
linity index (Crl) of raw materials and CNCs as well
as the DP of CNCs are shown in Fig. 3b.

According to Fig. 3b, the Crl of four kinds of
CNCs all increase compared to the raw materials
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due to the amorphous region removal. Among them,
CNC1 and CNC2, which are prepared by DES1 and
DES2, obtained higher Crl than that of CNC3 and
CNC4. This may be caused by the fact that OA is
more inclined to acidolysis reaction with cellulose,
resulting in a less amorphous region and higher crys-
tallinity. This deduction is verified by the results of
the DP value. When the crystallinity was higher, the
DP of CNCs was lower, indicating that the amor-
phous region of cellulose was more fractured. The
crystallinity of CNCs produced by hydrous DESs is
slightly higher than that of anhydrous DESs. This
indicates that the presence of crystal water molecules
might promote organic acids release of more H' to a
certain extent, and the proton can effectively catalyze
the hydrolysis reaction of cellulose.

FTIR spectroscopy results in Fig. 4a show that
cellulose characteristic peaks, including -OH stretch-
ing adsorption around 3420 cm™!, —-CH, symmetric
bending around 1320 cm™' to 1420 cm™! and C—O-C
stretching around 1064 cm™!, existed in all CNCs
and raw materials. This suggests that the major struc-
tures of cellulose are still retained after the treatment
with different DESs. The esterification of cellulose
can take place with the presence of carboxylic acids
on the surface of CNCs. Compared with the spec-
trum of the raw materials, all the CNCs prepared by
carboxylic acid DESs exhibited a new band around
1730 cm™', which is a peak of the carbonyl vibra-
tions. In addition to carbonyl and hydroxyl stretching
frequencies, methylene stretching frequencies cen-
tered at 2900 cm™! are increased of DES modified
CNCs (Spinella et al. 2016).

The structure elucidation of prepared CNCs was
performed using '*C CP/MAS NMR spectroscopy,
as shown in Fig. 4b. The representative signals
between 60 and 120 ppm were assigned to cellu-
lose, in which 105 ppm corresponds to C1 of cellu-
lose, 89 ppm corresponds to the crystal region of C4,
84 ppm corresponds to the amorphous region of C4,
72 ppm, 75 ppm corresponds to C2, C3 and C5 of
cellulose, 65 ppm corresponds to crystal region of
C6 and 62 ppm corresponds to the amorphous region
of C6. The typical cellulose carbon peaks position
remained unchanged after the DES pretreatment and
the ultrasonication process. However, the CNC peaks
of crystal regions of C4, C6, and peaks of C2, C3,
C5 become more distinct. This result is consistent
with Fig. 3. The crystal region of raw materials was
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Fig. 2 TEM images and
diameter distribution of
CNCs produced with dif-
ferent DESs (a)—(b) CNC1;
(c)—~(d) CNC2; (e)-(f)
CNC3; (g)-(h) CNC4
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Fig. 4 The FTIR (a), and 13C-NMR (b) of CNCs

exposed after DES treatment while the amorphous
region was removed.

Solvation Effect on Packing Conformations of
CNCs.

In order to understand the microscopic struc-
ture of the cellulose and DESs mixtures as well
as the effect of composition and water content on
the hydrogen bonding network, we simulated the
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packing structures of four DESs by molecular
dynamics simulations. The radial distribution func-
tion (RDF) is an important function to characterize
the microstructure, which can observe the distribu-
tion of atoms of DESs around the cellulose. Illustra-
tive snapshots of the mixtures, as well as plots of
RDFs, are shown in Fig. 5 and Fig. S8.
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Fig. 5 Snapshots (a-d) and RDFs (e-f) of different DES/
cellulose systems. Analysis in DES2/cellulose chains are pre-
sented in left column (a), (c¢), and (e); DES4/cellulose chains

The yield rate in Table 1 demonstrates that DES1
and DES2 are more beneficial in the formation pro-
cess of CNCs. The comparison in the yield rate
between DESs including crystal water and DESs
without crystal water reveals that the crystal water

(d)

— H5-05
i ——H6-06
— H7-07
—— H8-08
0.0 : : -
0 5 10 15 20

r(A)

are presented in the right column (b), (d), and (f). (ChCl, blue;
OA, pink; CA, yellow; water, red; cellulose, green)

contributes to the HBD, which makes CNC produc-
tion more favorable. For hydrous DESs systems
(Fig. 5), H,O molecules in the systems have an obvi-
ous effect on hydrogen bond interaction. For DES2/
cellulose systems in Fig. 5Se, the first peak in the
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hydrogen interaction of H4-O4 is at 1.89 A, similar
to the distributions of cellulose-water hydrogen bonds
H1-O1 and H2-O2 at 1.85 A and 2.07 A, respectively.
The hydrogen bond between cellulose and water mol-
ecules is the key factor, since the first peak of H5-O5
at 1.81 A is the closest, followed by the first peaks of
H8-08 and H6-06 at 1.91 A and 1.99 A respectively
in the DES4 as shown in Fig. 5f. For the hydrogen
distributions in H5-O5 and H6-06, it is found that
two significant peaks in RDF, indicating that the addi-
tion of water molecules increases the hydrogen bond
interaction for CNC formation, agree with the trend
of yield rate in Table 1. On the other hand, the strong-
est interaction is O,-Hg, with the first peak at 1.81 A
in RDF as shown in Fig. S8 for anhydrous DESs.

In order to quantitatively analyze the strength of
interaction between different DESs and cellulose, the
binding energies between DESs and cellulose were
studied. Although, cellulose is a polymer with cello-
biose as a repeating unit, two representative models,
(CsHoO5), and (CgH,;O5),, with different DP were
proposed for calculating the binding energy, as shown
in Fig. 6 and Fig. S9, respectively. The intermolecular
interactions of the two models were calculated based
on the CVFF force field, shown in Table S1. By com-
paring the binding energies between DESs and cel-
lulose models with different chain lengths, it can be
seen that there is a similar trend between short and
long-chain models. In all, the intermolecular interac-
tions between cellulose and DESs increase with the
increase of DP.

To get more accurate results in the binding ener-
gies, DFT was applied. The binding energies (AE) of
the DES/cellobiose and cellobiose dimers are shown
in Fig. 6. The optimized coordinates of complex were
shown in Table S3. Considering the intermolecular
interactions in the crystal structures of cellobiose,
two configurations of cellobiose dimer are depicted
in Fig. S10 (c) and (f), respectively. First, four DESs
interact with cellulose stronger than that in the cel-
lobioses dimers, as the binding energies of DES/
cellobiose are all more negative than—33.4 kcal/
mol and —24.4 kcal/mol for (010) and (100) con-
figurations in cellobiose dimers. The stronger inter-
molecular interaction leads the binding energy more
negative. These results indicate that the interactions
between cellobiose dimer can be destroyed by all
DESs effectively, which could fibrillate the cellulose
in the process of obtaining cellulose nanocrystals.
Additionally, hydrous DESs interact with cellulose
stronger than do anhydrous ones. This result reveals
that the existing bound water of HBD is beneficial
for promoting the interactions of whole systems. The
hydrous DESs can form more hydrogen bonds than
anhydrous DESs because the water molecule displays
both HBD and HBA in the complex system.

Atoms in molecules (AIM) is another useful
method to investigate non-covalent interactions,
which is based on the electron density distribution
between two atoms to define the chemical structure of
the system (Bader 1992; Zheng et al. 2016). Table S2
depicts the topological parameters at the bonding
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(@) (b) DESI
-85.55
-80 |- -76.34
< -63.19
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Fig. 6 The binding energies of DESs and cellobiose (a) and the major HBs interactions in different DES/cellobiose systems (b—e)
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critical point (BCP) of interaction between various
of DESs and cellobiose including electron density
(p), the laplacian density (V2p), potential density
(Vcp), and the energy of hydrogen bond (Eyg). The
topological structures of different DES/cellobiose and
cellobiose dimers are shown in Fig. S11. The positive
V2p value represents the presence of hydrogen bond
interaction. According to Fig. 6, the Eyg of DESI
and DES?2 is stronger than that of cellobiose dimer.
Besides, the Eyz of DES3/cellobiose is slightly
lower than the cellobiose dimer of (010) crystal face,
which portends that the anhydrous DES3 shows the
weaker ability for cellulose fibrillation. Moreover, a
small amount of water molecules not only increase
the hydrogen bond numbers, but also make the Eyp
of the system increase significantly. This result also
indicates the positive effect of the crystal water mol-
ecules in the hydrogen bond donor on the formation
of CNCs.

Subsequently, RDG scatter diagrams and iso-
surfaces of different DES/cellobiose, as well as cel-
lobiose dimer, were calculated and plotted in Fig. 7
and Fig. S10. The product of sign(4,)p is projected
onto RDG isosurfaces with different colors to reveal
the type and intensity of non-covalent interactions
as well as to visualize non-covalent interactions by
the VMD program. Here, the blue region indicates a
strong interaction force (hydrogen bond), the green
region shows weak interactions such as van der Waals
forces, and the steric effect is distinguished by red. It
can be clearly observed that there are prominent non-
covalent interactions including hydrogen bond and
van der Waals between DESs and cellobiose. Espe-
cially, existing crystal water molecules play an impor-
tant role in HBA as well as HBD because the hydro-
gen can accept electrons while the oxygen can offer
electrons, which were shown in Fig. 7d and h.

Reaction mechanism of DESs and cellulose

In anhydrous DESs, water molecules play the role as
the products in the esterification. On the other hand,
they are used as reactants in the acidolysis reaction, in
which water molecules are consumed by the breakage
of glycosidic bonds. Therefore, the esterification reac-
tion can be promoted by the synergistic effect of acid-
olysis reaction. However, the esterification reaction
is inhibited since water molecules act as the products
when their concentration was increased in the case of

hydrous DESs, as shown in Fig. 8a. Taking account
of the overall interactions between DESs and cellu-
lose, esterification and hydrolysis reactions have a
synergistic effect during the formation of nanocellu-
lose. The transition states of these two reactions were
found through the NEB method, through which the
structures of reactant, TS, and product are shown in
Fig. S12. And the optimized coordinates of reactants,
TS and products were shown in Table S4. The lower
reaction barrier for the esterification reaction between
OA and cellulose than that between CA and cellu-
lose indicates that the esterification reaction is more
likely to occur between OA and cellulose under the
same reaction conditions, as shown in Fig. 8b. For
the acid hydrolysis reaction, the reaction barrier of
uncatalyzed was about 28 kcal/mol higher than the
catalyzed ones, indicating that H* catalysis is critical
in the acid hydrolysis reaction. For two organic acids,
oxalic acid and citric acid, pKa are 1.23 and 3.13 for
OA and CA respectively, which represents that the
more acidic OA can released more H* in the solvent,
so the acid hydrolysis reaction is more likely to occur
in the DESs with OA. Considering these two factors,
the acid hydrolysis and esterification reactions of
DESs with OA and cellulose are dominant rather than
the DESs with CA, which could explain the higher
yield of CNCs prepared in the OA DESs.

Considering the results obtained from both experi-
mental and computational observations, we propose
the mechanism of the CNC formation in Fig. 9. The
swelling of cellulose fibers is caused by the treatment
of DESs, in which the hydrogen bonds of cellulose
fibers dissociate, resulting in loose-packed cellulose
fibers in the amorphous region. Subsequently, the
organic acid in DESs breaks the amorphous region
of cellulose fibers, leading to the formation of the
cellulose nanocrystals. When a few water molecules
existing in DESs, more competing hydrogen bond
will form between cellulose and DESs. In summary,
we deduce the cellulose fibers are fibrillated to form
nanocellulose by the synergistic action of hydrogen-
bonding dissociation and acid hydrolysis.

Conclusion
In this work, four DESs were applied to treat the

wasted jute fibers in producing CNCs with the same
experimental conditions. The prepared CNCs were
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«Fig. 7 RDG analysis of different DES/cellobiose. Isosurfaces
are colored over the range from -0.035 a.u. to 0.02 a.u. a-b
DES|/cellobiose, ¢—d DES2/cellobiose, e-f DES3/cellobiose,
and g-h DES4/cellobiose

investigated by the XRD, TEM, FTIR, and "*C-
CP/MAS NMR. Among these DESs, OA series
show a visible superiority in producing CNCs over
CA series. Based on the analysis of the yield rate
and CrI of the production, it can be found that the
organic acid which contains crystal water molecules

(a)

can promote the performance of DESs in produc-
ing CNCs. Molecular dynamics simulations were
applied to perceive the intermolecular interactions
on the microscopic scale. RDF, which was analyzed
based on the dynamic trajectories, demonstrates the
non-covalent interaction between DESs and cellu-
lose is strong. RDG and AIM analyses reveal that
the hydrogen-bonding and van der Waals interac-
tions between DESs and cellulose are the key fac-
tors in the fibrillation of cellulose. Furthermore,
a small amount of water molecules in the DESs
enhance the intermolecular interaction due to the
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additional formation of hydrogen bonds within the
complex. The computational simulations in the
involved reactions showed that the esterification and
acidolysis reactions between OA DESs and cellu-
lose were more likely to occur, which were verified
by the higher yield of OA DESs during the prepara-
tion of CNCs.
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