
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

The dissolution behaviour of chitosan in acetate-based ionic liquids and 
their interactions: from experimental evidence to density functional 

theory analysis 

Xiaofu Sun,
 a
 Qingqing Tian,

b
 Zhimin Xue,

a
 Yuwei Zhang

a
 and Tiancheng Mu*

a
 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

The searches for sustainable solvents of chitosan have drawn widely attention in recent years. In this 

study, nine acetate-based ionic liquids (ILs) varying in cation are used to explore the dissolution behavior 

of chitosan and the interactions between IL and chitosan. The solubilities of chitosan in these ILs have 

been determined in the temperature range from 40 °C to 140 °C with 10 °C intervals. For the 10 

imidazolium-based ILs, the solution thermodynamic parameters of chitosan have been calculated from the 

solubility data. The effects of cation type, alkyl chain structure, temperature and water content on the 

dissolution were investigated. Hydrogen bond donating and accepting abilities of ILs have been estimated 

by 1H nuclear magnetic resonance (NMR) spectroscopy and solvatochromic ultraviolet-visible (UV-vis) 

spectroscopy probe measurements. Temperature dependence of 13C NMR spectra and density functional 15 

theory (DFT) computations show that both cations and OAc- anion of ILs play significant roles in the 

chitosan dissolution process by the disruption of inherent hydrogen bonds of chitosan. And the interchain 

hydrogen bonds may be disrupted prior to the intrachain hydrogen bonds in the process of chitosan 

dissolution. In addition, low ionicity and special hydrogen bond interactions are used to explain the low 

chitosan solubility in the four quaternary ammonium-based ILs. 20 

Introduction 

As the increasing shortage of the non-renewable fossil fuel, new 
and sustainable energy or materials are under developing to 
reduce the dependence on the oil, coal and other traditional 
energy resources.1 Chitin is a ubiquitous polysaccharide and the 25 

second most abundant biopolymer after cellulose in nature.2 
Resembling the structure of cellulose, chitosan - the acetylated 
counterpart chitin - is not only composed of D-glucosamine units 
linked by β-(1,4) glucosidic bonds,3 but also of N-acetylated D-
glucosamine units in variable proportions, which can be specified 30 

by the degree of deacetylation. The excellent properties such as 
low toxicity, biocompatibility and antimicrobial activity make 
chitosan useful for fertilizer, membrane separation, ion-exchange 
resins, pharmaceutics, cosmetics and so on.4-7 Unfortunately, due 
to the close packing by the intra- and inter-molecular hydrogen 35 

bonds, chitosan is extremely difficult to dissolve in most of the 
conventional organic solvents, which is the main obstacle for the 
further application of chitosan. Since the middle period of 20th 
century, various systems such as the aqueous solutions of some 
inorganic acids and hexafluoro-2-propanol have been developed 40 

for chitosan dissolution,3, 8-10 but those systems have drawbacks 
more or less in high viscosity and the acidic aqueous medium, 
which is unsuitable for some reactions with chitosan. Besides, the 
higher concentrated acids are corrosive and toxicity. At the same 
time, difficulty in solvent recovery is another limit in dissolution 45 

process. Consequently, it is highly desirable to seek effective and 
sustainable solvents for chitosan dissolution.  

Ionic liquids (ILs), are defined as organic molten salts, 
composed of ions, and generally are liquid below 100°C.11-12 ILs 
have many unique physical and chemical properties such as low 50 

melting point, negligible vapour pressure, wide liquid range, 
excellent thermal stability, outstanding solvation potential, non-
flammability, and wide electrochemical window, which make 
them be classified as “green solvents”. Many researchers have 
begun to explore known chemical reactions and processes using 55 

ILs to replace the conventional organic solvents.13-15 In addition, 
the properties of ILs can be easily tuned by varying the cation or 
anion, which expands their applications to organic synthesis,16 
catalytic reactions,17-19 life science,20 functional materials,21 clean 
energy,22 and so on. Since Swatloskiet al.23 reported that cellulose 60 

could be efficiently dissolved in ILs for the first time, an ever-
increasingly number of researchers have focused on the 
dissolution of biomass using ILs.24-30 Due to the analogous 
structures for chitosan and cellulose, previous studies on chitosan 
dissolution in ILs draw on the experience from cellulose. Since 65 

then, some ILs have been utilized as the innovative class of 
solvents in this process,3, 31-33 including those with chloride, 
formate and acetate as anions, and 1-butyl-3-methylimidazolium 
([Bmim]), 1-allyl-3-methylimidazolium ([Amim]), 1,3-
dimethylimidazolium ([Dmim]) and 1-hydrogen-3-70 

methylimidazolium ([Mim]) as cations. Moreover, the mixtures 
of ILs have also developed for the dissolution of chitosan. 
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Investigations on chitosan dissolution in ILs have shown that the 
anion of ILs had major influences on the solubility of chitosan. 
However, very few studies have been performed to explore the 
effects of cationic structure on the biopolymer dissolution,34-36 
and the deep mechanism of this process has not been well 5 

understood so far. 
In this work, we mainly investigated some relative issues about 

dissolving chitosan into ILs. The ILs screened in this study are 
listed in Table S1, including a series of acetate-based aprotic ILs 
(AILs) [Emim]OAc, [Bmim]OAc, [Hmim]OAc, [Omim]OAc, 10 

[Bmmim]OAc, and [TEA]OAc, and protic ILs (PILs), 
[DEA]OAc, [BMOEA]OAc, and [Pyrrol]OAc. The solubilities of 
chitosan in these ILs have been measured as a function of 
temperature. The fixed anion OAc- with varied cation structures 
allowed us to examine the effect of the cation structure of ILs on 15 

the solubility of chitosan, as well as the related dissolution 
mechanism. The cationic core and structure, temperature and 
water content in the process of chitosan dissolution were also 
investigated. Most importantly, in order to reveal the interactions 
between the ILs and chitosan, temperature dependence of 13C 20 

NMR spectra and density functional theory (DFT) computations 
were performed, which indicated that the interaction between 
cations and anions of ILs may be weaker and both cations and 
OAc- anion of ILs play significant roles in the dissolution process 
of chitosan by the disruption of inherent hydrogen bonds of 25 

chitosan. 

Experimental Section 

Materials 

Chitosan with a stated deacetylation degree of 80.0-95.0% was 
purchased from Sinopharm Chem. Reagent Co. Ltd, and dried at 30 

150 °C under vacuum before dissolution. The average molecular 
weight of the native chitosan is 2.59 × 105 Da, which can be 
obtained by measuring the intrinsic viscosity of 
chitosan/HAc/NaAc solution using an Ubbelodhe viscometer. 
The AILs used in the experiment were purchased from Lanzhou 35 

Greenchem ILs, LICP, CAS, China (Lanzhou, China) with purity 
over 99.9 %. The water contents of AILs were immediately 
determined by Karl-Fischer titration after drying them at 45 °C 
under vacuum conditions for 96 h and all of them were less than 
1000 ppm. The method for preparing the PILs was followed 40 

according to the references.37-39 Firstly, the starting reagents were 
purified, dried and handled under inert atmosphere. Then the 
equivalent value of neat Brønsted acids as well as Brønsted bases 
was added into a round-bottom flask simultaneously while stirred 
vigorously to dissipate the exothermic reaction heat. As 45 

confirmed by 1H NMR and 13C NMR (Bruker AM 400 MHz 
spectrometer), the prepared PILs samples are highly pure. The 
water contents of them were determined to be below 100 ppm by 
Karl-Fischer titration.  

Dissolution of chitosan in acetate-based ILs 50 

The dried IL (about 5.0 g) was added in a 100 ml, 3-neck, round-
bottom flask, which was then immersed in an oil bath (DF-101S, 
Henan Yuhua Instrument Factory). The temperature instability of 
the oil bath was estimated to be ± 1.0 °C. Under the continuous 
stirring, finely grinding chitosan powder (0.1 wt% of the IL) was 55 

added into the flask. Starting at 40 °C, this mixture was heated 

and stirred under nitrogen atmosphere. Additional chitosan 
(another 0.1 wt% of the IL) was added until the solution became 
clear, and we viewed the chitosan was saturated in the IL when 
the chitosan could not be dissolved under the certain temperature 60 

within 2 h. For each situation, the temperature was increased by 
10 °C, up to the maximum temperature of 140 °C. The effect of 
water content (add quantitative water into neat IL) on chitosan 
solubility in [Bmim]OAc was also investigated. 

Measurement of solvatochromic parameters of the 65 

imidazolium-based ILs 

The solvatochromic parameters were determined by the 
absorption peaks of the three dyes, N,N-diethyl-4-nitro-aniline 
(DENA), 4-nitroaniline (NA), and Reichardt’s dye (RD) 33. The 
three kinds of stock solution were prepared by adding the dyes in 70 

methanol, then added 200µl to a quartz cuvette (1 × 0.1 × 4.5 cm) 
already contained ILs, and mixed homogeneously. The methanol 
was removed under vacuum at 40 °C for over 12h and then 
immediately measured through ultraviolet-visible (UV-vis) 
spectrophotometer (Carry5.0, Varian) at 20 °C for getting the 75 

λmax. 

Measurements of 13C NMR spectra at different temperature 

13C NMR spectra measurements of the pure liquid [Bmim]OAc 
and the chitosan solution in [Bmim]OAc (8.0 wt% of chitosan) 
were performed on a Bruker DMX 300 spectrometer at different 80 

temperature. The solutions used here were prepared by adding the 
pure liquid [Bmim]OAc or the chitosan solution in [Bmim]OAc 
(8.0 wt% of chitosan) into a 5mm NMR tube, and then a capillary 
tube containing DMSO-d6 was inserted to provide an external 
standard. 85 

Computational methods 

Because a bundle of several chitosan chains, comprising dozens 
of chitobiose and interacting by intermolecular hydrogen 
bonding, are a very large system for DFT calculations, chitobiose 
was chosen as a model for the assessment of the electronic nature 90 

of the hydrogen bond and its chemical environment. Geometries 
of [Bmim]OAc and chitobiose were fully optimized at B3LYP/6-
311++G (d,p) basis set. The chosen basis set contains diffuse 
functions that were required for the correct description of 
intramolecular hydrogen bonds.40 The interaction energy (∆E) 95 

including the basis set superposition errors (BSSE) correction 
using the counterpoise (CP) method was estimated. All the DFT 
calculations were carried out with Gaussian 03 package.41 

Results and Discussion  

The dissolution of chitosan in the imidazolium-based ILs 100 

The solubility data of chitosan in imidazolium-based ILs 
investigated are summarized in Table 1. Among them, 
[Bmmim]OAc is white solid powder in the low temperature and 
called “ionic solid”, so chitosan cannot be dissolved in the low 
temperature range. It shows that solubility of chitosan at a given 105 

temperature generally follows the orders: [Bmim]OAc > 
[Emim]OAc; [Bmim]OAc > [Hmim]OAc > [Omim]OAc; and 
[Bmim]OAc > [Bmmim]OAc. [Bmim]OAc is the most efficient 
IL for the chitosan dissolution. For these imidazolium-based ILs 
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with OAc- anion, the ILs with a shorter alkyl chain length have a 
larger ability of dissolving chitosan than those with a longer alkyl 
chain length.  

On the basis of the chitosan solubility data, the standard 
solution Gibbs energy (

SGθ
∆ ) for chitosan in the imidazolium- 5 

Table 1  Solubilities of chitosan in the acetate-based ILs at different temperature

   Solubility (gram per 100 g of the IL) 

No. Ionic Liquid atmosphere 40°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 120°C 130°C 140°C 

1 [Emim]OAc N2 -- -- 0.6 1.4 3.9 5.2 8.0 9.4 11.2 12.4 13.8 

2 [Bmim]OAc N2 -- 0.1 0.9 1.7 4.4 6.8 8.7 9.8 11.6 13.4 >15.0 

3 [Hmim]OAc N2 -- -- 0.6 1.4 2.7 3.6 5.2 6.8 7.8 9.2 12.0 

4 [Omim]OAc N2 -- -- -- 0.2 0.4 0.6 0.8 1.4 3.6 5.2 7.4 

5 [Bmmim]OAca N2 -- -- -- -- -- -- -- -- 6.4 8.2 >9.8 

6 [TEA]OAc N2 -- -- -- -- -- -- -- -- -- 0.4 0.8 

7 [DEA]OAc N2 -- -- -- -- -- -- -- -- -- -- -- 

8 [DMOMA]OAc N2 -- -- -- -- -- -- 0.5 0.9 1.7 2.6 >3.6 

9 [Pyrrol]OAc N2 -- -- -- -- -- -- 0.1 0.3 0.5 0.9 1.3 

based ILs can be obtained by the following equation: 

 SG RT ln xθ
∆ = −                   (1) 10 

where T stands for temperature, and x stands for the solubility of 
chitosan expressed by the mole fraction. It has been shown in Fig. 
1 that the linear correlation can be observed in all the cases for 
the plots of ln x versus temperature. The standard solution 
enthalpy (

SHθ
∆ ) can be obtained by equation 2 according to the 15 

Gibbs-Helmholtz equation and eq 1:42 

 
2

S

d ln x
H RT ( )

dT
θ
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Fig. 1 Plots of ln x versus temperature for chitosan in [Bmim]OAc (a), [Emim]OAc 

(b), [Hmim]OAc (c) and [Omim]OAc (d), where x stands for the mole fraction of 20 

chitosan in ILs. 

 
And the standard solution entropy (

SSθ
Τ∆ ) can be obtained by 

S S SS H Gθ θ θ
Τ∆ = ∆ − ∆                     (3) 

The thermodynamic parameters obtained are listed in Table S2. 25 

The 
SGθ

∆  values are positive for all the present systems, which 
suggests that the interation between the cations and anions may 
be stronger than that between chitosan and ILs, and the process of 
chitosan dissolution is unfavorable thermodynamically.43 In the 

meantime, the positive 
SHθ

∆  and 
SSθ

∆  values for [Omim]OAc at 30 

whole temperature range and other imidazolium-based ILs at high 
temperature indicate that the chitosan dissolution in these 
processes is entropy driven, while it has no driven force since the 

SSθ
∆  values are negative for the ILs with short alkyl chain 
cations at the relative low temperature. As these processes are all 35 

non-spontaneous, the increase of temperature is necessary in 
order to enhance the dissolution of chitosan in the imidazolium-
based ILs. 

There is an approximate linear correlation between solubilities 
of chitosan at some given temperatures and the 1H NMR 40 

chemical shifts of the proton in the 2-position of the imidazolium 
ring, which have an inseparable relationship with the anions of 
ILs. The strong hydrogen-bonding network of the polymer chains 
must be disrupted to dissolve these polysaccharides.25 We know 
the anionic structure plays a key role in the disruption of the 45 

hydrogen bonds in chitosan, and OAc- anion is a strong hydrogen 
bond acceptor, but the role of cation of ILs in chitosan dissolution 
has been neglected and underestimated for a long time. 
Computational studies on the mechanism of polysaccharides 
dissolution in ILs have highlighted the interaction between the 50 

cation and cellulose van der Waals forces such as dispersive 
forces.44 So, some intrinsic properties of imidazolium-based ILs 
with different cations and external factors do affect the 
solubilizing of chitosan. 

The interactions between ILs and solute can be described by 55 

three solvatochromic parameters: the general 
dipolarity/polarizability (π*), the hydrogen bond acidity (α), and 
the hydrogen bond basicity (β). It is known that the β values can 
be used as a measure of the hydrogen bond accepting ability of 
anions of ILs; and the stronger hydrogen bond accepting ability 60 

the anion has, the greater the solubility of chitosan is.3 
Considering the fact that all of the ILs investigated in this study 
share the same anion but have different cations, we tried to find 
out the relationship between the solubility of chitosan and the 
other solvatochromic parameters. Table 2 summarizes the results 65 

obtained using solvatochromic UV-vis probe and the determined 
wavelengths of three dyes at the maximum absorption to 
calculate the solvatochromic parameters by the following 
equations: 26, 45-49 
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*
(DENA)π 0.314(27.52 ν )= −                         (4) 

4
(Dye) (Dye)maxν 1/ (λ )10−

= ×                         (5) 

(DENA) (NA)β (1.035ν 2.64 ν ) / 2.80= + −     (6) 

Table 2 Solvatochromic parameters of imidazolium-based ILs used at 25°C. 

   Kamlet-Taft Parameters of Ionic Liquids 

Entry. Ionic Liquid 
Added water 
content/ppm 

ET(33) ET(30) π* α β β-α 

1 [Emim]OAc 0 57.38 48.52 0.869 0.493 1.154 0.661 

2 [Bmim]OAc 0 53.15 44.66 0.970 0.470 1.156 0.686 

3 [Hmim]OAc 0 56.00 47.24 0.801 0.462 1.152 0.690 

4 [Omim]OAc 0 57.70 48.93 0.847 0.536 1.148 0.612 

5 [Bmim]OAc 1060 58.25 49.31 0.924 0.505 1.096 0.591 

6 [Bmim]OAc 5300 60.56 51.42 0.882 0.672 1.083 0.411 

7 [Bmim]OAc 10540 61.63 52.40 0.907 0.718 1.054 0.336 

8 [Bmim]OAc 50000 63.36 53.98 0.982 0.766 0.812 0.046 

*
T (30)α 0.0649E 2.03 0.72π= − −       (7) 

T TE (30) 0.9986E (33) 8.6878= −           (8) 5 

T (RD33)maxE (33) 28592 / λ=                    (9) 

It indicates that the β values of these ILs with a fixed acetate 
anion are almost identical, but a slightly decreasing or resembled 
α values was found with the increasing chain length of the alkyl 
substituent on imidazolium ring,50 which may be considered to 10 

estimate the ability of chitosan dissolution. Consequently, a 
combined parameter, the “net basicity” (β-α),26 was calculated 
herein. Fig. 2 shows the relationship between the solubility of 
chitosan at 80 °C and the (β-α) parameter of the imidazolium-
based ILs. It can be seen that solubility values of chitosan 15 

increase generally with the increase of (β-α) value of the ILs. In 
other words, IL with a greater β value and a smaller α value (a 
greater net basicity value) can dissolve more chitosan. Besides 
the formation of hydrogen bonds between the proton H on the –
OH or –NH2 groups of chitosan and the oxygen O of anions of 20 

the ILs, the hydrogen at C2 sites in the imidazolium cations can 
also interact with the residual of chitosan via hydrogen bonds, so 
the ILs with greater net basicity can dramatically disrupt the 
inter- and intra-molecular hydrogen bonds in chitosan and leads 
to the increase of solubility of chitosan.  25 

Since the acetate-based ILs have high hydrophilicity and water 
content in ILs remarkably influences biomass solubility,51-52 the 
influence of water on the ILs during dissolving chitosan was 
investigated systemmatically. Table S3 summarizes the results of 
different [Bmim]OAc/water systems. It can be shown that the 30 

solubility of chitosan in these systems decreases with increasing 
water content at a given temperature below 110°C, and the values 
are resemble when the temperature is higher. This suggests that 
water has been already evaporated when the solution is 

continuous stirred at a high temperature. The increasing of water 35 

content in chitosan-[Bmim]OAc decreases solution viscosity, but 
the stronger interaction between IL and water51 can modify the 
diffusivity of the cation and anion of IL.53 It can be concluded 
that water can form strong O-H-O hydrogen bonds with OAc- and 
weak C-H-O hydrogen bonds with cations, which indicates 40 

preferential solvation of anions by the adding of water.54 It results 
in the weaken interaction between anions and chitosan. That is to 
say, the presence of water can significantly decrease the solubility 
of chitosan due to competitive hydrogen bonds to the chitosan 
microfibrils. So water in this system exists as an anti-solvent. For 45 

example, solubility of chitosan in [Bmim]OAc with no added 
water is neatly two times that with about 10000 ppm water at 80 
°C. Particularly, chitosan almost cannot be dissolved when the 
water is over 50000 ppm in ILs. 
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Fig. 2 The linear correlation between solubility of chitosan at 80 °C and 
(β-α) parameter (the net basicity) of some system. The line a is for 
[Bmim]OAc with different water content. The other scatters are for 4 
kinds of imidazolium-based ILs. 

Then, the solvatochromic parameters were also assessed as a 55 
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function of the water content. Water has a low hydrogen bond 
basicity, but a high hydrogen bond acidity.26 The solvatochromic 
parameters of the IL/water mixtures were measured by the same 
method above and the results are also summarized in Table 2. It 
has to be noted that α and β values are sensitive to water, and the 5 

β values decrease when adding water, while α values increase. In 
general, the growth of adding water content have caused 
continuous decline in (β-α) values of the IL/water mixtures, 
which is also verified that the ability of dissolving chitosan in IL 
may become weaker even at a low water content around 2000 10 

ppm. 
As depicted in Fig. 2, an approximate linear relationship is also 

given between the net basicity values of the IL/water mixtures 
and the solubility of chitosan at 80 °C. It indicates that the 
presence of water can make the net basicity values become 15 

smaller, leading to the decrease of dissolving chitosan. Besides, 
since these ILs are extremely hygroscopic, the water 
absorption from the humid air thus has significant influence not 
only on solvent viscosity but also on the solvation property of the 
mixture. Chitosan and ILs must be dried before using and the dry 20 

atmosphere needs to be applied in the dissolution experiment. 
It can be obviously demonstrated that the solubility of chitosan 

in these imidazolium-based ILs increases with increasing 
temperature, and there is no doubt that the temperature plays a 
vital role in the procedure of dissolution. The relatively high 25 

temperature can enhance the solubility of chitosan due to aid in 
the evaporation of residual water from the ILs, which acts as an 
anti-solvent during the process of chitosan dissolution, and may 
change some transport properties of ILs at the same time. The 
values of viscosity were measured on an automated 30 

microviscometer by Anton Paar (AMVn). Fig. S1 shows the 
temperature dependency of density for imidazolium-based ILs. 
The density values decrease linearly with increasing temperature. 
The slope of the density in these ILs is approximately 
independent of the chain length of cation in the studied 35 

temperature range. 
Fig. S2 gives the dynamic viscosity of the imidazolium-based 

ILs with temperature at the angle of 70 degree. The viscosities of 
the ILs used are obviously changed with the rising temperature. 
For every IL, only by heating up the sample by 10 °C, the 40 

viscosity reduces to approximately half, which can be also 
demonstrated that the ability of chitosan dissolution becomes 
greater as the temperature rising. Fig. S2 also shows the influence 
of alkyl chain length in imidazolium-based ILs with [OAc] anion 
on the viscosity. The viscosity value is greater for the ILs with a 45 

longer alkylchain length, i.e., [Omim]OAc > [Hmim]OAc > 
[Bmim]OAc > [Emim]OAc. The ILs with greater viscosity value 
are not effective solvent for dissolution of chitosan due to the 
stronger interaction between the cations and anions. The effect of 
temperature on viscosity becomes weaker at higher temperature, 50 

but the ability of dissolving chitosan continues to increase. It 
indicates that viscosity is not the main factor for chitosan 
dissolution at high temperature. Moreover, the nonpolar alkyl 
cationic tail groups of ILs can aggregate when they are long 
enough, and then these ILs may form nanoscale spatial 55 

heterogeneity. The domain formation of tail groups on the cations 
resultsin a liquid crystal-like structure,55-56 which can be also 
used to explain the weaker dissolution ability of the ILs with 

longer alkyl chains except for the steric effect on the interaction 
between the imidazolium ring and chitosan. Maybe the properties 60 

of ILs can be greatly changed, including their relative solvation 
potential. Therefore, the imidazolium-based ILs with shorter 
cationic alkyl chain length is necessary and important for the 
design of ILs for biomass utilization. 

The dissolution mechanism of chitosan in [Bmim]OAc 65 

In order to further examine the dissolution mechanism, 13C NMR 
measurements of pure [Bmim]OAc and the solution of 
chitosan/[Bmim]OAc have been determined at different 
temperature, and the 13C NMR spectra at 100 °C, as an example, 
are shown in Fig. 3 and Fig. 4A.  70 
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Fig. 3 The 13C NMR spectra of pure [Bmim]OAc at 100 °C. 
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Fig. 4 The 13C NMR spectra of 8.0 wt% chitosan in [Bmim]OAc solution 
at 100 °C. The signals are attributed to the carbon atoms on IL(A) and 75 

chitosan(B). 

Since the high temperature can accelerate the molecular motion 
rate and weaken the intermolecular interaction between ions, the 
shielding effect is consequently decreasing with the increasing 
temperature. In the meantime, ion pair or hydrogen bonding of 80 

[Bmim]OAc may be dissociated significantly under high 
temperature, so the 13C NMR chemical shift per se may be 
affected by the change of temperature. Considering these factors, 
the NMR spectra of IL and mixture should be compared and 
analyzed at the same temperature. The detailed NMR data at 85 

several temperatures are given in Table 3. It can be seen that the 
dissolution of chitosan in [Bmim]OAc produces an upfield shift 
for every carbon atom except C11 at each temperature, while 
makes a downfield shift for C11. For the former, the upfield 
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chemical shift for the C2-C10 atoms and the C12 atom in OAc- 

can be possibly explained that the hydroxyl oxygen O and amino 
nitrogen N in chitosan may interact with the hydrogens in the 
[Bmim]+ during the dissolution process. It leads to the increasing 
of the electron cloud density around the nine carbon atoms on the 5 

imidazolium ring. Likewise, the downfield shift for the C11 atom 
in anion indicates that a decrease of electron cloud density around 
this carbon atom and thus an increase of 13C NMR signal. After 
that, we also found  

Table 3 The relative 13C NMR chemical shifts of the carbon atoms in [Bmim]OAc at different temperature. The values are obtained by the 

differences between the NMR chemical shifts of [Bmim]OAc in the solution of [Bmim]OAc with 8.0 wt% chitosan and the ones of pure 

[Bmim]OAc. 

  The relative chemical shifts ∆δ (ppm) of the carbon atoms in [Bmim]OAc 

  

 

Entry Temperature / °C C2 C4 C5 C6 C7 C8 C9 C10 C11 C12 

1 25 -0.13 -0.10 -0.12 -0.11 -0.10 -0.09 -0.08 -0.10 0.14 -0.12 

2 40 -0.15 -0.11 -0.12 -0.13 -0.11 -0.12 -0.09 -0.13 0.16 -0.13 

3 60 -0.18 -0.14 -0.14 -0.13 -0.13 -0.14 -0.11 -0.16 0.20 -0.16 

4 80 -0.22 -0.16 -0.18 -0.16 -0.14 -0.15 -0.13 -0.17 0.23 -0.18 

5 100 -0.25 -0.20 -0.21 -0.18 -0.17 -0.17 -0.16 -0.19 0.26 -0.19 

 10 

from Table 3 that the decreasing extent of the chemical shift of 
C2 atom is obviously higher than the others, which implies that 
the C2 hydrogen has the strongest interaction with the hydroxyl 
oxygen O or amino nitrogen N in chitosan. These results are in 
agreement with the previous recognition of the stronger acidity 15 

and hydrogen donor ability of the C2 proton on the imidazolium 
ring. It can be concluded that both cation and anion play 
significant roles in the process of destroying the inter- and intra- 
molecular hydrogen bonds in chitosan. In addition, it is 
interesting to note that for each carbon atom in [Bmim]OAc, the 20 

relative chemical shifts ∆δ increase with the increasing 
temperature. Due to the transformation of the diffusion particles 
in IL from ion pairs to individual ions at high temperature, more 
opportunities for ions can be created to interact with chitosan. As 
confirmed by the NMR experimental results, stronger interaction 25 

between cation-anion and chitosan may exist in the system, which 
is a possible explanation for solubility enhancement of chitosan 
in [Bmim]OAc at high temperature.  

On the other hand, because of the low concentration of 
chitosan, the signals are relative weak in the 13C NMR spectra. 30 

The six signals of the unmodified glucosamine unit appear clearly 
at 103.32, 78.97, 76.80, 75.43, 61.20 and 58.79 ppm in Fig. 4B, 
which are attributed to the C(f), C(a), C(d), C(b), C(c) and C(e) of 
chitosan, respectively. It is very similar to the spectrum of 
chitosan dissolved in other solvents such as acetic acid and the 35 

signals of the six kinds of carbon atoms are well-resolved. It can 
be concluded that [Bmim]OAc acts as a truly favorable solvent in 
the process of chitosan dissolution, in which chitosan could be 
well dispersed. 

Furthermore, computational studies applying DFT have been 40 

also performed in order to uncover the mechanistic aspects of the 
chitosan dissolution in acetate-based ILs. Because of the limited 
computing power for biomacromolecule, chitobiose has been 
chosen as an excellent model for chitosan. Since the 
supermolecular structure of the chitosan constitutional unit is 45 

built up through side-by-side packing of the chains, both 
inermolecular hydrogen bond N-H-O and O-H-O may occur in 
the network, which traditional molecular solvents can only access 
the polymeric chains at the surface of chitosan. In an endeavor to 
understand the hydrogen bonds interactions among the chitobiose, 50 

we screened two kinds of hydrogen bond O-H-O to compare the 
interaction strength of [Bmim]OAc in the process of chitosan 
dissolution. One is formed by the interaction between the oxygen 
atoms in pyran ring and the substituent (O(R)-H-O(S)), which can 
be defined as the intrachain hydrogen bonds. And the other is the 55 

interaction between two oxygen atoms in the substituent (O(S)-H-
O(S)), which can be defined as the interchain hydrogen bonds.  
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Fig. 5 The electrostatic potential surfaces for chitobiose and the cation 
and anion of [Bmim]OAc optimized completely at B3LYP/6-
311++G(d,p) basis set. 

Fig.5 shows the electrostatic potential surfaces for chitobiose 5 

(C and C′) and the cation and anion of [Bmim]OAc, where the 
red colours and blue colours indicate the regions with more 
negative charges and positive charges, respectively. It is clear that 
the red region of OAc- is the most favourable sites for proton 
attack, and new hydrogen bonds can be formed between 10 

chitobiose and anions. For the chitobiose, the red region means 
the possible interaction with the cations of [Bmim]OAc. On the 
other hand, the blue region means the interaction of the proton H 
on the hydroxyl groups in chitobiose with the oxygen on the 
carboxyl group in OAc-. It is entirely consistent with the NMR 15 

experiment results. 

 
Fig. 6 Optimized structures of different conformers 1-3 by the interaction 
between chitobiose (C) and [Bmim]OAc (I). 

Different conformers (C+I1-3) formed by the interaction 20 

between chitobiose (C) and [Bmim]OAc were optimized and 
shown in Fig. 6. From the optimizd structures, we can found that 
the C2 hydrogen on the imidazolium ring may interact with the 
hydroxymethyl of chitobiose and OAc- anion linked to the 
hydroxyl in the pyran ring. In addition, water was used as a 25 

contrast to demonstrate the role of IL in the process of chitosan 
dissolution. The conformers (C+W1-5) were also optimized (Fig. 
7). Fig. S3 shows the most stable geometries of the isolated ionic 
pair and chitobiose, chitobiose/H2O and chitobiose/[Bmim]OAc. 
For chitoboise/[Bmim]OAc system, we can observe these 30 

hydrogen bonds: O(5)-H(6) … O(1), O(4)-H(5) … O(1), O(4)-
H(3) … O(6) and O(5)-H(4) … O(7). These intermolecular 
hydrogen bonds are expected to be an key factor resulting in the 
high solubility of chitosan in [Bmim]OAc. For the system of 
chitobiose/H2O, the calculated H(5) … O(3) and H(3) … O(6) 35 

distance is 1.82 Å and 1.81 Å respectively ,which are both shorter 
than the summation (2.72 Å) of the van der Waals radii of O and 
H atoms, and the O(6)-H(5)…O3 angle is 170.42˚ and O(4)-H(3)
…O(6) angle is 169.93˚. These data indicate the formation of 
O(6)-H(5)…O(3) and O(4)-H(3)…O(6) hydrogen bonds between 40 

the chitobiose and H2O. 
In the meantime, the energy variations (∆E) in the dissolution 

process are also calculated, which can be shown the interaction 
strength between chitobiose and [Bmim]OAc or H2O. It shows 
that interaction energy ∆E of three conformers between 45 

chitobiose (C) and [Bmim]OAc was -2043.99 kJ/mol, -2043.98 
kJ/mol and -2025.85 kJ/mol, respectively. In the other hand, the 
highest interaction energy ∆E between chitobiose (C) and water 
was -146.07 kJ/mol, which was much less than that of 
[Bmim]OAc. It indicates that [Bmim]OAc has much stronger 50 

ability to disrupt intrachain hydrogen bonds of chitosan than that 
of water.  

 
Fig. 7 Optimized structures of different conformers 1-5 by the interaction 
between chitobiose (C) and water (W). 55 

Fig. 8 shows the optimized structures of the chitobiose formed 
by the interchain hydrogen bonds interaction O(S)-H-O(S) and 
the conformers interacted by chitobiose (C ′ ) and solvent. 
Similarly, we attempted to calculate the interaction energy ∆E of 
them. It was found that the ∆E value of (C′+ W) is 146.78 60 

kJ/mol, which is approximately equal to that of (C + W), and the 
∆E value of (C′+ I) is 400245.56 kJ/mol, which is much higher 
than that of (C + I). We can conclude that the interchain hydrogen 
bonds may be disrupted by cations and anions of IL prior to the 
intrachain hydrogen bonds in the process of chitosan dissolution.  65 
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Fig. 8 Optimized structures of chitobiose (C′) and conformers 
by the interaction between chitobiose (C′) and water (W) or 
[Bmim]OAc (I). 

The solubility of chitosan in thequaternary ammonium-based 5 

ILs 

The solubility data of chitosan in the quaternary ammonium-
based ILs are also given in Table 1. In all, the ILs with 
ammonium cations can only dissolve a very small amount of 
chitosan. This can be explained that in imidazolium-based ILs, 10 

the main interactions between cations and anions involve both 
coulombic force and hydrogen bonds.57 When adding chitosan in 
imidazolium-based ILs, chitosan can be dissolved through both of 
interactions. For the [TEA]OAc lack of active hydrogen, the 
interactions between the cations and anions of ILs may only exist 15 

as the coulombic interaction. However, the hydrogen bonds may 
dominate, and both the anions and cations play important roles in 
the process of chitosan dissolution, leading to the low solubility 
in the quaternary ammonium-based ILs. 

The order of chitosan solubility in the three kinds of PILs is: 20 

[BMOEA]OAc > [Pyrrol]OAc > [DEA]OAc. Numerous cases 
exist to illustrate the phenomenon. Firstly, the presence of the 
protic cations can distract the OAc- anion from forming hydrogen 
bond with chitosan oligomers. [BMOEA]OAc has oxygen 
containing functional group in their cations and the oxygen atom 25 

here can also act as hydrogen bond acceptor, which have been 
demonstrated that the ability of dissolution chitosan is a little 
more.58-59 In addition, the ether oxygen atom only forms bonds 
with two atoms rather than four atoms for the carbon atom and a 
smaller atomic radius of the oxygen atom compared to a carbon 30 

atom as a result of lots of holes between ions may come into 
existence, so the lower viscosity of [BMOEA]OAc may reflect 
and more chitosan may be dissolved in.60 Next, the steric 
hindrance makes a cyclic molecule be relatively harder to attack 
the solute. In short, the ability of chitosan dissolution in ILs is 35 

complicated, and it is the outcome of many factors co-action.  
Comparatively, the ability of chitosan dissolution in the 

quaternary ammonium-based ILs is much weaker than that of 
imidazolium-based ones. The most key property that distinguish 
PILs from AILs is the proton can transfer from the Brønsted acid 40 

to the Brønsted base, leading to the presence of proton-donor and 
proton-acceptor sites, which can be used to build up a more 
unique hydrogen bond network.61 In reality, the proton transfer 
from the acid to the base in PILs may be less than complete, 
resulting in the neutral species also being present except the 45 

ions.62 Besides, in the system aggregation and association of 
either ions or molecules can occur. So a concept of ionicity for 
PILs must be concern about, and the equilibrium between the 
ionic and non-ionic forms and the aggregates make the ionicity of 
PILs more complex ascompared to AILs.63-65 The ionicity of the 50 

present PILs can be explained using a strong hydrogen bond net 
between inter ionic interaction, which is too firm to attack the 
polymers hydrogen bond net. It can be demonstrated that 
solubility of chitosan in PILs used is less than 1/10 of that in 
[Bmim]OAc. The ionicity of PILs becomes lower at high 55 

temperature63-64 due to the possibility of back proton transfer 
through an equilibrium shift toward neutral components and the 
successive breaking of hydrogen bonds with temperature. 
Likewise, solubility of chitosan increases with increasing 
temperature. However, dissolving chitosan in PILs under high 60 

temperature is still at a low level for two reasons. One is the 
formation of ion-aggregates or ion-clusters and they may have a 
relatively close structure, which are not suitable for dissolving 
process. The other is decomposition reaction may occur at the 
experimental temperature. These PILs containing the acetate 65 

anion, have lower thermal stability due to undergoing a 
condensation reaction to form amides.66 For [DEA]OAc and 
[Pyrrol]OAc, we can detect the transgression of free ammonia 
when heating them. After the samples being cool, the colors and 
character change. For example, [DEA]OAc changes from the 70 

light yellow liquid to the darker solid. Thus, these PILs are not 
recyclable for chitosan dissolution. 

Conclusions 

In summary, the systematic investigations on the solubilities of 
the high crystallization degree of chitosan in some acetate-based 75 

ILs and the possible interactions between chitosan and ILs have 
been carried out. It is found that for the present acetate-based ILs 
with the fixed anion OAc-, the solubilities of chitosan measured 
as a function of temperature in the imidazolium-based ILs are 
much higher than those in the quaternary ammonium-based ILs, 80 

which indicates that although anionic structure plays a key role in 
the disruption of the hydrogen bonds in chitosan, the role of 
cation of ILs in chitosan dissolution cannot be neglected. Among 
them, [Bmim]OAc has the highest amount of chitosan dissolution 
of over 15.0 (gram per 100g of the IL) at 140 °C under 85 

N2atmosphere.For the imidazolium-based ILs, the process of 
chitosan dissolution is non-spontaneous and thermodynamically 
unfavorable. The ability of dissolving chitosan in IL becomes 
weaker at low water content around 2000 ppm. It is also 
interesting to note that both cations and OAc- anion of ILs play 90 

significant roles in the dissolution process of chitosan possibly by 
the disruption of inherent hydrogen bonds of chitosan by using 
temperature dependence of 13C NMR spectra and DFT 
computations. We can also conclude that the interchain hydrogen 
bonds may be disrupted by cations and anions of IL prior to the 95 

intrachain hydrogen bonds in the process of chitosan dissolution. 
The information obtained here may provide a guide for the design 
and synthese of new solvents for the treatment of chitosan or 
other biomass. 
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Herein, both experimental evidence and density functional theory analysis are used to 

explore the interactions between IL and chitosan. 
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