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1. Introduction

Screening of ionic liquids for the dissolution of
chitosan using COSMO-RS+

Shue Yee Mok, (2@ Magaret Sivapragasam,*° Maisara Shahrom Raja Shahrom,?
Mohammad Azmi Bustam @ Khalil® and Zurina Zainal Abidin®

The dissolution of chitosan is a tedious and time-consuming process. Herein, we select the best lonic
Liquids (ILs) for chitosan dissolution through the application of Conductor-like Screening Model for Real
Solvents (COSMO-RS), which allowed the screening of 640 ILs based on 32 cations based on amino
acids, imidazolium, pyridinium, and pyrrolidinium, and 20 selected anions such as [C,HzO,l, [Cl], [NOs],
[BF4l, and others. Thermodynamic properties such as logarithmic activity coefficient at infinite dilution
(Iny) and excess enthalpy (HF) were used to evaluate the dissolution potential of ILs towards chitosan,
whereby low values of Iny and HE indicated better engagement between the solute and the solvent, thus
resulting in a higher solute being dissolved. A preliminary screening of chitosan dissolution was carried
out in all 5 synthesized ILs to validate the results obtained by COSMO-RS. It was observed that ILs with
[BF47] as the anion and cations such as [Ser], [Gly], [Phe], [Cys], and [Asn] have the lowest Iny values,
hence better interaction with chitosan. The values of HE indicated that the molecular interactions
between chitosan and ILs were governed by hydrogen bonding (ranging from 37 to 50%), followed by
misfit interactions (ranging from 21 to 31%) and van der Waals forces (ranging from 22 to 32%) due to the
abundance of hydroxyl (-OH) groups present in the intermolecular and intramolecular chitosan struc-
tures. These proved the great ability of COSMO-RS to accurately predict the dissolution of chitosan in ILs.

usage of chitosan constitutes a major limitation owing to its
insolubility in water and most organic solvents due to the

Chitosan is a linear polysaccharide of marine origin that is
mainly composed of N-acetyl-D-glucosamine and p-glucosamine
monomers connected by a p-1,4-glycosidic bond.! Naturally, it
can be extracted from fungal cell walls, but most of the chito-
san available in the industry is produced by partial deacetyla-
tion of chitin using concentrated alkali.> Chitosan has been
widely used in multi-industry applications such as medical,**
pharmaceutical,>® agricultural,”® cosmetics,”'® and other
industries, owing to its special characteristics of biocompat-
ibility, biodegradability into harmless products, non-toxicity,
shape flexibility, and antimicrobial properties."* However, the
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extensive intermolecular and intramolecular hydrogen bonds
present within its chemical structure."” Chitosan solution is
usually made using dilute aqueous acidic solutions due to its
ability to act as a weak base and the protonation of amino
groups on C(2) of p-glucosamine monomers." Nevertheless,
acids are highly volatile and toxic in nature, providing a non-
sustainable approach to the dissolution of chitosan. Thus, a
more feasible method to solubilize chitosan is very much
needed. Over the past two decades, Ionic Liquids (ILs) have
been proposed as alternative solvents to dissolve chitosan,
which has been observed in the work of Xie et al,"* Zhang
et al.,'® Chen et al.,'® and Sun et al.,"” using a series of imida-
zolium-based ILs.

Ionic Liquids (ILs) are a group of salts composed of organic
cations and organic/inorganic anions with a melting point
below 100 °C and distinctive characteristics of negligible
vapour pressure, thermal and chemical stability, high sol-
vation potential, and recyclability."®2° The most remarkable
feature of ILs is their innumerable cation-anion combinations.
Ionic Liquids (ILs) have been used mostly in industrial appli-
cations such as electrochemistry,”® gas capture,*® catalysis,*?
separation,® and dissolution,"” as well as in medicinal and
pharmaceutical sectors such as DNA preservation,*® diagnostic
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tools,”® and drug delivery systems.”” The wide range of appli-
cations of ILs is made possible by the extensive choice of
cations and anions and the ability to design an IL specific for
a particular task. However, it has become a challenging task to
determine the right combination of cations and anions,
particularly in the dissolution of chitosan. Hence, a compu-
tational tool for the screening of potential ILs is essential to
enhance the process’s efficiency.

An initial pre-screening of ILs is indispensable when it
comes to dissolving chitosan. This is because there are still
numerous ILs with a great solvation capability waiting to be
uncovered. In this context, a simulation tool known as
Conductor-like Screening Model for Real Solvents (COSMO-RS)
has gained significant traction in various research fields
such as gas capture and separation,®®> denitrification,
extraction,?’ and dissolution®*** due to its ability to accurately
predict the thermodynamic properties of ILs without relying
on the actual experimental data. Notably, COSMO-RS has been
employed in the evaluation of ILs to dissolve solutes such as
cellulose,*” hemicellulose,** keratin,*® artemisinin,** and plas-
tics,*® yielding accurate and reliable results.

In this study, COSMO-RS has been employed to design and
screen suitable ILs for the dissolution of chitosan. It is worth
highlighting that, up to this point, the COSMO-RS model has
not been utilized to study the interaction between chitosan
and ILs. To accomplish this, we have screened a total of 32
cations comprising amino acids, imidazolium, pyridinium,
and pyrrolidinium with 20 anions based on previous
studies'®!73273%37:38 for the solubilization of chitosan. Amino
acid cations were selected as they can dissolve a wider range of
chitosan at different molecular weights at ambient tempera-
ture with a lower viscosity,”” while cations such as imidazo-
lium, pyridinium, and pyrrolidinium were selected as refer-
ence cations because they have been typically used to dissolve
chitosan.®'7*® A wide range of anions such as carboxylates,
aromatic carboxylates, halogens, organic acids, sulphur-con-
taining anions and nitrogen-containing anions were coupled
with the cations in the screening of ILs for chitosan dis-
solution and these anions were also commonly used in IL
screening in the dissolution of cellulose,** keratin,*® artemisi-
nin,> and plastics.’® Appropriate cation-anion coordination
was selected based on the values of the logarithmic activity
coefficient at infinite dilution and excess enthalpy, which pro-
vides an insight into the ILs’ ability to dissolve chitosan effec-
tively. The ILs recommended by the COSMO-RS software were
synthesized and experimentally validated to prove the efficacy
of COSMO-RS in accurately predicting chitosan dissolution
behaviour.

2. Experimental
2.1 Geometry optimization of chitosan, cations and anions

The molecular geometries of chitosan, amino acid cations,
and anions were optimized using the software, TmoleX ver.
4.4.1 (COSMOlogic GmbH & Co. KG, Leverkusen, Germany)
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through quantum and energy calculations. Prior to the geome-
try optimization, the simplified molecular input line entry
system (SMILES) codes of the chitosan, cations, and anions
were obtained from the PubChem database (NCBI, USA) and
input in the software as a three-dimensional structure.
Quantum calculations were performed using the density func-
tional theory (DFT) level, while energy calculations were con-
ducted using Becke, 3-parameter, the Lee-Yang-Parr (B3LYP)
functional with resolution of identity (RI) approximation and
the triple-{ valence polarization basis set.

2.2 COSMO-RS analysis

All the COSMO files generated through geometry optimization
were used as the input files for COSMO-RS -calculations
through COSMOthermX ver. 19.0.1 (COSMOlogic GmbH & Co.
KG, Leverkusen, Germany) software, utilizing the parametriza-
tion BP_TZVP_19.ctd to calculate the o-profiles, o-potentials,
logarithmic activity coefficient at infinite dilution (Iny) and
excess enthalpy. The software was a continuum solvation
model to calculate the charge density on the surface of the
molecule, and then solves the chemical potential in solutions,
generating thermodynamic data. In the COSMO-RS calcu-
lations, an electroneutral approach to ILs was assumed, and
ILs were treated as an equal ratio of cations and anions of
0.5:0.5. The calculation temperature was set to 25 °C, which
was similar to the temperature used in the experimental vali-
dation for the dissolution of chitosan in ILs.

2.3 Structure of chitosan

The chemical structure of chitosan (2-dimensional) was drawn
using MolView ver. 2.4 and is illustrated in Fig. 1, in which the
—-OH group present on C-2 and the -NH, group present on C-5
of the monomer of chitosan are the sites of formation of
hydrogen bonds with the cations and anions of the ILs.

2.4 Structure of cations and anions

The chemical structures of the cations and anions employed
in this study are included in Tables S1 and S2, respectively
(ESIt). The cations were based on 20 amino acid cations and
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Fig. 1 Chemical structure of chitosan.
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cations such as imidazolium, pyridinium, and pyrrolidinium
with the alkyl chains of ethyl, butyl, hexyl, and octyl, respect-
ively. The anions selected were carboxylates ([C,H;0,],
[C4H;0,], [CHO,], [C¢H110,], [CsH150,], [C3H50,]), aromatic
carboxylates ([C;H50,], [C;H50;]), halogens ([Br], [Cl], [I],
[BE,]), organic acids ([C3H503], [C2F;0,]), sulphur-containing
anions ([C,HoSO4], [C2HeSO4], [HSO4], [CsH17S04], [SCN]), and
nitrogen-containing anions ([NO;]).

2.5 Experimental validation of COSMO-RS results

The top 5 ILs to dissolve chitosan were selected based on the
lowest values of Iny to validate the COSMO-RS results. These
ILs were synthesized according to the methodology described
by Tao et al.*® with slight modification, in which an equimolar
amino acid solution was refluxed with an equimolar inorganic
acid at 60 °C for 24 h, and then recrystallized by dissolving the
amino acid ILs in methanol/acetonitrile solution. Chitosan
(Chemiz Malaysia, Selangor, Malaysia) with a minimum degree
of deacetylation of 70% was used to validate the results
obtained from COSMO-RS calculations, in which chitosan
(1 wt%) was added to 5 g of ILs and stirred continuously at 250
rpm for 5 h in a silicon oil bath. Undissolved chitosan was
removed by a dimethylsulfoxide (DMSO) treatment according
to the procedures developed by Sun et al*® and expressed in
terms of dissolution percentage (wt%).

3. Results and discussion

Conductor-like Screening Model for Real Solvents (COSMO-RS)
is a robust and efficient tool to screen the appropriate solvents
to dissolve polymers based on their thermodynamic pro-
perties. Parameters such as logarithmic activity coefficient at
infinite dilution (Iny) and excess enthalpies (H) are associ-
ated with the dissolution ability and interactions between the
solute and solvents, respectively.*® Lower values of Iny and HF
showed that the solute and the solvent can interact favourably
with one another.

3.1 Sigma surface, profile and potential of chitosan

The screening charge distribution (¢ surface) of chitosan is
illustrated in Fig. 2(a), to assess the polarity and hydrogen
bonding ability. In the charge distribution, red surfaces rep-
resent electronegative charges, green surfaces signify neutral
charges, and blue surfaces are electropositive charges.
Subsequently, the ¢ surface serves as an input in the calcu-
lations of COSMO-RS to determine the o-profile and o-poten-
tial of chitosan and predict the intermolecular and intra-
molecular interactions. o-Profile refers to the degree of polariz-
ation of the structure of the molecule, representing the distri-
bution of electron density around a molecule in a solvent,
while o-potential quantifies the affinity of a system to a polarity
surface, which can be used to deduce the solvation free energy
of a solute in a particular solvent.*' Both the o-profile and o
potential is segmented into three sections: H-bond donor
region (6 < —0.082 e A™?), non-polar region (—0.082 e A™> < ¢ <
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Fig. 2 o-Surface (a), o-profile (b), and os-potential (c) of chitosan.

0.082 e A™%) and H-bond acceptor region (¢ > 0.082 e A™?).
Fig. 2(b) and (c) indicate the o-profile and o-potential of chito-
san, respectively.

As shown in Fig. 2(a), chitosan has both positive and nega-
tive charges, which are attributed to the presence of amino
groups (-NH,) and hydroxyl groups (-OH), respectively. The
distribution of the o-profile in Fig. 2(b) demonstrated that chit-
osan possessed both H-bond donor and acceptor regions, as
confirmed by the presence of blue surfaces (positively
charged) and red surfaces (negatively charged) in Fig. 2(a),
respectively. In the H-bond donor region, higher distribution
of the screening charge density [p(c) = 80] at —0.008 e A~ indi-
cated greater ability of -OH groups of chitosan to act as hydro-
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gen bond donors. The screening charge distribution in the
H-bond acceptor region was slightly lower and peaked at 40,
which represents the ability of -NH, in chitosan to act as a
hydrogen bond acceptor. This is true as there is only one func-
tional NH, group in C-2 of a chitosan monomer, while there
are two reactive -OH groups in C-3 and C-6 of a chitosan
monomer.*> The o-potential of chitosan is illustrated in
Fig. 2(c), with an increasing trendline in the interaction with
H-bond donors and a decreasing trendline in the interactions
with H-bond acceptors. Since chitosan has a weaker H-bonding
accepting ability, it has decreasing interaction in the H-bond
donor region, and its greater H-bonding donating ability is proved
by an increasing interaction in the H-bond acceptor region.

The oxygen and hydrogen atoms present on the C-2 amino
groups and C-5 hydroxyl groups of chitosan form electron
donor-electron acceptor complexes with the cations and
anions of ILs, disrupting the intermolecular and intra-
molecular hydrogen bonds within the chitosan polysaccharide
chain, resulting in the detachment of amino and hydroxyl
groups and subsequently dissolving the chitosan in the par-
ticular ILs.>**?

3.2 Screening of ILs for the dissolution of chitosan

By alternating each cation with the selected anions, a total of
640 ILs were constructed and assessed using the COSMO-RS
based on their Iny and HF values, which are often quantitative
traits to describe the dissolving capability of a solvent towards
a particular solute. Lower values of Iny and H® indicated a
more favorable interaction between chitosan and the ions of
the ILs, bringing about better solvation power.**

Activity coefficient at infinite dilution (Iny) depicts the non-
ideal behaviour of a solute purely due to the solute-solvent
interaction,” in which lower values of Iny mean that the
solute and solvent are behaving more ideally following
Raoult’s law for ideal solutions. The values of Iny of chitosan
in all the 640 ILs are presented in Fig. 3(a), (b), (c), and (d),
respectively.

From Fig. 3(a) and (b), it can be seen that the ILs with
amino acid cations have the lowest Iny values when coupled
with [BF,] anions, except for the cations [Arg] and [His]. Amino
acid ILs with [SCN] and [C,F;0,] have the second and third
lowest activity coefficients, while amino acid ILs with [CI]
anions have the highest activity coefficient. Thus, [BF,] is
selected as the anion of choice to synthesize amino acid ILs
with varied cations. In Fig. 3(c) and (d), the general trend of
cations based on imidazolium, pyridinium, and pyrrolidinium
has the lowest Iny values when coupled with these anions in
descending order: [C,H;30,] > [C3H50,] > [C4H,0,] > [CsH1105]
with the increase in methylene chain length, and this effect is
more prominent in pyrrolidinium ILs, followed by pyridinium,
and lastly, imidazolium ILs. An increase in the values of Iny in
the screening of ILs for the dissolution of hemicellulose is also
reported by Zhao et al.** with the elongation of the alkyl chain
in both imidazolium and pyrrolidinium cations from the ethyl
to octyl group, which supported our finding that the Iny
values of pyrrolidinium ILs were more influenced by the
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increase in alkyl chain length, as compared to imidazolium
ILs. The highest Iny values were observed when these cations
were coupled with [BF,] anions, which has the opposite trend
as observed in amino acid cations. This is due to the high
hydrophobicity of these ILs, such as [EMIM][BF,].*® Chitosan
is hydrophilic in nature, due to the abundance of -OH and
-NH, groups in its polymer chain, making them highly polar.
Zheng et al.*® observed that the interaction energy between
H,O-[EMIM][BF,] is positive, indicating that the formation of
new H-bonds between the water and ILs is energetically weak
and ineffective in dissolving polar solutes such as chitosan
because the hydrophobic interactions are incapable of break-
ing the stronger polar bonds in chitosan.

The contribution of cations can be perceived in the values
of Iny values in the cations based on amino acids, and not as
significant in the imidazolium, pyridinium, and pyrrolidinium
cations. When comparing ILs with similar anions, for
example, the [BF,] anion, the cation [Ser] has the lowest Iny
values, demonstrating the highest capability of [Ser][BF,] to
dissolve chitosan. This is followed by the cations [Gly], [Cys],
[Phe], and lastly, [Asn], ranked from the second to the fifth ILs
with the greatest potential to dissolve chitosan.

According to Guo et al.*” and Liu et al.,*® the dissolution of
polymers was mainly influenced by the type of anions, while
cations had much less of an influence based on the difference
in the values of Iny. However, in this study, the values of Iny
at infinite dilution of chitosan in amino acid-based ILs
suggested that both cations and anions play equal roles in con-
trolling the solubilization of chitosan in ILs. This has a good
agreement with Mohan et al*® on the dissolution of PET
plastic in ILs. According to Mohan et al.,*® either one of the
ions is expected to be a good hydrogen bond acceptor or
donor, while the other ion could be slightly polar to weakly
coordinate the counterion. Therefore, the interaction between
chitosan and the ions of ILs is more substantial than the inter-
actions between the cations and anions, leading to more chito-
san being dissolved in the respective ILs. The same phenom-
enon has been observed in the dissolution of cellulose in gua-
nidium-based ILs by Kahlen et al,’* when the guanidium
cation is coupled with a weakly solvating anion such as [PFg].
This combination is predicted to be one of the ILs that can
best dissolve cellulose. Our results showed a similar trend, in
which highly polar cations such as [Ser], [Gly], [Cys], [Phe], and
[Asn], when coupled with usually weakly coordinating anions
such as [BF,], are known to be the best ILs to dissolve chitosan
due to the incoordination of the cations and anions of ILs and
more favourable interactions between the chitosan and the
individual ions present in the ILs. Hence, in this study, these
five amino acid cations ([Ser], [Gly], [Cys], [Phe], and [Asn]) will
be thoroughly investigated throughout the rest of the
discussion.

3.3 o-Profile of cations and anions

The o-profile of cations and anions was computed to deduce
the underlying interactions between chitosan and the ions
constituting the ILs. The o-profile of the top 5 amino acid

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Logarithmic activity coefficient at an infinite dilution (In y) of 640 ILs.

cations and chitosan is illustrated in Fig. 4(a) and (b), respect-
ively, while the individual o-profile of all the screened cations
is shown in Fig. S1(a), S1(b), S1(c), S1(d), and S1(e),T respect-
ively. Based on Fig. 4(a) and (b), the top 5 amino acid cations
can interact with chitosan in all three regions: H-bond donor,
and non-polar and H-bond acceptor regions, indicating that
cations do play an important role in affecting the chitosan dis-

This journal is © The Royal Society of Chemistry 2024

solution. These cations can interact favourably with chitosan
and the respective anion due to the sharp peaks and huge area
within the H-bond donor region. However, the cations only
interact with chitosan in the non-polar region, indicated by a
large area of the o-profile of chitosan within the region, as
opposed to the near-to-absence peak of the [BF,] anion. The
cations with a lower Iny such as [Ser] and [Gly] have a smaller
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area in the non-polar region, as compared to the other amino
acid anions such as [Phe], [Asn], and [Cys]. Thus, the main
interaction of [Ser] and [Gly] cations with the chitosan and the
anions is through polar interaction. All five amino acid cations
can also interact with chitosan and the anion within the

1582 | Green Chem., 2024, 26,1577-1586
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H-bond acceptor region with a single peak around 0.008 to
0.019 e A%, Overall, the o-profiles of all the cations have a high
overlapping region with chitosan due to the high polarity and
various functional groups of amino acids, indicating greater
dissolving ability of the amino acid ILs.
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Fig. 4 o-Profile of the top 5 amino acid cations (a) and chitosan (b).

The o-profile of cations such as imidazolium, pyridinium,
and pyrrolidinium [Fig. S1(d and e)}] only showed interactions
in the H-bond donor and non-polar region, proving the super-
iority of the interactions between amino acid cations and chit-
osan. The effects of cations in the dissolution of chitosan are
compared in Fig. S1(d) and S1i(e), using the cations [EMIM],
[EPy], and [EMPyrr], depicting a similar range of peaks in the
o-profile with a slightly different peak intensity, indicating that
the cations have a moderate effect on the dissolution of chito-
san, which was also reported by Liu et al.>® in assessing the o-
profile of [EMIM], [EPy], and [EEMor| cations in the dis-
solution of keratin.

The o-profile of the [BF,] anion and chitosan is shown in
Fig. 5(a) and (b), respectively, while the o-profile of all the 20
anions is depicted in Fig. S2(a), S2(b), and S2(c),t respectively.
Tetrafluoroborate, [BF,], anion has a very small peak around
0.004 to 0.008 e A~ and a very sharp peak with a high intensity
in the H-bond acceptor region from 0.008 to 0.016 e A2
which shows a favourable interaction between [BF,] with chito-
san and amino acid cations. All the anions have great comple-
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Fig. 5 o-Profile of the [BF,4] anion (a) and chitosan (b).

mentarity with chitosan in the H-bond acceptor region [Fig. S2
(a-c)t], referring to their ability to act as H-bond acceptors and
interact with H-bond donors such as the amino (NH,) groups
in chitosan and the amino acid cations.

3.4 Excess enthalpy (H") of ILs

Excess enthalpy (HF) is associated with the individual contri-
butions of intermolecular interactions such as hydrogen
bonding, misfit interaction and van der Waals forces between
chitosan and the ions of the ILs. Hydrogen bonding refers to
the interaction where a hydrogen atom is covalently attached
to a highly electronegative atom and interacts with the lone
pair electrons of another electronegative atom, leading to a
molecular cluster formation. Hydrogen bonding interaction is
greater than the van der Waals force when dealing with polar
compounds and is especially important in dissolution studies.
Misfit interactions are especially significant in a mixture of
molecules with different shapes and sizes, such as the inter-
action between the cations and anions and the chitosan mole-
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cule, which is caused by the non-ideal changes during the dis-
solution reaction and arises when ¢ + ¢ is not zero.*® van der
Waals forces are the product of fluctuations in electron distri-
bution around molecules due to London dispersion forces and
dipole-dipole interactions gained during the transfer from the
gas to the liquid phase.*®

The values of H® of the selected 5 ILs ([Ser][BF,], [Gly][BF,],
[Cys][BF,], [Phe][BF,], and [Asn][BF,]) were derived from the
COSMO-RS model and are visualized in Fig. 6, while the values
of H® of all the 640 ILs are tabulated in Table S4.} It should be
noted that dissolution of chitosan in ILs is desirable with a
negative H” value, indicating an exothermic reaction, whereby
heat is released to the environment.

From Fig. 6, it is apparent that H® is driven mainly by
hydrogen bonding interaction in all the 5 ILs, ranging from
37% to 50% contribution. This was followed by the van der
Waals forces being the second major contributor in [Gly][BF,],
[Phe][BF,] and [Asn][BF,], while misfit interactions were the
second contributing factor to H® in [Ser][BF,] and [Cys][BF,].
Similar findings were also reported Liu et al** on the dis-
solution of cellulose and Mohan et al.*® on the dissolution of
polyethylene terephthalate (PET) plastics, in which both the
authors agreed that the dissolution potential of a solute in ILs
is dominated by hydrogen bonding, while misfit and van der
Waals forces being the secondary factors in determining the
enthalpy change.

In ILs with the same anions such as [BF,], alteration in the
cations constituting the ILs only resulted in slight differences
in the values of H®, which was in accordance with previously
published data by Liu et al,*® stating that ILs with the same
cations but different anions such as [Emim][C,H;0,] and
[Emim][DEP] displayed huge differences in H, while there is
no much difference among ILs with the different cations, such
as between [Amim][Cl] and [Apy|[Cl] and [HOEtmim][Br]| and
[HOEtpy]|[Br]. The results conclude that the anion variation is

40 [ Misfit Interactions
-14.41643 -13.64781 -14.00975 [ Van der Waals Forces|
-10.29443 [ Hydrogen Bonding
-17.65029
20
30% 31% 30%
° 23% ° ’ 21%
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Fig. 6 Excess enthalpy (HF) of the top 5 ILs.
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the key factor in determining the value of H®, which in turn
dictates the intermolecular interactions between the solute
(chitosan) and the solvent (ILs).

The possible hydrogen bond interactions between the
cation [Ser]" and anion [BF,]” of ILs and chitosan are illus-
trated in Fig. S3 and S4,T respectively. The IL [Ser][BF,] was
selected as an example to represent the other 4 ILs for the
interaction with chitosan molecules, due to the highest dis-
solution percentage of chitosan obtained through COSMO-RS
screening and experimentally when dissolved in the respective
IL. The 6+ on the H atom in the [Ser]" cation can interact with
other electronegative functional groups in chitosan, such as
the -OH and -NH, groups, through hydrogen bonding. The 56—
charge present on the F atoms of the [BF,]” anion is able to
form hydrogen bonds with the &+ charge present on the H
atoms linked to both the ~OH group and -NH, group of chito-
san, respectively.

3.5 Experimental validation of chitosan dissolution in the
synthesized ILs

Typically, chitosan solution has been prepared using dilute
acidic solutions such as acetic acid and its dissolution in more
conventional ILs such as imidazolium-based ILs has been
explored by various researchers in the past.'*>°
be used to dissolve chitosan; however, the polymer undergoes
degradation, causing changes to its physicochemical pro-
perties. This phenomenon was observed by Santoso et al.*® in
the experiment of dissolving chitosan in various concen-
trations of acetic acid at 40 °C for 30 minutes, where the group
observed a reduction in the molecular weight of chitosan from
592.89 kDa to 198.64 kDa with the increase in acetic acid con-
centration from 1 to 5%, respectively. Our group has optimized
the dissolution of chitosan in the same IL, [BMIM][Cl], and
found that the optimized parameters were to dissolve 1 wt% of
chitosan in 2 g of the ILs at a temperature of 130 °C for
72 hours.”® However, conventional ILs were not favourable due
to the requirement of high temperature and longer dissolution
time, contributing to a greater production cost.

In this study, the dissolution of chitosan in the five syn-
thesized ILs was conducted to validate the results obtained
thermodynamic of COSMO-RS.
Approximately 1 wt% of chitosan was solubilized in 5 g of syn-
thesized ILs with continuous stirring in a silicon oil bath at
250 rpm for 5 h. The results are tabulated in Table 1. It is
cleared that the solubility of chitosan decreases as the values

Acetic acid can

from the calculations

Table 1 Preliminary screening of chitosan dissolution in ILs

Logarithmic activity

Ionic coefficient at infinite dilution = Dissolution percentage
liquids (Iny) of chitosan (wt%)
[Ser][BF,]  —110.9657 98.6

[Gly|[BF,] —94.0122 90

[Cys|[BF,] ~76.4755 0

[Phe][BF,] —55.1759 89.2

[Asn][BF,] —49.1291 83

This journal is © The Royal Society of Chemistry 2024
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of Iny increase, which is consistent with the predictive results
obtained through COSMO-RS calculations, except for
[Cys][BF,]. This is because the IL [Cys][BF,] is not stable and
precipitated out during the process of regeneration of dis-
solved chitosan (as shown in Fig. 7). This has a good agree-
ment with Liu et al,*>** that the prediction of Iny revealed
that the preliminary screening of solute dissolution in ILs
using COSMO-RS is reliable and in agreement with the experi-
mental data.

The dissolution of chitosan in [Ser][BF,] is also performed
at two different temperatures, 25 and 50 °C, to study the effect
of temperature in the dissolution process, and is tabulated in
Table 2. At a fixed initial chitosan loading (1 wt%) and dis-
solution time (2 h), the dissolution percentage of chitosan
increased from 98.20 to 100 wt% when the temperature
increased from 25 to 50 °C. A similar increasing trend is also
observed in the increase in dissolution percentage from 87.33
to 96.40 wt% by an increase in temperature from 25 to 50 °C,
at a dissolution time of 8 h. This is because the increase in
temperature decreases the viscosity of ILs, accelerating the
swelling of chitosan, while promoting the mixing between
chitosan and ILs, as also reported by Tan and Lee® in the
dissolution of chitosan in [BMIM][Cl]. Besides that, a rise in
temperature also resulted in the partial disruption of H-bonds.

Fig. 7 The white precipitate observed in chitosan-[Cys][BF,] as com-
pared to the translucent solution in chitosan-[Ser][BF4].

Table 2 Dissolution of chitosan in [Ser][BF,] at different temperatures

Initial
chitosan Dissolution
loading Temperature Dissolution percentage
Run (Wt%) (°C) time (h) (Wt%)
1 1 25 2 98.20
2 1 50 2 100.00
3 1 25 8 87.33
4 1 50 8 96.40

This journal is © The Royal Society of Chemistry 2024
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4. Conclusion

In summary, an a priori screening method such as COSMO-RS
was used to evaluate the dissolution capability of chitosan in
640 ILs. The values of Iny suggested that both cations and
anions played a major role in affecting the solubilization of
chitosan. ILs with [BF,] anions have the lowest Iny and were
ranked in the following order: [Ser]|[BF,], [Gly][BF,], [Cys][BF,],
[Phe][BF,], and lastly, [Asn][BF,]. These ILs were synthesized
and validated experimentally. The dissolution of chitosan in
all 5 amino-acid based ILs was exothermic, indicated by nega-
tive H® values. The values of H® for the ILs proposed that
anions played a more significant role in influencing the inter-
molecular and intramolecular interactions between chitosan
and the IL, which are dominated by hydrogen bonding, fol-
lowed by misfit interactions and van der Waals forces.
Experimental verification of chitosan dissolution in the 5 syn-
thesized ILs was consistent with the predicted results obtained
through the statistical thermodynamic calculations of
COSMO-RS, which proved the reliability of COSMO-RS in
screening the dissolution of chitosan in ILs, providing
additional benefits in the processing of chitosan such as cost
and time efficiency while reducing the wastage of chemicals
concurrently.
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