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Cellulose solvents ([Aim][MOA]/MIM) were developed by combining diallylimidazolium methoxyacetate
([A2im][MOA]) with N-methylimidazole (MIM). The cellulose solubilities in the ([A;im][MOA]/MIM) solvents
were determined at 25 °C, and the effect of the MIM/[A,im][MOA] molar ratio on cellulose solubility was
systematically investigated. Attractively, the solvents show cellulose solubility as high as 25.2 g 100 g~*
even at 25 °C. It is proposed that the H2, H4 and H6 in [A>im]" and the carboxyl O atom in [MOA]~

iig:;i%zlimmyaég%g primarily contribute to the dissolution of cellulose; MIM mainly acts to dissociate [A,im][MOA] into
[A;im]* and [MOA]™, and stabilize the dissolved cellulose chains. Moreover, the porous cellulose

DOI: 10.1035/c3ra03979a materials with varying morphological structures could be tailored by simply tuning the cellulose solution
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1. Introduction

Cellulose is the most abundant biorenewable resource in nature
with fascinating properties such as non-toxicity, carbon
neutrality, biocompatibility, and so on.® Despite these merits,
the further utilization of cellulose has actually been hindered
because the extensive hydrogen bond and intersheet interactions
in cellulose result in its difficult melting and dissolving for pro-
cessing.*” The commonly used strategies to overcome this
problem are to develop efficient cellulose solvents in that the
dissolved cellulose is more conveniently converted into valuable/
desired products. The developed solvents include copper
ammonia solution, N-methylmorpholine-N-oxide, LiCl/N,N-
dimethylacetamide, tetrabutyl ammonium fluoride/dimethyl
sulfoxide, NaOH/thiourea, ionic liquids (ILs), and so on.*™*
Among the developed cellulose solvents, ILs have attracted
more attention owing to their unique properties such as negli-
gible vapor pressure, non-flammability, high chemical and
thermal stability, and strong dissolution ability for various
organic and inorganic materials.***” The ILs used for efficient
cellulose processing include 1-butyl-3-methylimidazolium and 1-
allyl-3-methylimidazolium chlorides;'®" 1,3-dialkylimidazolium

formates, acetates, propionates, butyrate, methoxyacetate,
ethoxyacetate and acrylate;’** imidazolium-based dia-
lkylphosphates;*®  choline  amino  acids/carboxylates;*”**
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concentration, and the formation mechanism of the cellulose material was discussed.

quaternary ammonium chlorides;* switchable, distillable and
bio-based ILs.* By comparison, the 1,3-dialkylimidazolium
carboxylate ILs display more efficient cellulose dissolution
ability. It has been reported that there exists a strong association
between cation and anion of IL, which makes IL highly
viscous.**> For this reason, some low viscous IL + co-solvent
mixture systems have been developed such as 1-butyl-3-
methylimidazolium chloride + N,N-dimethylforamide DMF
(dimethyl sulfoxide DMSO, N,N-dimethylacetamide DMA, N-
methylpyrrolidinone NMP, etc.),*® 1-butyl-3-methylimidazolium
acetate + DMSO (DMF, DMA),*** 1-allyl-3-methylimidazolium
acetate + polyethylene glycol,*® piperazinium (piperidinium,
pyrrolidinium) acetate + DMSO.* These two-component solvents
exhibit such attractive advantages as lower viscosity, easy
dispersion of cellulose, rapid cellulose dissolution rate, dissolv-
ing cellulose at room temperature over neat ILs.

It has been reported that [A,im][MOA] can efficiently dissolve
cellulose even at room temperature.”* Moreover, MIM is
a typical 1 aprotic polar solvent like DMSO, DMF, DMA and
NMP. However, little is known about the dissolution perfor-
mance of cellulose in [A,im][MOA]/MIM solvents. Therefore, in
the present work, a series of [A,im][MOA]/MIM mixed solvents
were developed by modulating [A,im][MOA]/MIM molar ratio.
We demonstrated that fairly high cellulose dissolution could be
readily achieved even at 25 °C. More importantly, the morpho-
logic structures of the cellulose materials could be tailored by
simply tuning cellulose solution concentration. The effects of
MIM/[A,im][MOA] molar ratio on cellulose dissolution, the
possible cellulose dissolution mechanism, and the formation
mechanism of the cellulose material in [A;im][MOA]/MIM
solvent were investigated. Additionally, the chemical structure
and thermostability of the regenerated cellulose from [A,im]
[MOA]/MIM solvent was be characterized.

This journal is © The Royal Society of Chemistry 2019
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2. Materials and methods

2.1. Cellulose dissolution

N-methylimidazole (99%) was purchased from Alfa Aesar
Company. Microcrystalline cellulose was purchased from Sigma
Aldrich Company. [A,im][MOA] was prepared in our laboratory
and detailedly described in the literature.*

In a typical dissolution test, a given amount of cellulose was
added to a 25 mL colorimetric tube with 2.0 g of [A;im][MOA]/
MIM (Rymy = 0.50) mixed solvent. Ry was the molar ratio of
MIM to [A,im][MOA], and Ry value ranged from 0.17 to 6.01.
The tube was sealed with parafilm and immersed in a oil bath (25
£ 0.5 °C). Then the [A,im][MOA}/MIM (Ryiv = 0.50)/cellulose
mixture in the tube was stirred till the complete dissolution of
cellulose. If cellulose was completely dissolved, the solution
became optically clear under polarization microscope. Then,
additional cellulose was added. When the cellulose solution
became saturated to the point that cellulose could not be dis-
solved further and cellulose particle could be observed under
polarization microscope, the addition of cellulose stopped.

2.2. Preparation of PM-1, PM-3, PM-5, and PM-7

Typically, 1% of [A,im][MOA]/MIM (Rym = 1)/cellulose solution
was transferred into a Petri dish and subsequently coagulated in
distilled water for the regeneration of a obtain hydrogel film.
The hydrogel film was washed 3-4 times using distilled water
and then frozen for 8 h at —20 °C followed by freeze-drying to
gain a porous cellulose material. This porous cellulose material
was coded as PM-1. PM-3, PM-5, and PM-7 were prepared from
3%, 5% and 7% of [A,im][MOA]/MIM (Rymy = 1)/cellulose
solutions in the same way, respectively.

2.3. Preparation and characterization of regenerated
cellulose film

The [A;im][MOA]/MIM (Ryym = 2)/cellulose solution with 5.0%
of solubility was cast onto a glass plate. The thickness of the
liquid film on the glass plate is about 0.3 mm. After taking off
air bubble, the glass plate with the liquid film was immediately
immersed in distilled water. At this time, a transparent cellulose
film was regenerated. The film was washed 3-4 times with
distilled water and then dried at 60 °C in a vacuum oven. The
film was characterized using XRD, FTIR spectroscopy and GTA.

FTIR spectra were measured on a Nicolet Nexus spectrom-
eter with 16 scans and 2 cm ™" of resolution, and KBr pellets was
used. The XRD spectra were performed using BrukerD8 Advance
diffraction spectrometer. The TGA was determined on
a NETZSCH STA 449C thermal analyzer.

3. Results and discussion

3.1. Cellulose dissolution performance

The solubility data of cellulose (microcrystalline cellulose with
a 270 of viscosity-average degree of polymerization) in [A,im]
[MOA]/MIM solvents are presented in Table 1. At 25 °C, [A,im]
[MOA] gives 16.2 g 100 g~ of cellulose solubility, but cellulose is
not soluble in MIM from ambient temperature to 100 °C.
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Table 1 The solubility (g 100 g™ of cellulose in [A;im][MOAI/MIM at
25°C*

Solvents Solubility
[A,im][MOA] (Rymm = 0) 16.2
[A,im][MOA])/MIM (Rym = 0.17) 20.3
[A;im][MOA)/MIM (Ryv = 0.33) 22.5
[A,im][MOA]/MIM (Rypy = 0.50) 24.4
[A,im][MOA]/MIM (Ryy = 1.00) 25.2
[A,im][MOA]/MIM (Ryim = 2.01) 21.6
[A;im][MOA])/MIM (Rymv = 3.00) 16.8
[A,im][MOA])/MIM (Ryy = 6.01) 12.2
MIM (Ryvm = 1) 0

“ Ryv is the molar ratio of MIM to [A,im][MOA].

Interestingly, the cellulose solubility considerably increases in
the molar ratio range from 0 to 1.00 with MIM content increase
in [A;im][MOA]/MIM solvent. More attractively, [A,im][MOA]/
MIM (Ryiy = 1.00) solvent give as high as 25.2 ¢ 100 g~ of
cellulose solubility at 25 °C, which is markedly advantageous
over the two-component solvents reported previously. For
example, the most efficient cellulose solvents such as [C,mim)]
[CH;COO]/DMSO(DMF/DMA) reported till now gave 15.0, 13.0
and 9.0 g 100 g * of cellulose solubility at 25 °C, respectively.?*3°
The solubility of cellulose in [A;im][MOA]/MIM (Rymv = 1.00)
solvent is higher than those in [C,mim][CH;COO]/DMSO(DMF/
DMA) solvents by about 68, 94 and 183% at 25 °C, respectively.

It has been reported that there existed strong ion pairs in
neat ILs,*** and IL could be partially disassociated into cation
and anion by polar aprotic solvents, and the disassociated
cation and anion more readily interacted with cellulose to
promote the dissolution of cellulose.***”*® Therefore, after MIM
(one of polar aprotic solvents) is added to [A,im][MOA], the
concentrations of disassociated [A,im]" cation and [MOA]~
anion increase as MIM content increases, which is beneficial to
cellulose dissolution. However, the further increase of MIM
content could decrease the concentrations of [A,im]" cation and
[MOA]™ anion in [A,im][MOA]/MIM solvent. Consequently, as
MIM content increased, the solubility of cellulose decreased
behind the maximum cellulose solubility at Ry = 1.00.

According to the above analysis, it is clear that the addition
of MIM to [A,im][MOA] significantly impact cellulose dissolu-
tion. At a proper MIM/[A,im][MOA] molar ratio range, the
addition of MIM to [A,im][MOA] markedly promotes cellulose
dissolution because of the increased concentrations of A,im]"
cation and [MOA] ™ anion. Nevertheless, the further MIM addi-
tion decreases the concentrations of [A,im]" cation and [MOA]~
anion, and thus cellulose solubility. The role of MIM in [A;im)]
[MOA]/MIM solvent mainly serves to disassociate [A,im]|[MOA]
into “free” [A;im]" and [MOA]", and the “free” ions are
responsible for cellulose dissolution.

3.2. "C NMR analysis of cellulose dissolution

To investigate the possible dissolution mechanism of cellulose
in [A,im][MOA]/MIM solvent, The *C NMR spectra of [A,im]
[MOA] in [A;im][MOA]/MIM (Rymm = 2) solvent and [A,im]
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Table 2 The C NMR chemical shifts (6 (ppm) relative to TMS) of [A,im]IMOA] in [A,im][MOAI/MIM (R = 2) solvent and in the mixture of [A,im]

[MOAI/MIM (R = 2)/cellulose (8%) solution at room temperature

6 (ppm)
Cellulose concentration
(%) c2 ca,4' Cs,5' C6,6' c7,7' fof:} c9 c10
0 137.37 122.19 56.76 131.48 118.84 50.03 72.62 172.65
8 137.03 122.10 56.77 131.32 118.94 50.08 72.34 172.95
Ad —0.34 —0.09 0.01 —0.16 0.10 0.05 —0.28 0.30

[MOA]/MIM (Ryim = 2)/cellulose (8%) solution were determined
at room temperature and shown in Fig. S1 and S2.7 The "*C
NMR data of [A,im][MOA] were given in Table 2. For the sake of
easy understanding, schematic structure and numbering of the
atoms of [A,im][MOA] were shown in Fig. 1.

As shown in Fig. 1 and Table 2, the addition of cellulose to
[A;im][MOA/MIM (Rymv = 2) solvent leads to a marked upfield
shift for C2 atom and a small upfield shift for C4 atom (a small
decrease of chemical shift). This indicates that in [A,im][MOA]/
MIM (Rypy = 2)/cellulose (8%) solution, the acidic H2 proton
strongly interacts with the hydroxyl oxygen in cellulose by hydrogen
bond formation, which leads to the increase of the electron cloud
density of C2 atom, thus its chemical shift move upfield. Similarly,
the acidic H4 proton weakly interacts with hydroxyl oxygen. The
signal of the carboxyl C10 atom considerably moves downfield (a
considerable increase of chemical shift). This suggests that the
carboxyl oxygen atom in [MOA]~ forms strong hydrogen bond with
the hydroxyl proton of cellulose, resulting in the decrease of the
electron cloud density of C10 atom, thus its chemical shift moves
downfield. It is also found that the signal of C6 atom on allyl chain
also moves upfield, implying that the hydroxyl oxygen in cellulose
strongly interacts with H6 atom. The observable upfield shift of C9
atom and downfield shift of C7 atom may be due to the redistri-
bution of the electron cloud density. Additionally, little changes
have been observed for the chemical shifts of C5 atom (0.01 ppm)
and C8 atom (0.05 ppm), indicating that the hydrogen atoms
hardly interact with the hydroxyl oxygen in cellulose. The above
results indicate that the main driving force of the dissolution of
cellulose in [A,im][MOA]/MIM solvent primarily results from the
interactions of the H2, H4 and H6 atoms in [Ayim]" with the
hydroxyl oxygen in cellulose as well as the carboxyl oxygen atom in
[MOA]™ with the hydroxyl hydrogen in cellulose.

Additionally, it is important to find that small chemical shift
variations (—0.09 ppm) for C2 and C5 atoms of MIM are observed,
indicating that the two acidic H2 and H5 protons in MIM may
form hydrogen bonds with the hydroxyl oxygen atoms of dissolved

4 4

7' 5 7 2

109 8
-[00CCH,OCHj5]

cellulose molecule and thereby stabilize the dissolved cellulose
chains from the further reforming of their inter- and intra-
molecular hydrogen bonds. In addition, the signals of C4 and C6
atoms remain nearly invariable (the biggest 0.02 ppm interval).

3.3. FTIR analysis of cellulose dissolution

As the discussed above, the H2, H4 and H6 atoms in [A,im]" and
the carboxyl oxygen atom in [MOA]™ mainly contribute to the
cellulose dissolution. To further verify the findings, the FTIR
spectra of [A,im][MOA] in [A,im][MOA]/MIM (Ryv = 3) solvent
and [A,im][MOA]/MIM (Ryny = 3)/cellulose (1-9%) solution
were determined at room temperature. It is known that the C-H
stretching vibration of the carbon-carbon double bond (C4=
C4', C6=C7) is weak. Moreover, the C6,7-H stretching vibration
of the C6 = C7 double bond in allyl groups overlaps with that of
C4=C4' double bond in [A,im]'. Additionally, the C-O asym-
metric stretching vibration in [MOA]™ is stronger than its
symmetric stretching vibration. Therefore, in the following
discussion, we will focus on the C2-H stretching vibration in
[A,im]" and C-O stretching vibration in [MOA] ™.

Fig. 2 shows the FTIR spectra of the C2-H stretching vibration
in [A,im]" and C-O stretching vibration in [MOA]". It can be seen
from Fig. 2 that with the increase of cellulose content in [A,im]
[MOA])/MIM (Rym = 3)/cellulose solution, the C2-H stretching
at around 3091 cm ™!, exhibited blue-shift, and meanwhile the
C-O stretching at around 1602 cm™ ", exhibited red-shift. This is
mainly due to the hydrogen bond interactions of the H2 atom in
[A,im]" with the hydroxyl oxygen in cellulose and the carboxyl
oxygen atom in [MOA]~ with the hydroxyl hydrogen in cellulose.*

3.4. Morphology and formation mechanism of porous
cellulose material

SEM images of the fracture surfaces of the materials PM-1, PM-3,
PM-5, and PM-7 are shown in Fig. 3. It can be seen that PM-1 and
PM-3 have similar fluffy and porous structures which are

6
7 2

Fig. 1 Schematic structure and serial number of [A,im][MOA] (left) and MIM (right).
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Fig. 2 The FTIR spectra of the C2—H stretching vibration in [A>im]* and C—O stretching vibration in [MOA]: (a) [A>im][MOAI/MIM (Rym = 3)
solvent; (b) 1%, (c) 3%, (d) 5%, (e) 7% and (f) 9% of cellulose solution in [A;im][MOA]/MIM (Rum = 3) solvent, respectively.

composed of randomly oriented cellulose sheets, with the sheets

being twisted and broken. By contrast, PM-5 and PM-7 display

different morphologic structures, in which the long channels
were composed of adjacent sheets. This indicates that the

»

2

»
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Sep 20, 2018

concentration of cellulose solution significantly affects the
morphology of the cellulose material. Moreover, it is also found
that the morphologic structures of the cellulose materials
prepared from 3-5% cellulose solution are quite similar to that

Oct 02, 2018
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Fig. 3 SEM images of the fracture surfaces for PM-1, PM-3, PM-5, and PM-7, respectively.
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reported by Xu et al. in which the porous cellulose material was
prepared by dissolving 5% of cellulose in neat [A;im][MOA].>°
This reveals that the cellulose solution concentration and [A,im]
[MOA] govern the morphologic structure of the cellulose
material.

In cellulose/[A,im][MOA])/MIM solution, the cellulose mole-
cules mainly exist in chain molecular state by hydrogen bond
interaction with [A,im][MOA]. After adding H,O to cellulose/
[A2im][MOA]/MIM solution, the cellulose molecules closely stack
along molecular chain, then form cellulose sheet and precipitate.
When the cellulose solution concentration is low (e.g. =3%), the
cellulose material gives the fluffy and porous structures like PM-1
and PM-3 due to inadequate cellulose molecules stacking. When
the cellulose solution concentration is high (e.g. =5%), the long
channel structures like PM-5 and PM-7 are formed because of
adequate cellulose molecules stacking.

3.5. Characterization of the regenerated cellulose

The regenerated cellulose sample from [A,im][CH;0CH,COO]/
MIM (Rymv = 2.28 : 1)/cellulose solution was investigated by
XRD, FTIR and GTA analysis. For comparison, the original
cellulose are equally characterized using XRD, FTIR and GTA
techniques. The onset temperature (301 °C) of the regenerated
cellulose sample is very close to that of the original cellulose
(318 °C) (Fig. 4), suggesting that the cellulose regenerated from
the  [A,im][MOAJMIM  solvents  remains  sufficient
thermostability.

FTIR spectra of the original and regenerated cellulose samples
are given in Fig. 5. The FTIR spectra of the regenerated cellulose
sample are quite similar to those of the original cellulose. No new
peaks are observed in the FTIR spectra of the regenerated cellu-
lose sample. This indicates that the dissolution of cellulose in
[A2im][MOA])/MIM solvents is physical process. The absorption
peaks of the original and regenerated cellulose samples are
similar to the results reported previously in the literature.*~*°

Fig. 6 shows the XRD profiles of the original and regenerated
cellulose samples. The original cellulose displays the typical
diffraction peaks of cellulose I crystalline structure at 15.2°,

100

80

Original cellulose
Regenerated cellulose

601

Weight (wt.%)

40

20

100 200 300 400 500

T(C)

Fig. 4 Thermostability profiles of the original and regenerated cellu-
lose samples.
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Fig. 5 FTIR spectra of the original and regenerated cellulose samples.

Glass sheet

Intensity (a. u.)

Regenerated cellulose

— ~__

10 20 30 40 50 60
20 (°)

Original cellulose

Fig. 6 XRD spectra of the original and regenerated cellulose samples.

16.4°, 22.5°, 34.6°.*° By comparison, the regenerated cellulose
shows a different crystalline structure from the original cellu-
lose. The regenerated cellulose cellulose II which has been
indicated by the typical diffraction peaks at 26 = 12.5°, 20.3°
and 21.2°.%

4. Conclusions

Efficient cellulose solvents ([A,im][MOA]/MIM) were developed
by adding MIM to [A,im][MOA]. The solvents display much
powerful dissolution capacity for cellulose even at 25 °C, much
superior to the previously reported solvents to date. In [Ayim]
[MOA]/MIM solvents, the H2, H4 and H6 in [A;im]" as well as
carboxyl O atom in [MOA]™ primarily contribute to the disso-
lution of cellulose by forming hydrogen bonds with the hydroxyl
H atom and O atom in cellulose, respectively. MIM mainly acts
to dissociate [A,im][MOA] into [A;im]" and [MOA] ", and stabi-
lize the dissolved cellulose chains. Interestingly, the
morphology of the porous cellulose material can be modulated
by tuning the cellulose solution concentration. Moreover, the

This journal is © The Royal Society of Chemistry 2019
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dissolution of cellulose in the solvents is only physical process,
and the regenerated cellulose from the solvents remains suffi-
cient thermostability and chemical structure similar to the
original cellulose.
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