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The main objective of the present work was to synthesize and characterize three novel lipase-friendly
deep eutectic solvents (DESs) using cholinium dihydrogen phosphate (N;;1204DHP) as hydrogen bond
acceptor and ethylene glycol (EG) and/or glycerol (GL) as hydrogen bond donors in the following propor-
tions: Ny1120uDHP:EG (molar ratio 1:2), Ny11204DHP:GL (molar ratio 1:2) and N;11204DHP:EG:GL (molar
ratio 1:1:1). FTIR, "H NMR, TGA and DSC were employed to shed light on their distinctive structural char-
acteristics. Density, refractive index and dynamic viscosity were also measured at different temperatures,
and the experimental data were correlated with several well-known equations. Finally, the suitability of
the newly synthesized DESs to be employed in biocatalytic reactions was demonstrated by analysing the
activity of a commercial enzyme (Candida antarctica lipase B) after being in contact with them.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The principles of Green Chemistry have furthered a revolution
in the design of industrial processes, promoting the research of
more environmentally friendly solvents like ionic liquids and deep
eutectic solvents (DESs). The latter display lower melting points
than their constituent materials (Brensted or Lewis acids), proba-
bly due to the establishment of more complex hydrogen bonds.
DESs are defined as a neoteric class of solvents sharing many of
the advantages offered by ionic liquids (negligible vapour pressure,
tunability and broad liquid range) and even overcoming some of
their drawbacks, like their environmental persistence and toxicity
[1,2]. Since the first paper tackling DES in 2001 [3] was published, a
booming interest has been focused on this field [4]. Usually, they
are the result of complexating quaternary ammonium or phospho-
nium salts (hydrogen bond acceptor, HBA) and metal chlorides
(Type 1), metal chloride hydrates (Type II), or organic molecular
components like amide, carboxylic acids or polyols (Type III) as
hydrogen bond donors (HBD). There are two new types of DESs,
like those composed of metal chloride hydrate and HBDs (Type
IV) and non-ionic, molecular HBAs and HBDs (Type V) [5]. The
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hydrophilic or hydrophobic nature of their constituents allows
designing DESs for a wide spectrum of applications.

The absence of costly purification stages and the low toxicity for
the majority of DESs have prompted their use in an array of sectors
like electrochemistry [6], metallurgy [7], liquid-liquid extraction
[8], absorption [9], biotechnology [10], nanotechnology [11] and
biocatalysis [12-16]. More specifically, the biocompatibility of
many ammonium salts like cholinium-type [17] is an asset to suc-
cessfully propose this kind of ammonium-derived DESs for
enzyme-catalyzed reactions and extraction of biocatalysts from
culture broths. For instance, the suitability of cholinium-based
ionic liquids regarding conventional molten salts has been demon-
strated in a diversity of studies of our research group [18,19], and
they have already been employed for the extraction of enzymes
like pectinases or lipases [20,21]. Therefore, the effect of
cholinium-based DES on the activity of enzymes must be investi-
gated prior to proposing their use in biocatalytic reactions.

In this work, three novel DESs based on cholinium dihydrogen
phosphate were synthesized with ethylene glycol and/or glycerol
as HBDs. Different techniques like FTIR, 'H NMR, TGA and DSC
were employed to spectroscopically and thermally characterize
the synthesized compounds. Furthermore, density, refractive index
and dynamic viscosity were measured at different temperatures
and atmospheric pressure, as this physico-chemical characteriza-
tion is indispensable prior to proposing these DESs for future appli-
cations. The experimental data were correlated with several
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empirical equations, and the effect of these solvents on the biocat-
alytic performance of a model lipase obtained from the yeast Can-
dida antarctica was finally ascertained.

2. Materials and methods
2.1. Materials

The ionic liquid cholinium dihydrogen phosphate, N;1;204DHP
(CAS 83846-92-8, mass fraction purity > 0.98) was acquired from
IoLiTec and moisture and traces of solvents were removed by treat-
ing it at 0.2 Pa and 50 °C before use. Choline chloride (CAS 67-48-1,
mass fraction purity > 0.98), ethylene glycol (EG) (CAS 107-21-1,
mass fraction purity > 0.99) and glycerol (GL) (CAS 56-81-5, mass
fraction purity > 0.99) were also purchased from Sigma-Aldrich.
Their water mass fraction content was calculated to be less than
0.001 (w/w) by Karl-Fisher titration. Candida antarctica lipase B
(CaLB) was kindly donated by Novozymes.

2.2. Dess preparation

The amount of HBA (Nj111204DHP) and HBD (EG and/or GL)
were determined using a Sartorius Cubis MSA balance (125P-
100-DA, + 107 g), and three different DESs were prepared: Ny11201-
DHP:EG (DES1) (molar ratio 1:2), Ny;1204DHP:GL (DES2) (molar
ratio 1:2) and N;11204DHP:EG:GL (DES3) (molar ratio 1:1:1). They
were mixed in glass tubes with screw tops and heated up to 75 °C
with constant magnetic agitation until a clear liquid was obtained
(about one hour). Afterwards, the obtained DESs were submitted to
vacuum-drying (2 x 10! Pa and 50 °C) for two days. Karl-Fisher
titration allowed ascertaining the water mass fraction content for
each DES (6.5-10° for DES1, 6.7-10 for DES2 and 3.1.10 for
DES3). The choline-based DES (ChCl:EG, molar ratio 1:2 and water
mass fraction 5.7-103) was prepared as above-mentioned for
ChDHP-based DESs.

2.3. Fourier transform infrared spectroscopy (FTIR)

A Thermo Scientific FTIR Nicolet™ 6700 (thermos) spectrometer
equipped with ATR using a DTGS KBr detector and beamsplitter
KBr was used to investigate the structure and functional groups
of the DESs at room temperature. FTIR spectra were measured in
the mid-infrared range (4000-400) cm~! at a spectral resolution
of 4 cm™! and 34 scans were taken per sample. Peak height was
measured using OMNIC software version 7.3 (Nicolet Instrument
Corporation, USA).

2.4. Differential scanning calorimetry (DSC)

A differential scanning calorimeter (DSC Q100 TA-Instruments)
coupled with a refrigerated cooling system from TA-Instruments
was used to determine the different state transitions experimented
by DESs and pure chemicals. Masses of samples between 4 and
6 mg were weighed and placed into hermetically-sealed alu-
minium pans. DSC cycles were run at atmospheric pressure as fol-
lows: samples were introduced at 25 °C, cooled from 25 °C to
—80 °C at 10 °C-min~!, maintained at —80 °C during 30 s and
heated from —80 °C to 250 °C at 10 °C-min . The cell was purged
with nitrogen gas (flow rate 50 mL-min~!) and an empty sample
pan was set as the reference. All data were analysed using the
Universal Analysis Software by TA Instruments. Calibrations were
carried out using an indium standard (with a melting temperature
of 156.59 °C, and specific enthalpy of melting of 28.7 J-.g~ ).
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2.5. Thermogravimetric analysis (TGA)

The thermal stabilities of DESs and their pure components were
determined by thermogravimetric analysis (TGA) under nitrogen
atmosphere using a TG/DTA-DSC Setsys evolution 1750 instru-
ment. In brief, about 15-30 mg of DES were introduced in a plat-
inum pan and a dynamic mode was used to determine the onset
decomposition temperatures (from 20 °C to 800 °C at 10 °C-min~1).
Finally, a purge with dry air atmosphere from 800 °C to 900 °C
(10 °C-min~!) was applied. A simultaneous TGA DSC Thermal Ana-
lyzer (Setaram) was used for thermograms determination.

2.6. Nuclear magnetic resonance ("H NMR)

'H NMR spectra were recorded at 25 °C on a Bruker AVANCE
spectrometer operating at 400 MHz. D,0O was used as a solvent
and the chemical shifts were referenced to it as external standard.
The spectra processing was performed with MestRe-C 4.7.0.0
software.

2.7. Physical properties determination

Densities and viscosities were determined from 25 to 70 °C and
at atmospheric pressure, with a temperature precision 0.01 °C.
Density (vibrating tube) data were ascertained in an Anton Paar
DSA 5000 M. Dynamic viscosity was determined in a falling ball
automated viscometer LOVIS 2000 M/ME using a capillary with a
diameter of 2.5 mm (dynamic viscosity in extended range = 12-1
0000 mPa-s) and a standard APN-100 to carry out the calibration
in the above-mentioned temperature range. Triply distilled water
and dry air were employed as standards prior to the measurement
of each set of samples. The combined expanded uncertainties for
density and viscosity (level of confidence = 0.95, k = 2) were U,
(p) =5-10"* g.cm™ and Uc(n) = 1.1 mPa-s, respectively.

An ABBEMAT-WR Dr. Kernchen refractometer was employed to
determine the refractive index data, in the above cited range of
temperature, after calibration with tetrachloroethylene and Milli-
pore quality water. The combined expanded uncertainty (level of
confidence = 0.95, k = 2) for the measurements was calculated to
be U{np) = 4-107°.

2.8. Lipolytic activity in the presence of DES and standard assay

Lipolytic activity of CALB was determined after one hour in the
presence of pure and aqueous solutions of DESs (2 M and 1.5 M) at
40 °C at initial activity values of 4319 U/L. The assay to quantify
lipolytic activity was carried out by monitoring the hydrolysis of
p-nitrophenyl laurate, through UV spectrophotometry (Unicam
Helios B, Thermo Electron Corp). In brief, the substrate was dis-
solved in ethanol (2.5 mM) and 100 pL of this solution was mixed
with 800 pL of 50 mM Tris-HCl buffer (pH 8 at 40 °C) containing
20 mM CaCl,. 100 pL of sample were added to this mixture and
20 min of reaction time at 40 °C were allowed prior to the addition
of 250 pL of 1 M Na,COs; solution and maintaining the samples in
an ice batch. The sample was centrifuged at 10000 rpm to remove
the precipitate and the absorbance was determined at 400 nm to
quantify the release of p-nitrophenol. One activity unit is the
amount of enzyme generating 1 pmol of p-nitrophenol per minute
under standard assay conditions; activity was expressed in U/L.
The results obtained are the mean of three replicates and the stan-
dard deviations were calculated and presented in the figures.
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3. Results and discussion
3.1. Dess characterization

3.1.1. FTIR and "H NMR

FTIR was employed to analyse the presence of specific func-
tional groups that may be the rationale to explain the formation
of DES from Ny111204DHP and EG and/or GL. The spectra obtained
can be visualized in Fig. 1 (DES1, DES2 and DES3) and Fig. S1 (indi-
vidual pure components). Additionally, the most remarkable vibra-
tional bands are summarized in Table 1.

The analysis of the FTIR spectra of the individual compounds
(Fig. S1) reveals the existence of a broad band corresponding to
O-H stretching bond (3000-3600 cm™!) [22,23], which is very
remarkable in the case of ethylene glycol and glycerol, due to the
presence of a greater number of ~-OH per molecule than in the case
of N11120nDHP. Moreover, the glycerol-based DES contains a higher
number of OH per molecule than ethylene glycol, as demonstrated
by its broader band at 3250 cm ™. In addition, pure ethylene glycol
(Fig. S1B) and glycerol (Fig. S1C) have significant peaks at
wavenumbers of 560-600 cm ' (C-OH wagging bending),
860 cm~' (OH wagging bending) 1032 cm™! (C-O stretching),
1454 cm™! (CH, bending) and 2873-2937 cm~! (CH, stretching),
respectively. These vibrational bands were observed in all FTIR
spectra of the synthesized DESs and the results are in agreement
with previous reports where ethylene glycol and glycerol play
the role of HBDs [24,25].

For evaluating the HBA contribution, the IR spectrum of cholin-
ium salt shows characteristic vibrational bands assigned to (C-H)
bending vibration of (CH3)sN" (1490 cm™'), CH, bending
(1457 cm™'), N-H stretching (1209 cm™'), CH,CH>-O stretching
(1122 cm™'), C-C stretching (958 c¢cm™!) and C-N* symmetric
stretching (865 cm™') [26,27]. Further, the symmetric stretching
of dihydrogen phosphate is located at 1075, 950 and 560 cm™'
[28].

Several vibrational bands were compared with pure compounds
in order to assess the IR spectrum of the novel DESs. In the low
wavenumber range, it is worth mentioning the C-OH and OH wag-
ging vibrations at 503 and 676 cm™!, respectively, followed by C-
N* symmetric stretching at 860 cm™!, C-C stretching (948 cm™ ')
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Table 1
Vibrational assignments of cholinium dihydrogen phosphate-based DESs.
Wavenumbers Assignment
(em™)
3250 OH stretching vibration
2987 C-H stretching vibration of alkylammonium cations
2935 CH, asymmetric stretching vibration
2877 CH, symmetric stretching vibration
1478 CH3; asymmetric stretching vibration from cholinium
cation
1420 CH, scissoring bending stretching vibration
1380 (CHs3)3N* bending vibration
1082 CH,CH,-O0 stretching vibration
1031 C-0 stretching vibration
948 C-C stretching vibration
860 C-N* symmetric stretching vibration
676 OH wagging bending vibration
503 C-OH wagging bending vibration

CH,CH,-0 stretching (1082 cm™!) and (CH3);N* bending vibration
(1380 cm™!). It is noticeable that bands corresponding to the
stretching of these functional groups have been downshifted, in
line with previous results [25,27,29]. Hence, the intensity and
downshift of functional groups could be indicative of a large num-
ber of hydrogen bonds network formed between the DES
components.

In all cases, a band associated to alkyl groups is displayed at
1485-1420 cm~!. Thus, CH, bending adsorption is found at
1420 cm™!, as this moiety is present in the three individual compo-
nents, contrarily to CH; asymmetric band at 1478 cm™! only, that
is just present in the cholinium spectrum (1434 cm™!). This obser-
vation could be explained by variations in the C-N bond length
that reflects in the frequency of its stretching and deformation
vibrations [30].

In the range of high wavenumber, the stretching vibration
absorption peaks of -OH groups between 3500 and 3000 cm™!
are almost the same. As can be seen, the intensity of these peaks
increases in the order: DES2 > DES3 > DES1. This fact may be attrib-
uted to hydrogen bonds formed between glycerol hydroxyl groups
and cholinium dihydrogen phosphate (H-O...H and O-H. . .PO3"), as

2935

3250

2400 2900 3400 3900

Wavenumber (¢cm?)

Fig. 1. Normalized ATR-FTIR spectra at 25 °C for the synthesized DESs: DES1(blue), DES2 (red) and DES3 (green).
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more hydrogen bonds are formed in glycerol-based DESs. This ten-
dency was also observed previously in cholinium-based DESs [29].

Additionally, to fully characterize the chemical structure of the
selected DES, 'H NMR spectroscopy was utilized. The results of 'H
NMR spectra of the constitutive pure substances and the syn-
thetized DESs are shown in Fig. S2 and S3, respectively. The chem-
ical shifts data in eutectic mixtures show a slight deviation
regarding the individual compounds, which could be interpreted
as a change in the chemical environment of the methylene groups
after the possible formation of hydrogen bonds in DESs. The 'H
NMR spectra of the three DESs reveal that the signal integration
is in concordance with the molar ratio of each compound, which
again confirms the adequate molar composition of the proposed
DES. The overlapping signals in shifts range between 3.53 and
3.70 ppm are related to the resonances of hydroxyl methylenes
of the ethylene glycol (Hd) and glycerol (He) with the methylene
group bound to the cholinium nitrogen (Hb), in line with previous
studies performed with cholinium-based DESs. [31-33]. The resid-
ual solvent signal of D,0 at 5 ppm was not included in the graphs.

3.1.2. Thermal characterization: Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC)

Thermal stability is one of the significant aspects to take into
account, as it allows defining the maximum operating temperature

120
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that DESs can withstand. Figs. 2 and 3 present the dynamic TGA/
dTGA curves for the synthesized cholinium dihydrogen
phosphate-based DESs and their pure constituents, respectively.
As illustrated, HBD components of DESs have lower decomposition
temperature compared with salt component, while glycerol and
ethylene glycol-based solvents show higher and lower decomposi-
tion temperature, respectively. On the other hand, DES formed by
HBDs with relatively low boiling points or poor stabilities undergo
volatilization or decomposition through the weakening of the
hydrogen bond interactions, thus decomposing more easily. This
trend was previously observed in FTIR analysis and confirmed by
preceding works [24,34,35].

For a deeper analysis of thermal stability, we will focus on the
onset decomposition temperature (Tonser) term as it clearly reflects
the maximum temperature at which DESs can maintain their liquid
state without chemical decomposition [36,37]. The data obtained
from the dynamic TGA/dTGA curves are compiled in Table 2. As
can be observed, the values of the Tynser for the DESs are between
those of their pure components. It is worth mentioning that
depending on the eutectic mixture, more than one Typser May
occur. The first one indicates the decomposition temperature of
HBDs which indicating the beginning of the eutectic solvent degra-
dation and the second one is related to the breakdown tempera-
ture of salt.
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Fig. 2. On the left, TGA curves of DES with a heating rate of 10 °C-min~". Solid coloured lines represent the mass loss of DESs; (dashed) N1;1204DHP, (dotted) ethylene glycol,

(dash-dotted) glycerol. On the right, the TGA/dTGA curves for each DES.
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Fig. 3. TGA/dTGA curves for pure compounds at a heating rate of 10 °C-min". (A)
N111204DHP, (B) ethylene glycol, (C) glycerol. Solid lines represent the mass loss and
short dashes the first derivative of TG curves of pure compounds.

As displayed in Table 2, the first HBA Tyt refers to Nqq1204DHP
melting point (196 °C), while the Tyse¢ of HBDs indicates the tem-
perature at which evaporation processes are undergone. It is also
noticed that the first significant mass loss is observed at a Topset
over the boiling temperature for both binary (DES2) and ternary
(DES3) eutectic mixtures with glycerol as HBD (271.69 °C and
267.46 °C, respectively, vs. 257.71 °C in pure glycerol), which can
be attributed to glycerol vaporization. In this sense, glycerol-
based DES is observed to lose 1.5 times the mass of pure glycerol
at similar Topser Values. These outcomes may be due to the most
robust hydrogen bonds network generated during the DES forma-
tion. In contrast, DES1 presents an important percentage of mass
loss at Tonset Slightly lower than the To,ser Of pure ethylene glycol
(146.11 °C in DES1 vs. 186.11 °C in pure ethylene glycol), which
can be assigned to the evaporation of ethylene glycol below its
boiling temperature.

The following phases of mass loss occur with the expected Topset
for the vaporization and decomposition processes of the pure com-
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ponents. These results confirm the above-mentioned stability
trend (ChDHP:GL) > (ChDHP:EG:GL) > (ChDHP:EG) and are in
agreement with previous reports where cholinium salts form
eutectic solvents with the mentioned HBD [25,29,34]. In all cases,
DESs show higher stability than pure HBD (Fig. 3). On the other
hand, the chemical composition of HBA influences the thermal
decomposition of DESs. Another interesting value is the Tpea,
which can be defined as the temperature at which the sample pre-
sents the maximum degradation rate [38], (c.f. dTGA data in Fig. 2),
and the values are listed in Table 2. A visual inspection of the data
allows us concluding that the Tpeax of HBDs is coincident with the
estimated boiling point (290 °C and 197 °C for glycerol and ethy-
lene glycol, respectively) [39] and Tpeax is greater than the Tonser,
which may lead to an estimation of the upper operation limit of
these eutectic solvents.

Further, enthalpy values associated with the thermogravimetric
analysis in both pure components and DES are compiled in Table 2
and the thermograms are presented in Fig. S4. It becomes clear that
the thermal processes display endothermic effects except an
exothermic peak associated with salt decomposition. This phe-
nomenon is in concordance with the maximum percentage of mass
loss in both DESs and Ny11204DHP, which is not observed in pure
HBD compounds [40].

Based on the above-mentioned, factors like the HBA and HBD
chemical structures, the alkyl chain length [41], Van der Waals
and hydrogen bonding interactions between the DESs components
[42], electrostatic interactions and viscosity [27] play a crucial role
in the thermal degradation of eutectic mixtures and will certainly
impact their application potential.

In order to determine the presence of thermal transitions, the
selected DESs and their pure components were characterized by
DSC analysis and are presented in Fig. S5. A visual inspection of
DSC plot of cholinium dihydrogen phosphate salt allows to notice
an endothermic peak at 82.6 °C (47.6 J-g~!), which results from a
crystallographic arrangement phase transition. The same peak
was observed in cholinium chloride DSC, so it seems that cholin-
ium cation is the major contributor to this transition [43,44]. The
absence of this peak in DESs is indicative that there is no excess
of N111204DHP, which may be interpreted as follows: all HBA mole-
cules are involved in molecular interactions and the molar ratios
are optimal for DES formation.

Following with DSC analysis of pure compound, ethylene glycol
curve shows different peaks in the cooling and heating processes.
Focusing on the cooling ramp, the melting peak (endothermic,
133.5]-g7!) at —16.48 °C and a glass transition at —64.24 °C related
to the crystallization can be observed. On the other hand, the heat-
ing curve is dominated by a characteristic sharp peak at —52.81 °C,
which represents a typical behaviour for glass transition where the
solution could be vitrified [45,46]. No significant events were
observed in glycerol sample analysed in the considered tempera-
ture range. With respect to the DSC analysis of DESs presented in
this work, they do not present thermal transitions other than ther-
mal degradation at high temperature, which can be attributed to
the mass loss higher that 50% of the HBA, so it can be concluded
that these eutectic solvents have been adequately synthesized.

3.2. Thermophysical properties

The complete characterization of the synthesized DESs requires
the experimental determination of density, dynamic viscosity, and
refractive index at temperatures comprised between 25 and 70 °C,
as these properties are paramount to allow the application of these
solvents. The experimental data have been ascertained and they
are listed in Table 3 and presented in Figs. 4 and 5. It is clear that
density decreases at greater temperature values (at constant pres-
sure), which is attributed to the thermal expansion derived from a
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Table 2
Thermogravimetric analysis of cholinium dihydrogen phosphate-based DESs at 10 °C-min~! heating rate and atmospheric pressure.

dTGA results Heat flow (mW)

ComPO'—md Tpeak (OC) Tonset (OC) Mass loss (%) Tpeak (OC) Tonset (OC) Eﬂthﬂlpy (]gil)

N11120uDHP 54.74 13.17 0.70 99.67 81.49 53.05
264.93 196.48 56.24 229.60 194.20 357.83
624.83 556.62 72.03 819.81 447.71 51.31
824.71 796.48 77.18 819.81 804.08 -621.84

EG 210.42 186.11 99.07 212.85 194.57 1061.18

GL 291.01 257.71 98.99 293.19 25791 1117.04

DES1 195.82 146.11 30.16 202.57 161.38 116.82
279.93 235.88 71.30 260.83 233.79 55.53
671.33 589.12 84.35 518.64 462.13 133.98
822.26 804.95 88.66 825.19 805.00 —329.37

DES2 66.64 39.04 0.97 nd nd nd
205.89 193.66 10.63 207.97 193.48 29.78
293.25 271.69 66.26 277.92 230.98 283.22
467.36 380.05 85.01 496.52 358.22 534.67
823.30 809.87 94.59 823.36 807.25 —464.89

DES3 206.06 191.91 18.87 208.00 193.75 45.88
292.74 267.46 63.92 276.66 233.52 188.99
464.84 417.78 86.46 489.19 410.08 265.62
818.90 805.21 94.72 822.76 809.34 —286.07

nd: no detected

Table 3
Density, p, dynamic viscosity,n, and refractive index, np, of cholinium dihydrogen
phosphate-based DESs at several temperatures and atmospheric pressure.

T/°C p/(g-cm™?) n/(mPa-s) np

DES1

25 1.26945 984.48 1.46907
30 1.26664 724.87 1.46802
35 1.26390 54331 1.46697
40 1.26112 413.84 1.46590
45 1.25844 319.84 1.46485
50 1.25583 250.72 1.46377
55 1.25310 199.03 1.46272
60 1.25056 159.84 1.46170
65 1.24791 129.79 1.46065
70 1.24533 106.52 1.45956
DES2

25 1.3181 $299.10 1.48302
30 131552 5361.80 1.48210
35 1.31294 3568.80 1.48121
40 1.31033 2430.90 1.48027
45 130772 1693.10 1.47927
50 1.30514 1204.20 1.47825
55 1.30253 873.11 1.47727
60 1.29973 644.90 1.47627
65 1.2969 484.46 1.47524
70 1.29426 369.79 1.47419
DES3

25 1.47663 2896.40 1.47663
30 1.47563 2004.70 1.47563
35 1.47464 1416.80 1.47464
40 1.47360 1021.00 1.47360
45 1.47259 749.56 1.47259
50 1.47158 560.08 1.47158
55 1.47058 425.05 1.47058
60 1.46954 327.41 1.46954
65 1.46847 255.68 1.46847
70 1.46745 202.25 1.46745

Standard uncertainty U: U(T) = 0.01 K, combined expanded uncertainties Uc: Uc
(p) = 510% g.cm~3, Uc(np) = 410; and Uc(n) = 1.1 mPa-s (level of confi-
dence = 0.95, k = 2).

higher molecular mobility leading to higher molar volumes, in line
with previous results for other DESs [47]. Analogously, as in many
other solvents, including ternary DES [48], the refractive indices
decreased with increasing temperature, which is a useful informa-
tion regarding the electronic polarization of the DESs. Additionally,

the comparison between the ternary and binary DESs confirms the
above-mentioned conclusions: as glycerol-based DES bears stron-
ger hydrogen bond interplays than the ethylene glycol counterpart,
it is expected to display a lower molar volume, thus leading to
greater density values, as evidenced in Fig. 4. In this sense, the
resulting ternary DES density and refractive index values fall in
between those of the corresponding binary DESs. Regarding viscos-
ity, the results visualized in Fig. 5 confirm these trends, as the
greater ability of glycerol to establish hydrogen bonds with the
HBA involves a reduced molecular mobility and the consequent
higher viscosity.

In order to shed more light on the ascertained physical
properties, the following empirical equations have been employed:

p— BT (1)

p=A-es 2)

np = e(A+B-T) (3)

np=A-etT (4)

logn=A-T-B (5)
1 <z

(ﬁ) ~A+B-T (6)

where T is the temperature, and A, B and ¢ are the values of the
empirical parameters, which were calculated by using the solver
function in Microsoft Excel, through minimizing the standard devi-
ation (o) calculated with the following expression:

o 12
Z?DAT (Zexp - Zadjust)

NpAaT

o=

(7)

where Zexp and z,gjus: are the experimental and calculated val-
ues of the physical property, and npar is the number of data mea-
sured. All the values of parameters and deviations obtained are
included in Tables 4 and 5. The analysis of the deviations allows
concluding the greater suitability of Eq. (1) and (3) to correlate
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Fig. 4. Density, p, and refractive index, np, versus temperature for cholinium dihydrogen phosphate-based DES. (O) DES1, (A) DES2, () DES3 and solid lines represent the
fitting to Eqgs. (1) and (2).
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Fig. 5. Dynamic viscosity, 1, (on the left) and fitting to Eq. (6) (on the right) versus temperature for cholinium dihydrogen phosphate-based DES. (O) DES1, (A) DES2, (O)
DES3.

Table 4 Table 5

Coefficients and standard deviations (o) to correlate the physical properties of Fitting parameter and standard deviations (o) to correlate the physical properties of

cholinium dihydrogen phosphate-based DESs. cholinium dihydrogen phosphate-based DESs.

A B 13 4 k c

DES1 DES1
p (g-cm3) 0.24915 —0.00042 0.00009 Dale-Gladstone 0.3696 0.00020
*p (g-em™3) 1.28312 —0.00043 0.00012 Oster 2.2448 0.00245
np 0.38825 —0.00015 0.00003 Newton 0.7814 0.00651
*np 1.47435 —0.00014 0.00002 Lorentz-Lorentz 0.2196 0.00014
log n(mPa-s) -0.02138 —3.49104 0.02119 Eykman 0.4882 0.00005
n® (mPa-s) —0.00734 0.00144 0.50151 0.00176 DES2
DES2 Dale-Gladstone 0.3665 0.00005
p (g-cm™3) 0.28649 —0.00040 0.00015 Oster 2.2322 0.00151
*p (g-em™3) 1.33198 —0.00041 0.00017 Newton 0.8025 0.00609
np 0.39750 —0.00013 0.00007 Lorentz-Lorentz 0.2170 0.00022
*np 1.48808 —0.00013 0.00008 Eykman 0.4835 0.00018
log n(mPa-s) —0.02990 —4.61042 0.03229 DES3
n® (mPa-s) —0.01367 0.00150 0.39868 0.00206 Dale-Gladstone 0.3677 0.00010
DES3 Oster 2.2373 0.00187
p (g-cm™3) 0.26984 —0.00042 0.00010 Newton 0.7928 0.00630
“p (g-cm3) 1.30983 —0.00041 0.00011 Lorentz-Lorentz 0.2181 0.00019
np 0.39326 —0.00014 0.00003 Eykman 0.4855 0.00011
*np 1.48180 —0.00014 0.00004
log n(mPa-s) —0.02559 —4.05609 0.02633
n® (mPa-s) -0.01279 0.00121 0.48735 0.00188

leads to deviations one order of magnitude lower than Eq. (5).

Density (Eq. (1), "Eq. (2)) and refractive index (Eq. (3), *Eq. (4)); dynamic viscosities The suitable description of these models can be clearly visualized
(Eq. (5); Eq. (6)); standard deviations (Eq. (7)) in Figs. 4 and 5

both the experimental densities and refractive indices in the three Analogous.ly, Fhe obtaingd density was correlated as a function
DESs under study, respectively. In the same line, Eq. (6) is able to fit of the refractive index by using the D_ale—Gladstone, Oster, Newton,
more appropriately the experimental dynamic viscosities, as it Lorentz-Lorenz and Eykman expressions [49]:
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n3 —1/n3 + 2 (Lorentz - Lorenz)
np — 1 (Dale - Gladstone)
n —1/np + 0.4 (Eykman)
np) = =k 8
J(no) (np — 1)(n} + 1)/n} (Oster) P ®)
np (Arago - Biot)
n3 — 1 (Newton)

where f(np) is a function of refractive index and k is the empir-
ical constant, which depends on the liquid and the wavelength. The
values of k and deviations presented in Table 5 reveal that Dale-
Gladstone and Eykman equations are those allowing a better
description of the density as a function of the refractive index.

3.3. Dess and enzyme stability

Once the novel DESs have been synthesized and characterized,
their biocompatibility with a model enzyme has been explored.
Within the possible options, lipases are among the most relevant
biocatalysts, with Candida antarctica lipase B (CaLB) being one of
the most stable and commercialized, employed in many different
fields [50]. In previous research works, we have observed that most
of the ionic liquids impose deleterious effects on lipase activity
[18], so the search for enzyme-friendly families has been the sub-
ject of different research works, observing the positive role of
cholinium-based solvents [19].

Taking into account the benefits of DESs, it is interesting to eval-
uate the activity of CaLB in aqueous solutions of the synthesized
DESs. One of the key aspects to be taken into account when design-
ing a new solvent for biocatalysis purposes is the pH. In this partic-
ular case, both aqueous solutions and pure solvents display values
within the range of the optimum lipase activity (data not shown),
so any harmful effect due to the intrinsic pH of the solvents can be
discarded. The data obtained are presented in Fig. 6, and reveal the
great biocompatibility of the DESs. Relative activity levels are over
80% for both 1.5 and 2 M concentration, no matter the DES under
study. Even in the pure DES, the activity attained is above 60%
for both the binary and ternary DESs. The comparison of the biocat-
alytic performance recorded for different solvents allows conclud-
ing slightly better activity levels in the ethylene glycol-based DES,
probably due to the fact that lower degree of hydrogen-bonding
occurs between solvent and CaLB, that may ultimately entail no
structural modifications leading to activity loss. Additionally, the
evaluation of lipase stability for 24 h (c.f. Fig. S6) for both DES1
(molar ratio 1:2) and ChCl:EG (molar ratio 1:2) in 2 M solutions

100 A el

75 A

50

Relative lipolytic activity (%)

25 A

0 T T T T
oM 1,5M 2M Pure DES

DES concentration

Fig. 6. Relative lipolytic activity in the presence of different DES concentration: (M)
DES1, (W) DES2, (W) DES3 (100% of activity 4319 U/L).
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allowed concluding the suitability of ChDHP-based eutectic mix-
tures as media for biocatalysis, as they keep enzyme conformation
which avoids the loss of biocatalytic potential, in a similar manner
as ChCl-based DES and water. In summary, these data demonstrate
the potential of these solvents to be employed in lipase extraction
and in lipase-catalyzed reactions like transesterifications or
interesterifications.

4. Conclusions

This work has demonstrated the viability of synthesizing three
novel DESs based on cholinium dihydrogen phosphate as HBA and
glycerol and ethylene glycol or a mixture of both as HBD. After hav-
ing structurally and thermally characterized the synthesized DESs
through FTIR, 'H NMR, TGA and DSC, greater hydrogen bonds inter-
plays were concluded for glycerol-based DES. The characterization
of the physical properties like density, refractive index and viscos-
ity also confirmed this statement, as greater values were obtained
for the glycerol-based solvent. Finally, the biocompatibility of the
neoteric solvents was demonstrated by studying their influence
on a model commercial enzyme (Candida antarctica lipase B),
observing very high activity conservation levels even in pure DESs.
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SUPPLEMENTARY INFORMATION

CAPTION TO FIGURES

Fig. S1. Normalized ATR-FTIR spectra at 25 °C for pure components. (A) N11120nDHP,
(B) ethylene glycol, (C) glycerol.

Fig. S2. *H NMR (400MHz, D,0) spectra of pure components at 25 °C.

Fig. S3. 'H NMR (400MHz, D,0) spectra of cholinium dihydrogen phosphate-based
DES at 25 °C.

Fig. S4. Thermograms of pure components and DES. (A) Ni1120nDHP, (B) Ethylene
glycol, (C) Glycerol, (D) DES1, (E) DES2, (F) DES3.

Fig. S5. DSC curves on cooling and heating ramps of pure components and cholinium
dihydrogen phosphate-based DES. (A) N11120nDHP, (B) Ethylene glycol, (C) Glycerol,
(D) DES1, (E) DES2, (F) DESS3.

Fig. S6. CALB stability evaluation for 24 h spectra at 40 °C in water (blue), ChDHP:EG
(2M) (red) and ChCI:EG (2M) (green).
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Figure S2
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Figure S3
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FIGURE S4
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FIGURE S5
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FIGURE S6
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