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cellulose-based polymeric
structures using dual functional ionic liquids†

Joana Galamba,a V́ıtor D. Alves,b Noémi Jordão *a and Lúısa A. Neves *a

Carboxylate ionic liquids (ILs) combining benzethonium (BE) and didecyldimethylammonium (DDA) as

cations have been explored to be used for the first time as dual functional solvents for microcrystalline

cellulose (MCC) dissolution and, subsequently development of polymeric structures. Considering that

some ILs can remain in the polymeric structures after phase inversion, these ILs can offer advantages

such as antibacterial/antimicrobial response and ability to disrupt H-bonds. In this context, all tested ILs

have been able to dissolve MCC up to a concentration of 4% (w/w), resulting in different polymeric

structures, such as gel-like or films, depending on the type of IL and the ratio between MCC and IL.

Furthermore, FTIR spectroscopy showed that some IL remains in the polymeric structures, which can

enhance their application in the biomedical field.
Introduction

Recently, several efforts have been made to replace materials
obtained from non-renewable resources with more natural
materials and thus, resources, especially due to the scarcity of
fossil resources combined with the requirements for the use of
environmental-friendly and sustainable processes.1–4 In this
context, cellulose is the most abundant polysaccharide found
on earth, with outstanding properties such as biocompatibility,
biodegradability, and thermal and chemical stability.4,5 Cellu-
lose is a highly crystalline linear polymer composed of repeated
glucose units linked by b(1 / 4) glycosidic bonds, which form
strong inter- and intramolecular hydrogen bond networks.1,4–6

Considering that cellulose presents a complex structure as well
as a high degree of polymerization (DP), the dissolution process
is considered a critical step for its valorisation due to its insol-
ubility in water and most conventional organic solvents.3,4,6,7

Nowadays, different existing technologies for dissolution and
processing of cellulose are applied at industrial scale, however
aggressive solvents, or processes, which present a threat to the
environment, are used6,8 namely “viscose process”, which consists
in the chemical functionalization of cellulose through its hydroxyl
groups with carbon disulphide to produce xanthate esters5,9 and
“Lyocell process”, which uses aqueous N-methylmorpholine-N-
oxide (NMNO) as solvent.5,9,10 Recently, Xu et al.8 reported others
examples of solvents or mixtures of solvents investigated for
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cellulose dissolution processes, such as aqueous cuprammonium
or cupriethylenediamine hydroxide as aqueous non-derivatizing
solvents,11 DMSO/tetrabutylammonium uoride (DMSO/TBAF) as
non-aqueous non-derivatizing solvents,11 N,N-dimethylformamide/
N2O4 (DMF/N2O4) as aprotic derivatizing solvents,11 LiCl/N,N-
dimethylacetamide (LiCl/DMA) solvent,12 LiClO4$3H2O,13 LiCl/
dimethyl sulfoxide (LiCl/DMSO) solvent,14 aqueous NaOH
combined with urea15 or thiourea16 solvents, dimethyl sulfoxide/1,8-
diazabicyclo-[5.4.0]-undec-7-ene (DMSO/DBU).17 Despite their
ability to dissolve cellulose, these solvents showed some disad-
vantages namely, high dissolution temperatures, instability, diffi-
culty to be recovered, harsh processing conditions, lower cellulose
dissolution ability, toxicity, or high cost.1,8 In the last decades, ionic
liquids (ILs),1,4,18–22 andmore recently, their analogous deep eutectic
solvents (DES)23–25 have gained increased interest as alternative
solvents for cellulose dissolution and processing, which can be
coupled with microwave and ultrasound technologies in order to
increase their performance.1 Indeed, ILs can be considered as non-
derivatizing solvents to dissolve cellulose, without occurring
chemical modication during dissolution process, through
deconstruction of inter- and intramolecular hydrogen bonds
networks (physical dissolution process).26,27 However, they are not
necessarily chemically inert and thus, both cation and anion can
participate during the derivatization reactions or react with the
dissolved polysaccharide.28

ILs are low-melting organic salts, conventionally with melting
points below 100 �C, and usually, composed with a big, bulky
organic cation and smaller organic or inorganic anion.29,30 ILs
gained much attention mainly due to their peculiar properties as
well as the possibility to tune their nal properties according to the
adequate selection of cation and anion.31 In general, ILs shows
outstanding properties such as low vapour pressure, high chemical
and thermal stability as well as they exhibit high ionic conductivity,
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra03204f&domain=pdf&date_stamp=2021-12-07
http://orcid.org/0000-0001-9769-1976
http://orcid.org/0000-0002-9620-6286
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03204f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011062


Fig. 1 Structure and respective acronyms of the selected cations and
anions to develop dual functional ionic liquids, which has ability to
disrupt hydrogen bonds and simultaneously possess a biological
function, conferred by anion and cation, respectively.

Scheme 1 General synthetic procedure to prepare the desired ionic
liquids involving firstly the preparaton of the hydroxide anion throught
anion exchange reaction using Amberlyst A26 (OH), followed by
neutralization through acid–base reaction.
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large electrochemical window, and excellent dissolution perfor-
mance of organic, inorganic, and polymericmaterials.31Nowadays,
intensive studies related to the use of ILs in cellulose dissolution
have been reported,1,4,20,22,32,33 where indicate the ideal properties
that ILs should have, namely lower water content, once water
hinders with the dissolution process;32,34 smaller cations as well as
anions are preferred; and the hydrogen bond basicity (b), which is
a H-bond accepting ability, conferred by the anion, should be high
enough to establish strong intermolecular bonds with hydroxyl
groups present in cellulose structure, leading to an improvement
of its solubility.32 The cellulose dissolution mechanism in ILs is
based on the disruption of the hydrogen bonds between cellulose
chains caused essentially by the interaction of the anion present in
the IL with hydroxyl groups (OH) present in cellulose structure and
the establishment of new hydrogen bonds.1,22,35 Indeed, it is also
suggested that the anions from the IL should be strongly basic
enough to compete with the hydrogen bonds present in cellulose
structure. However, the effect of the cation in the dissolution
process is still unclear.1,22,35 In this context, the most efficient
anions for cellulose dissolution are halides (e.g. chloride, Cl�),
dialkylphosphate/dialkylphosphonate (e.g., [(EtO)2PO2]

�) and
carboxylates (e.g., acetate [OAc]�).33

Besides of dissolution and regeneration processes, functional
ILs for homogeneous derivatization of cellulose, where all reagents
including cellulose are completed dissolved, have been explored.34

For example, dual functional ILs that can act as solvent as well as
catalyst have been explored.35 Recently, a melt-owable thermo-
plastic was developed from forestry biomass through solvent-free
acetylation, where a functionalizing agent derived from benze-
thonium chloride and sulfuric acid was used have been reported.36

In the last years, different works related to the cellulose
dissolution with ILs and consequently, the development of
cellulose-based materials such as gels37–42 or aerogels,43–46

blends,47 composites48,49 have been explored,22 which can be
applied in different elds, such as electrochemical sensors50

and adsorption of heavy metals.51

In this context, the aim of this work consisted of the use of
dual functional ionic liquids for dissolution of microcrystalline
cellulose (MCC) and subsequently, development of valuable
polymeric structures envisaged potential applications in the
biomedical eld. Considering that some fraction of ionic liquid
can remain in the polymeric structure, even aer several washes
with water as non-solvent, the introduction of an additional
functionality to IL structure, on the cationic part, can be
advantageous to enhance their application. In this way, the
ionic liquids have been designed to be capable to disrupt
hydrogen bonds, such as short linear carboxylate anions are
incorporated in IL structure but also have biological properties
such as anti-bacterial or anti-microbial conferred by the cation
counterpart. The selected cations and anions to prepare the
desired ionic liquids are illustrated in Fig. 1.

Results and discussion
Synthesis and structural analysis of ILs

The selected synthetic methodology to prepare the desired ionic
liquids consisted in two followed steps: (i) preparation of
© 2021 The Author(s). Published by the Royal Society of Chemistry
hydroxide form of the desired cation, through an anion
exchange reaction using a ion exchange resin (Amberlyst A26
(OH))52–54 and, subsequently, (ii) acid–base reaction using the
selected carboxylate acid (acetic, propanoic, hexanoic) as illus-
trated in Scheme 1. This methodology has the advantage to
prepare halide-free ILs, contrarily to the conventional metath-
esis reaction, which produces inorganic salts as by-product.55

All prepared ILs were analysed by 1H, 13C NMR and ATR-FTIR
spectroscopies, and elemental analysis to check their structure
and relative purity levels. From 1H NMR and 13C NMR spectra
(see ESI-Fig. 1–12†), it was possible to assign typical signals of
both cations54,56 and anions, indicating that the desired product
RSC Adv., 2021, 11, 39278–39286 | 39279
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is formed in each reaction with higher relative purity levels.
Take in account that both cation and anion have protons in
their structures, it was possible to estimate its proportion,
which seems to be closed to the expected (1 : 1). Complemen-
tary, Fourier-Transform Infrared (FTIR) spectroscopy was used
to elucidate the functional groups of the commercially available
salts used as starting materials and the correspondent synthe-
sized ILs by analysis of the infrared stretching vibrations (see
ESI-Fig. 13 and 14†). The FTIR-ATR spectrum of [BE]Cl showed
a broad band near to 3428 cm�1 that can be attributed to O–H
stretching vibration of water molecules present in its structure,
which is broader in the case of [BE] based-ILs; a band in the
range between 2987–2848 cm�1 that can be attributed to
asymmetrical and symmetrical C–H stretching from methyl
(–CH3) and methylene (–CH2) groups; a band near to 1513 cm�1

that can be assigned to aromatic ring stretching (C]C–C);
a band near to 1243, 1130 and 1064 cm�1 that can be attributed
to alkyl aryl ether, alkyl ether and C–N stretching vibrations,
respectively.57 In the case of the [BE] based-ILs showed an
additional band near to 1562 cm�1 that can be ascribed to
carboxylate symmetric stretching (C]O), indicating complete
ionization of carboxylic acid and consequently, elucidation of
the formation of the desired IL. In the case of [DDA]Br, the FTIR-
ATR spectrum also showed a broad band near to 3420 cm�1 that
can be attributed to O–H stretching vibration of water mole-
cules present in its structure, which is also broader in the case
of [DDA] based-ILs. Similarly, a band in the range between
2957–2853 cm�1 that can be attributed to asymmetrical and
symmetrical C–H stretching frommethyl (–CH3) and methylene
(–CH2) groups; a band near to 1467, 900 and 722 cm�1 that can
be assigned to CH2 bending, out-of-plane C–H bending, in-
plane rocking mode of the methylene (CH2), respectively. In
the case of [DDA] based-ILs, an additional band near to 1569
and 1390 cm�1 that can be ascribed to carboxylate symmetric
stretching (C]O) and CH2 bending from carboxylic acid
counterpart, respectively, is observed.
Table 1 Thermal properties: glass transition (Tg-mid), melting (Tm), cry
thermal degradation temperatures (Td,5%-onset and Td,peak) of [BE]- and [D

IL

DSChydrated
a DSC

Tg-mid (�C) Tc/Tm (�C) Tcc (�C) Tg-m

[BE]Cl — —/162.4d — —
[BE][OAc] �48.1 —/— — �14
[BE][OPr] �48.0 —/— — �14
[BE][OHex] �52.1 �2.5/2.4 — �29
[DDA]Br �73.7 —/11.7; 39.5; 83.4 �21.4 —

[DDA][OAc] �79.7 —/36.5e — �61
[DDA][OPr] �78.9 —/29.4 — �69
[DDA][OHex] �67.9 —/�2.0 �55.0; �30.8; �22.0 �76

a 1st cycle scanned at 10 �Cmin�1 (hydrated state). b 3rd cycle scanned at 1
lost 5% of its initial weight) and Td,peak (temperature associated with the r
derivative of thermogravimetric curves (DTGA)) were determined from sim
min�1 under argon atmosphere. d Melting temperature determined from
with water evaporation process.

39280 | RSC Adv., 2021, 11, 39278–39286
Thermal analysis of the ILs

The synthesized [BE] and [DDA] based-ILs have been studied by
differential scanning calorimetry (DSC) and simultaneous TGA
and DSC measurements (TGA-DSC). The glass transition
temperature (Tg-mid), which corresponds to the glass transition
determined as mid-point, melting (Tm), crystallization (Tc),
cold-crystallization (Tcc) and decomposition temperatures
(T5%,onset and Td,peak), which T5%,onset correspond when the
sample lost 5% of its initial weight and Td,peak correspond to the
temperature associated with the rst step of the mass loss
process are summarized in Table 1 and the respective thermo-
grams are present in the supporting information (see ESI-
Fig. 18–23 and 33–37†). The [BE]Cl is a white solid that showed
a melting point around of 162.4 �C, which is closed to that one
already reported in literature (see ESI-Fig. 34†).58 The [BE][OAc]
and [BE][OPr] showed only a glass transition, while [BE][OHex]
showed a small tendency to crystallize in hydrated state, once
an exothermic peak in the cooling run, and subsequently,
a glass transition followed a small endothermic peak in heating
run is observed. Aer complete removal of any residual solvent,
all [BE]-ILs showed a glass-forming tendency, once neither crys-
tallization nor melting were observed in the selected experimental
conditions. The glass transition in dried state shi to higher
temperatures according to the following sequence: Tg([BE][OAc]) >
Tg([BE][OPr]) > Tg([BE][OHex]). This observation can be explained
by the effect of the number of carbons in alkyl chain length of
carboxylate anion. In the case of [DDA]Br, a particular thermal
behaviour is observed; initially, the hydrated salt presented an
amorphous region that subsequently crystallize during the heating
run (cold-crystallization, Tcc), followed by multiples endothermic
peaks that can be attributed to the melting of amorphous and
crystalline fractions as well as water evaporation process. In the 3rd
cooling run, [DDA]Br showed consecutive crystallization and
melting transitions. This behaviour can be explained by the nature
of the cation, once [DDA] is a double-chain cationic surfactant of
a quaternary ammonium salt, but also its interaction with water,59
stallization (Tc) and cold-crystallization (Tcc) temperatures as well as
DA]-based ILs

dried
b TGA-DSCc

id (�C) Tc/Tm (�C) Tcc (�C) Td,5%-onset (�C) Td,peak (�C)

—/— — 189.0 202.0
.4 —/— — 146.6 163.6
.7 —/— — 128.7 163.2
.1 —/— — 144.7 168.0

36.8; 15.1; �2.7;
�14.7/5.9; 35.0; 68.6

— 212.1 247.3

.6 �58.0/�38.4 — 128.6 183.4

.1 22.4/38.8 �8.9 172.6 184.8

.7 6.9; �22.1/17.9; 39.0 �33.3; �3.0 167.1 187.0

0 �Cmin�1 (dried state). c Td,5%-onset (onset temperature when the sample
st step of themass loss process, which were taken as theminimum of the
ultaneous TGA-DSC experiments acquired from 25 �C to 500 �C at 10 �C
simultaneous TGA-DSC experiments. e Small endothermic peak overlap

© 2021 The Author(s). Published by the Royal Society of Chemistry
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leading to the formation of polymorphs.60 According to literature,
dialkyldimethylammonium bromides exhibit a liquid crystalline
behaviour, where mainly two endothermic transitions can be
observed and they can be ascribed to the melting of crystal into
a liquid-crystalline phase at lower temperatures, followed by
a clearing point.60 It is also mentioned that the crystalline phase at
low temperatures showed a complex polymorphism, where a coex-
isting metastable crystal form is observed.60 The [DDA] based-ILs
showed similar thermal events even in the dried state. In the
hydrated state, [DDA][OAc], [DDA][OPr] and [DDA][OHex] showed
similar thermal events, namely glass transition and, an endothermic
peak that can be ascribe to the melting of small crystalline fraction
present in the sample. In the case of [DDA][OAc] and [DDA][OPr] this
melting is detected as a small endothermic peak close to a broader
endothermic peak that can be ascribed to water evaporation. While,
in the case of [DDA][OHex], an additional consecutives exothermic
peaks in the heating run, which can be explained by the crystalli-
zation of amorphous fraction into different crystalline forms, fol-
lowed by an endothermic peak, which appears at lower temperature
than [DDA][OAc] and [DDA][OPr], can be observed.

Indeed, all [DDA] based-ILs showed tendency to crystallize in
dried state, even the amorphous fraction, i.e., observation of an
exothermic peak during the heating run that can be ascribe to
cold-crystallization process, except for [DDA][OAc], where the
amorphous fraction did not crystallize. Similar to the [BE]
based-ILs, the glass transition in dried state shi to higher
temperatures according to the following sequence: Tg([DDA]
[OAc]) > Tg([DDA][OPr]) > Tg([DDA][OHex]). This observation can
be also explained by the effect of the number of carbons in alkyl
chain length of carboxylate anion.

In general, all prepared ILs showed lower thermal stability than
the correspondent commercially available salts as expected for
carboxylate anions.61 In the case of the ILs, a gradual weight loss
starting at lower temperatures, which can be associated to water
evaporation process, is observed. In general, the ILs showed a two-
step decomposition processes, lower than the correspondent
starting material, and it is observed that the alkyl chain length of
carboxylate anion has a minimal impact in these decomposition
temperatures as expected.61
Development of polymeric structures

The dissolution studies consisted in the addition of an adequate
amount of microcrystalline cellulose (MCC) to each IL, under
constant stirring at xed temperature for a determined time.
Initially, screening experiments have been performed to determine
the optimal temperature, time, and ratio between MCC and IL. In
this sequence, [BE] and [DDA] based-ILs showed ability to dissolve
MCC at 100 �C for 14 and 4 hours, respectively, at maximum
concentration of 4% (w/w), aer visual observation if there are any
particles in suspension. The polymeric structures, as a lm or gel
form, have been developed thought water phase inversionmethod,
depending on the ratio betweenMCC and IL (1 or 4% (w/w)) as well
as the type of IL. Indeed, [BE]-ILs produced gels, while [DDA]-ILs
produced lms or gels depending on the length of alkyl chain of
the anion that constituted the IL.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fourier transform-infrared (FTIR) analysis of polymeric
structures

The composition of the produced polymeric structures has been
evaluated by FTIR spectroscopy and compared to pure IL and
pure MCC to elucidate their presence or not in the resulting
polymeric structure. According to FTIR-ATR spectrum (see ESI-
Fig. 15†), MCC showed a broad band near to 3336 cm�1 that can
be assigned to O–H stretching vibration from hydroxyl
groups;3,62,63 a band at 2894 and 1638 cm�1 that can be attrib-
uted to sp3 C–H stretching vibration and –OH bonding of
absorbed water, respectively;62–64 a small band at 1429 cm�1 that
can be attributed to intermolecular hydrogen attraction at the C6
group;63,64 a band between 1369–1315 cm�1 that can be ascribe to
the C–H bending and C–O symmetric stretching groups of
aromatic ring present in polysaccharide;63,64 a band that appears as
a small shoulder at 1158 and 1104 cm�1 that can be ascribed to
C–C and C–O–C glycosidic ether band, respectively;64 a sharp band
near to 1028 cm�1 that can be ascribe to the stretching vibration of
the C–O–C pyranose ring;63,64 a small band as a shoulder near to
897 cm�1 that can be ascribed to C–H rocking vibration.64 Indeed,
the region between 1100–600 cm�1 can be related to twisting,
wagging and deformation modes of anhydro-glucopyranose,
which is characteristic of b-glycosidic linkages present in cellu-
lose structure.63,64 In general, the obtained gels and lms showed
characteristic bands that can be attributed to both cation and
anion structures that constituted each IL, indicating that some IL
remains in the polymeric structure aer water inversion phase
method, except in the case of lm that containing 4% (w/w) of
MCC and [DDA][OAc] was used as dissolution agent (see ESI-Fig. 16
and 17†). Also, cellulose characteristics bands can be observed, but
in some cases are overlapped with bands that can be ascribed to IL
structure, indicating that cellulose structure are not destroyed aer
dissolution and further preparation of polymeric structures.
However, in the case of the gel-like structures obtained using [BE]
[OPr] and [BE][OHex], an additional band near to 1741 and
1737 cm�1, respectively, can be detected and could be assigned to
ester carbonyl group,65,66 suggesting that cellulose may have suffer
side chemical reactions during the dissolution process, including
decomposition.3,67 In general, the obtained gel-like systems and
lms showed a broader O–H vibration stretching band as well as
a slight shi to higher wavenumbers than pure cellulose, except in
the case of [DDA][OAc] with 4% (w/w) of MCC. This behaviour
could be explained by the dissolution and thus, regeneration
processes of cellulose, once hydrogen bonding present in original
cellulose structure is disrupted, and new and weaker hydrogen
bonds are formed.3,68
Thermal analysis of polymeric structures

The thermal stability as well as thermal behaviour of the ob-
tained gels and lms have been also performed and compared
with pure MCC and ILs (see ESI-Fig. 38–41†).

According to TGA, the polymeric structures showed lower
thermal stability comparing with pure MCC (see Fig. 2) as ex-
pected.69 This fact can also be related with the presence of ionic
liquid inside of polymeric structure as well as the MCC disso-
lution and thus, regeneration processes, where the obtained
RSC Adv., 2021, 11, 39278–39286 | 39281
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Fig. 2 Thermogravimetric curves obtained for pure MCC and
respective obtained polymeric structures.
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polymeric structures showed new and weaker hydrogen
bonding comparing to original MCC.3,68

According to DSC analysis, no thermal events have been
detected in the selected experimental conditions for pure MCC,
aer water removal (see ESI-Fig. 24†). In the case of the gel-like
structures composed by [BE][OAc], [BE][OPr] and [BE][OHex],
a glass transition is observed, indicating that the presence of
the remained IL in polymeric structures (see ESI-Fig. 25–32†).
While for [DDA][OHex], a semi-crystalline behaviour is
observed, suggesting that the remained IL in the polymeric
structure has also tendency to crystallize in a similar way
comparing with pure IL (see ESI-Fig. 19†). According to litera-
ture, gels are considered amorphous solids with a disorder
molecular organization, a nite shear viscosity, and capacity to
exhibit viscoelastic stress relaxation.70 In the case of the lms,
no thermal events have been detected besides solvent evapo-
ration in the selected experimental conditions contrary to the
neat ILs. A possible interpretation can be related by the fact that
the presence of IL in a polymeric structure can lead to
a depression on glass transition, suppression of crystallization
and thus, melting at least in the temperature range explored.
Fig. 3 Frequency sweeps of obtained MCC-based gel-like structures
containing [BE][OAc], [BE][OPr], [BE][OHex] and [DDA][OHex]
measured at 25 �C. The applied tension in the viscoelastic region was:
0.4 Pa for MCC@[BE][OAc] (1% (w/w)) and MCC@[BE][OHex] (4% (w/
w)); 0.5 Pa for MCC@[BE][OAc] and MCC@[BE][OPr] (4% (w/w)) and 50
Pa MCC@[DDA][OHex] (4% (w/w)).
Rheological studies

Rheological studies were performed to evaluate the viscoelastic
properties as well as viscosity behaviour of the developed gel-
like structures. The viscoelastic behaviour was evaluated using
small amplitude oscillatory measurements, where a constant
mechanical stress was applied for a range of frequency values,
and the viscous and elastic responses were measured.71 The
elastic response is represented by the storage modulus (G0),
which indicates the energy stored by the sample,71 while the
viscous response is represented by the loss modulus (G00), which
indicates the energy lost by the sample during the shear
process.72 Chenite et al.73 reported that the strength of the gel
can be evaluated take in account the magnitude of G0 as well as
the difference between G0 and G00. When G0 [ G00, the sample is
39282 | RSC Adv., 2021, 11, 39278–39286
considered a “strong gel”64 and, in this case, both variables,
especially G0, are nearly independent of frequency over a large
frequency range.70

In this context, stress sweep measurements were performed
to determine the linear viscoelastic region for each sample, and
consequently, the selection of an adequate tension to perform
frequency sweep measurements. Fig. 3 shows the plot of G0 and
G00 as a function of frequency for each sample.

According to Fig. 3, the sample formed with 1% (w/w) of
MCC containing [BE][OAc] showed loss modulus values (G00)
higher than storage modulus values (G0), highly dependent on
frequency within the investigated frequency range, suggesting
that it is composed mainly of entangled polymer chains, indi-
cating a behaviour of a viscous solution instead of an effective
polymeric gel network. However, increasing MCC concentration
to 4% (w/w) with [BE][OAc], a behaviour typically attributed to
a “weak gel” is observed, once the storage modulus values (G0)
become higher than loss modulus values (G00), with a small
difference between them (less than one order of magnitude),
and both moduli are less dependent on the frequency in the
investigated frequency range. This behaviour was also observed
for 4% (w/w) MCC with [BE][OPr] and [BE][OHex]. It is also
noted that when the frequency increases, the values of storage
(G0) and loss (G00) modulus tend to become closer to each other,
approaching a crossover point. At lower frequency values, the
elastic response (G0) is dominant over the viscous response (G00),
indicating a solid-like behaviour, while at higher frequencies
the loss modulus (G00) gains a similar or the same importance
than storage modulus (G0). This fact may be attributed to the
nature (e.g. entanglements) and number of intermolecular
interactions. By the contrary, the structure formed with 4% (w/
w) of MCC containing [DDA][OHex] showed a prole of a “strong
gel”, once storage modulus values (G0) are one order of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Apparent viscosity as a function of shear rate for the MCC@[BE]
systems measured at 25 �C.

Fig. 5 SEM images of films-based MCC containing MCC@[DDA][OAc]
(1% (w/w)) and MCC@[DDA][OPr] (4% (w/w)): (a) and (c) surface image
(magnification of �800), (b) and (d) a cross-section image (magnifi-
cation of �300), respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/6
/2

02
6 

4:
07

:4
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
magnitude higher than that of loss modulus (G00), and both of
them are nearly independent of the frequency in the selected
frequency range. In addition, G0 and G00 values are around three
orders of magnitude higher than that of MCC@[BE] systems. In
fact, upon visual observation, MCC@[BE] systems with 4% (w/
w) MCC presented a high consistency at rest, but with the
ability to ow. As such, viscosity studies for these structures
were performed (see Fig. 4). A similar prole for all tested
samples is observed, where the apparent viscosity values
decrease with the increase of the shear rate, a behaviour of non-
Newtonian uids with shear-thinning behaviour. Furthermore,
it can be observed an increase of viscosity for the MCC@[BE]
[OAc] polymeric systems, when MCC concentration increased
from 1% (w/w) to 4% (w/w), which is consistent with the
mechanical properties shown on Fig. 3.

X-ray diffractometry (XRD)

Pure MCC and the obtained polymeric structures as lms have
been analysed by X-ray diffractometry (XRD) to evaluate their
crystallinity. According to XRD analysis, pure MCC showed three
distinct peaks at 2q ¼ 15.4�, 22.6� and 34.6� (see ESI-Fig. 42†) that
can be assigned to the characteristic peaks for cellulose I crystals,
which are in reasonable agreement with the values reported in the
literature.74 Indeed, the main crystalline peak is observed at 2q ¼
22.6�, indicating the presence of crystalline cellulose, which agrees
with literature.75 The obtained lms MCC@[DDA][OAc] with 1%
(w/w) showed different peaks at 2q ¼ 16.8�, 20.6� as distinct
shoulder, 22.5� and 34.7�; MCC@[DDA][OAc] with 4% (w/w) 15.5�,
22.7� and 34.6� and MCC@[DDA][OPr] with 4% (w/w) 15.6�, 22.6�

and 34.6�. These diffraction peaks are similar to the obtained to
pure MCC, suggesting that the obtained lms containing cellulose
I crystal without structural changes of cellulose.

Scanning electron microscopy (SEM)

The polymeric structures obtained as lms, namely MCC@
[DDA][OAc] with 1% (w/w) and 4% (w/w) and [DDA][OPr] 4% (w/
© 2021 The Author(s). Published by the Royal Society of Chemistry
w) were analysed by scanning electron microscopy to elucidate
their morphology through analysis from its surface as well as
cross-section images (see Fig. 5).

From the surface and cross-section SEM images, it is
possible to observe a heterogeneous surface in the polymeric
structures, which can be explained possibility due to the pres-
ence of IL in MCC network.
Experimental
Chemicals

Benzethonium chloride ([BE]Cl, TCI, >95%), didecyldimethy-
lammonium bromide ([DDA]Br, Carbosynth, 99%), acetic acid
(Honeywell, $99.9%), propanoic acid (Merck, $99%), hexanoic
acid (Merck,$98%), Amberlyst A-26 (OH) (Sigma-Aldrich,$0.8 eq.
L�1), microcrystalline cellulose (Sigma-Aldrich, 20 mm, S3504) and
methanol (Honeywell, $99.9%) were used as received.
General procedure for synthesis of ionic liquids

The desired ionic liquids were synthesised according to an
adapted synthetic procedure already reported in the literature,
which avoid the formation of inorganic salts during the ILs
synthesis.52–55 The ion-exchange resin, Amberlyst A26 (OH) (ca.
1.5 equivalents) was added to the halide salt of the desired
cation ([BE]Cl or [DDA]Br, ca. 50 g) in methanolic solution and
then, the suspension was stirred at room temperature for one
hour. Aer that, the resin was removed by ltration and the
corresponding hydroxide salt was slowly added to the desired
carboxylic acid in methanolic solution, and subsequently, the
solution was stirred at room temperature for four hours. Then,
the methanol was evaporated, and the desired product was
dried under vacuum.
General procedure for development of polymeric structures

Suitable amount of microcrystalline cellulose (MCC) (1 to 5%
(w/w) – ratio between polymer and IL) was slowly added to IL (15
RSC Adv., 2021, 11, 39278–39286 | 39283
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g) previously heated at 100 �C in silicone oil bath. The mixture
was continuously stirred (ca. 400 rpm) at 100 �C for 4 or 14
hours, depending on the type of IL. Aer that, the mixture was
casted into a glass substrate, and a casting knife with pre-
dened thickness between 150–200 mm have been applied, and
then, immersed in water as non-solvent in coagulation bath at
room temperature, for 24 hours. Aerwards, the obtained
polymeric structure was le to dry at room temperature for 1–2
weeks.

NMR spectroscopy

NMR spectra were done on a Bruker AMX 400 instrument operating
at 400.13 MHz (1H), 100.61 MHz (13C). The NMR spectrometers are
part of The National NMR Facility supported by Fundação para
a Cîencia e a Tecnologia (RECI/BBB-BQB/0230/2012).

FTIR-ATR spectroscopy

Fourier transform infrared spectroscopy (FTIR) was carried out
using a PerkinElmer Spectrum Two™, equipped with ATR
accessory. The spectra were acquired between 4000–400 cm�1

with 10 scans of accumulation.

Simultaneously TGA-DSC experiments

Simultaneously TGA-DSC experiments (TGA-DSC) was per-
formed on a Setaram Labsys EVO, where the samples are
continuously purged with an argon ow of 50 mL min�1 from
25 �C to 500 �C at 10 �C min�1.

DSC measurements

DSC analysis is carried out using a TA Instruments Q-series TM
Q2000 DSC with a refrigerated cooling system (RCS 90). About
4–6 mg of the salt was crimped in an aluminium standard pan
with lid, containing a small pinhole to allow solvent evaporation
during the experiment. The sample is continuously purged with
50 mL min�1 of nitrogen ow and submitted to a heating/
cooling rate of 10 �C min�1 from �90 �C to 100 or 120 �C.

SEM

Scanning electronmicroscopywas performedusing aHitachimodel
S2400 with an electron beam intensity of 20 kV and the respective
micrographs from surface and cross-section of the lms were
acquired using Esprit 1.9 soware. All tested samples were coated
with a thin Pd/Au layer to induce charge under the electron beam.

Rheology tests

The viscoelastic studies of the obtained polymeric structures
with a gel-like behaviour have been performed in a Haake
Mars™ III, Thermo Scientic Rheometer with a corrugated
plate–plate geometry with 2 cm of diameter with 0.1 cm of gap
or a cone–plate geometry with a 3.5 cm of diameter, 2� for the
cone angle and 0.0105 cm for the gap, depending on the
physical characteristics of the sample. Stress sweeps were per-
formed to evaluate the linear viscoelastic region, at a constant
frequency of 1 Hz, and temperature of 25 �C, for a shear stress
range between 0.01–1000 Pa. Subsequently, frequency sweeps
39284 | RSC Adv., 2021, 11, 39278–39286
between 0.01 and 100Hz have been performed at constant tension,
within the linear viscoelastic region previously determined.
Apparent viscosity was measured using a stationary shear ow and
recorded as a function of shear rate (0.01–1000 s�1).
XRD analysis

XRD pattern was recorded using Rigaku Miniex II X-ray
diffractometer with a scanning range between 2q ¼ 3� to 60�

at room temperature with Cu X-ray radiation (30 kV/15 mA).
Conclusions

In conclusion, it was described for the rst time the synthesis
and further, application of dual functional ionic liquids that
may have biological properties as biopolymer dissolution agent
to develop polymeric structures, which can be advantageous
when some IL remain in polymeric structures aer phase
inversion method.

In this work, benzethonium and didecyldimethylammonium
based-ILs have been successful synthesized aer combination
with short alkyl carboxylate anions being conrmed by 1H and
13C NMR, FTIR-ATR spectroscopies and elemental analysis.
Aer optimized the dissolution conditions, it was observed that
all tested ILs have been able to dissolve MCC up to a concen-
tration of 4% (w/w), resulting in different polymeric structures
as gel-like or lm depending on the type of IL and ratio between
MCC and IL. Also, according to FTIR spectroscopy, the obtained
gel-like and lms structures showed that some IL remains in the
polymeric structures, which can enhance their application in
the biomedical eld.
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